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ONLINE CONDITION MONITORING OF HV CABLE CIRCUITS
by Ping Wang

This thesis is concerned with the development of online condition monitoring
methods for high voltage cables and accessories. In particular the detection and
measurement of partial discharge activities has been investigated in detail as it is an
important metric and a clear symptom of insulation degradation.

Acoustic methods have been widely applied for partial discharge detection in power
apparatus. Initial studies were undertaken to assess the suitability of PVDF as a
piezoelectric sensor for detecting acoustic emission signals due to partial discharge
activities in high voltage cable accessories. However, experimentation revealed that in
this application the sensor output is due to electrical coupling rather than measuring a
detectable acoustic emission signal.

As an alternative approach, the use of capacitive couplers for partial discharge
detection has been further considered. Although widely applied a suitably accurate
method of calibration when used in the field has not been developed. Assessment of
various pulse based calibration techniques yielded the conclusion that these
approaches are inaccurate because they cannot account for the influence of stray
capacitance. This has led to the development of a new method of calibration based on
frequency response analysis and the use of simulation model. Results obtained are in
good agreement with values determined using a terminal injection method.

Consideration has also been given to methods of discriminating between internal
partial discharge activities and external sources of noise such as corona discharge,
synchronous pulses or random noise. The use of wavelets for signals discrimination
and to improve the signal to noise ratio has proved successful.
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Chapter 1

Introduction

High Voltage (HV) cables are necessary and important equipment for industrial
power transmission and distribution. Hence, the long-term reliability of cable
systems especially the condition of their insulation is of great importance. During
manufacture, installation and operation, the thermal, electrical and mechanical
stresses together with environmental factors can combine to degrade electrical
insulation [1]. Degraded insulation will eventually lead to breakdown that may result
in system failure and significant economical loss. So from both an economical and
technical point of view, the maintenance strategies for cable systems are gradually
shifting from passive Breakdown Maintenance (BM), Time Based Maintenance
(TBM) towards more active Condition Based Maintenance (CBM), i.e. preventive
maintenance depending on the actual conditions [2, 3]. Condition monitoring of
cable systems is becoming an important means to assess insulation deterioration,
various techniques have been developed and several parameters that indicate
insulation deterioration such as inception voltage, dielectric properties and partial
discharge activities are being studied [4-8]. Among them partial discharge (PD)
measurements have become an important metric and an internationally accepted
method for condition monitoring of insulation systems because PD is both a
dominant preceding symptom and cause of deterioration within solid electric

insulation [4,5,8].

Since PD activities result in high frequency current pulses and radio frequency
emission, the detection of PD under laboratory conditions is relatively

straightforward and PD measurements have become the dominant basis for quality



control testing of high voltage apparatus which employs solid insulation. This is so
called traditional off-line PD testing which is usually performed within a well-
screened laboratory with the equipment disconnected from the power system for the
duration of the test. The applied high voltage is usually higher than the normal
operating voltage. It has become a standard method and widely used for quality
control testing when the equipment is in development by a manufacturer. PD
detection will identify defects such as voids, metallic impurities inside the insulation
and insulating surface contamination. The relevant standards for PD tests have been
established for more than 50 years and the latest (third) version was published in
2000 [9]. However, this approach requires an increased power supply, connection of
a coupling capacitor for isolation from the operating voltage, and it can only be

performed under laboratory conditions.

An alternative for the traditional off-line test is on-line testing where the high voltage
apparatus operates normally, i.e. without an outage for PD testing. Therefore, the
interruption of the operating voltage is avoided and the operators’ costs are
drastically reduced. Online test systems have been successfully used on HV
equipment such as power generators, transformers and gas insulated substations
(GIS) [1, 10, 11]. Online PD detection techniques are especially useful for detecting
defects that occur during the installation of cable accessories such as joints and
terminations, which have to be installed on site often in unideal conditions. Normal
service defects due to the environmental factors such as thermal stresses and

chemical changes can also be detected.

Online versus offline detection methods and their advantages and disadvantages have
been vigorously debated in recent years especially with the advancement of online
detection techniques [11-13]. Generally speaking, PD measurements are preferably
undertaken online during regular operation for several reasons: Firstly online PD
measurements are conducted under realistic stresses. Offline measurements are
carried out at an elevated test voltage, which could cause damage to the insulation
material. The level of damage that a PD can cause is proportional to the power
(energy per unit time) per unit area of insulation (power density) involved in the
discharge. Therefore, it is misleading to assume that offline PD tests using elevated

stresses are non-destructive. Offline testing can reduce the remaining life of a cable



system and introduce some types of defects. It can also initiate electrical trees from
existing water trees [12]. Secondly online PD measurements provide early detection
of possible failures. Online PD measurements are based on the permanent installation
of PD sensors which provide continuous condition monitoring of HV components.
Therefore inspection of the condition is possible at every instant e.g. before instead
of during a revision, before and after repair. Therefore catastrophic failures can be
successfully avoided. However, online PD measurements are based on non-
conventional field techniques. They are relatively new and no international standards
are available regarding the procedures of online PD measurements and the
quantification of measured results from online systems remains a controversial topic.
Another challenge associated with online PD measurements is coping with excessive
background noise and interference. As online PD tests are carried out on-site where
no specific measures have been employed to avoid external interference from radio
transmissions, communications and ambient electrical devices, suppression of
background noise is important in order to improve online detection credibility and

measurement sensitivity.

Several non-conventional techniques such as capacitive coupling and inductive
coupling as well as acoustic emission methods have been developed for online PD
detection and some of them have been applied [14-20]. This project focuses on a
popular non-conventional field coupling technique i.e. very high frequency (VHF)
capacitive coupling. The structure and characteristics of capacitive couplers used to
detect PD in HV cables will be discussed, and in particular the calibration of the
measured results and signal post-processing techniques regarding the signals
obtained by capacitive couplers will be investigated. Another non-conventional PD
detection technique - acoustic emission technique using PVDF polymer film sensor

has also been examined.

It is widely accepted that capacitive coupler sensors are very sensitive and effective
in detecting PD activities online [21, 22]. Compared to the conventional electrical
method, they are cheap and easy to apply. The application of capacitive couplers has
been reported not only on HV cables but also on other HV equipment such as
transformers and rotating machines [23-26]. However the measured results have been

referred only in voltage (mV or uV) term rather than charge values in picoColoumbs



(pC) due to lack of an established calibration method and subsequent international

standard.

Another problem regarding online onsite PD detection is coping with excessive
background noise and interference. Noise and interference includes PD and corona
from the power system, arcing between adjacent metallic components and poor
contact, power line carrier communication systems, thyristor switching and radio
transmissions [1]. The latter three sources of interference tend to generate frequency
components which can be eliminated through suitable frequency domain filtering or
pulses which occur at fixed positions of ac cycle can be deleted by time domain
filtering (gating). Thus these sources of noise are not difficult to identify and remove.
Other noise sources can cause significant problems for PD detection since they have
characteristics in common with the PD signal being measured in that they involve
brief bursts of current flow across short gas gaps, just as PD occurring in a cavity
within a solid dielectric. The existence of the noise and interference significantly
reduces the measurement sensitivity and results in false indication. In extreme cases,
online PD tests are impossible. Thus to ensure reliable online PD testing without
false indication, PD pulses from test objects must be distinguished from such

extreme electrical interference.

1.1 Contents of this thesis

Based on the present problems regarding the use of capacitive couplers as a means to
monitor the condition of HV cables online, this project is concerned with solving
these problems. Within this in mind, fundamental studies regarding the use of
capacitive couplers especially calibration of capacitive couplers have been
investigated in detail. A possible acoustic PD online detection method has also been
examined. A brief review of fundamentals of PD and detection methods in cable
systems is presented in Chapter 2. Chapter 3 investigates a possible acoustic
emission method for online detection of partial discharges in cables using a new
piezoelectric material. The issues relevant to the use of capacitive couplers especially
evaluation of injected charge and available calibration methods for capacitive
coupler sensors are presented in Chapter 4. Chapter 5 presents a new calibration

method based on a simulation model of a specific capacitive coupler/cable system,



which is established through frequency response analysis (FRA) of the coupler/cable
system. To further investigate this method, two real PD experiments have been
undertaken and their calibration results and comparison with the conventional
apparent charge are presented in Chapter 6. Chapter 7 investigates de-noising
techniques applied to signals obtained using capacitive couplers. Wavelet analysis is
found to be effective in discriminating between internal PD pulses and external
corona interference as well as some other forms of pulse-like interference. Finally

Conclusions and Further Work are presented in Chapter 8.



Chapter 2

Partial Discharge and Detection in HV Cables

As an important tool for assessing the quality and performance characteristics of HV
equipment, partial discharge testing has been employed for more than 50 years. Over
this time research into partial discharge phenomena has been undertaken and it is
now considered to be a well-developed field. Investigations related to PD
mechanisms, physical and chemical effects, detection and measurement techniques
have been widely reported [27]. It has been the main non-destructive test for HV
cable insulation especially since the introduction of polymeric extruded cables into
the power distribution network in the early 1950s. These cables include polyethylene
(PE), cross-linked polyethylene (XLPE), Polyvinyl Chloride (PVC) and Ethylene
Propylene Rubber (EPR) insulation. While partial discharge testing is important for
both oil-impregnated paper cables and extruded polymeric cables, it is crucial to
polymeric cables. Compared to oil/paper insulation cables, polymeric cables are
highly susceptible to PD induced degradation and cannot operate in the presence of
PD without undergoing eventual failure. This is due to the following reasons [28,
29]: Firstly partial discharge can originate from voids, impurities and protrusions
within the cable insulation or at the interface between the insulation and the
semiconducting screen layer due to improper manufacture. Secondly, the discharge
endurance performance of extruded polymer insulation can be weak. For example,
the hydrogen atom within the polyethylene molecule may cause an oxidation reaction
and degrade insulation performance. Thirdly, since the 1960s, long-term tests and
practical experience have indicated that ageing and breakdown of the extruded
plastic cable insulation is due to treeing such as electrical trees, water trees and

electrochemical trees, which are closely linked to the partial discharge activities.



Due to the high demands and requirements for polymeric cables, partial discharge
detection techniques and testing standards to assess the reliability of: these cables
have rapidly developed. Typical partial discharge measurement instruments such as
those manufactured by Robinson (UK), Hiptronics and Biddle (USA), Haefely and
Tettex (Switzerland) have been developed worldwide. The standard textbook
“Discharge Detection in High Voltage Equipment” regarding the fundamentals of
partial discharge detection and measurements by Dr. F. H. Kreuger was first
published in 1964 [30]. The relevant standards about partial discharge measurements
have been revised 3 times and the third edition was published in 2000. In the new
edition recently developed techniques such as digital techniques and the use of ultra-
wideband instruments as well as non-conventional detection methods have been
included. Digital techniques based on the widespread usage of computers provide
more flexibility in the treatment of partial discharge test data and associated signal
processing techniques. Ultra-wideband instruments such as oscilloscopes of very
high bandwidth and spectrum analysers together with some appropriate coupling

devices have become popular online partial discharge detection tools.

Generally, cables and accessories are tested and inspected at factories prior to being
transported to customers. Most manufacturing defects can be detected during the
factory tests. However, transportation and field installation damage can still occur,
where the most vulnerable time for a cable circuit is the field installation of cables
and their accessories. Defects could also be introduced during the service operation
due to environmental factors such as temperature variation and chemical reaction.
Cable accessories such as joints and terminations are usually installed on site.
Consequently defects leading to partial discharges are more likely to occur at these
locations and online partial discharge detection is therefore focused on cable

accessories.

In this chapter, fundamentals regarding partial discharge and its mechanism are
presented and detection and measurement techniques in HV equipment especially in

HYV cables are reviewed.



2.1 PD Fundamentals

PD is defined by IEC 60270 (Partial Discharge Measurements) as a localised
electrical discharge that only partially bridges the insulation between conductors and
is confined in some way that does not permit complete failure of the system [9]. It
can result from mechanisms such as breakdown of gas in a cavity, or breakdown of
gas in an electrical tree channel, or breakdown between an energized electrode and a
metal impurity. In HV cables PD are mainly caused by a local field enhancement due
to the imperfections inside the insulation such as gas-filled cavities or voids and
cracks caused during installation or normal service conditions. To interpret PD

phenomena it is necessary to consider gaseous PD mechanisms.

2.1.1 PD Mechanisms

There are two basic theoretical mechanisms to explain gaseous partial discharge

phenomena, namely Townsend theory and streamer theory [27-31].

2.1.1.1 Townsend Theory

Free electrons within a void are accelerated under the electric field and collide with
neutral gaseous molecules. When the impact of electrons is high enough, new
electrons and positive ions will be formed. Newly formed electrons and the original
free electrons gain speed in the electric field and ionise more neutral molecules by
impact. This process produces more free electrons and positive ions and leads to
electron avalanche. The produced electrons move towards anode and leaving behind
positive ions that move towards the cathode, thereby forming a passage of current
through the gas. The positive ions enhance the electric field around the cathode and
will cause the cathode emit more electrons called secondary electrons. Consequently,
the electron avalanche is self-maintained by cathode emission without depending on

free electrons.



2.1.1.2 Streamer Theory

The streamer discharge is initially caused by the simple Townsend theory. When an
avalanche is formed under a high voltage, the electrical field between two electrodes
is different. The head and tail of an avalanche near the electrodes is stronger than the
middle part of the avalanche which can be considered as a plasma with a weak
electrical field. When more ions and electrons are produced, it leads to the
recombination of ions and electrons in this plasma area and creates photon emission.
The photons enter both ends of the avalanche and ionise more neutral molecules and
emit more electrons. The electrons move towards the anode and form a secondary
avalanche. The secondary avalanche will connect to the original one and enlarge the
plasma column. When the enlarged plasma area bridges the anode and cathode,

gaseous discharge with a narrow channel is formed and this is a streamer discharge.

Streamer discharge usually takes place within long gaps when the number of space
charges is high enough. As gaps within the insulation are usually thin and small the
dominating partial discharge mechanism is explained using Townsend theory inside
the insulation. The speed of the streamer discharge is faster than that of Townsend
discharges as the speed of photoionization is much faster than the ionisation caused
by electrons. The distinguishing features of steamer discharges are their

independence on cathode emission and their dependence upon photoionization in the

gas volume.

2.1.2 Types of Partial Discharges in Gas

Basically there are two types of gas discharge namely pulse discharge (e.g. spark)
and pulse-less discharges. In most cases partial discharges are pulse like discharges,
in which separate pulses can be observed during some phases of the applied voltage.
Pulse-less discharges generally occur in small gaps where air pressure is low. No
separate pulses can be observed, but discharges can be detected acoustically and
optically. Between these basic two types of discharge, a third kind of discharge
called pseudoglow discharge can sometimes occur with a group of small amplitude

pulses with comparatively long duration which are generally difficult to be observed

[28].



2.1.3 Process of Gas Discharges

Discharges are processes involving any kinds of ionisation; partial discharge belongs
to a far greater group of gas discharges that do not completely bridge the electrodes.
Generally gas discharge processes are different depending on the situations where
gas partial discharges happen; they can be internal discharges, surface discharges or

corona discharges [28, 30].

2.1.3.1 Internal discharge process

Internal discharges can occur inside voids or cavities within solid dielectrics. Most
partial discharges within HV cable systems are internal discharges. Traditionally
internal discharges are described in the context of the ‘ABC’ model using the
equivalent circuit model of internal discharge as shown in Figure 2.1, where Cc is the
equivalent capacitance of the cavity C, Cg the equivalent capacitance of the dielectric

in contact with the void and Cj, the capacitance of the rest of the sample [32].

__ Electrode External Voltage
O
A
‘ C
Ue| R
o O
B
0

N Electrode

Figure 2.1 Equivalent circuit representation of a cavity in a dielectric

The applied AC high voltage across the dielectric is denoted as U,, and
corresponding internal voltage across the cavity is Uc. When the internal high
voltage has not reached the breakdown voltage (Ucg) of the cavity, the voltage inside
the cavity will change with the applied external high voltage. When Uc reaches the
breakdown voltage Ucg a discharge takes place inside the cavity producing large
amount of positive ions, negative ions and electrons. These space charges move in
the opposite directions to the internal electrical field under the applied high voltage
and form an internal voltage of -AU¢ which reduces the voltage drop to its remnant
voltage U;, where
U; = Ucg- AUc< Ucp (2.1)

This is below the breakdown voltage; therefore the discharge process is extinguished.

This process lasts for a few nanoseconds and is extremely short compared to the
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period of a SOHz power voltage and therefore the voltage drop may be regarded as a
step function. With an increase of the applied high voltage, a second discharge will
occur when it reaches the breakdown voltage of the cavity again. As a result, more
space charges are produced and an internal voltage twice of the original internal
voltage -2AUc is formed. This reduces the voltage across the cavity and extinguishes
the discharge again. If the discharge process occurs n times before the applied
voltage reaches its peak value, the internal voltage of -nAUc will be formed due to
the space charge accumulation. Uc drops after the applied voltage passes its peak and
the discharge process restarts when the cavity voltage reaches - Ucp, i.e.
—nAUc+ Uc=-Ucg (2.2)

However this time, the direction of the internal electrical field inside the cavity is
determined by the superposition of the present discharge and previous accumulation
of space discharges. Some of the space charges may be neutralised and therefore the
internal voltage will drop and the discharge will be extinguished. With the decrease
of the applied voltage, another discharge starts. After the applied voltage passes zero,
the accumulated space charges disappear and another half cycle of discharges will
start again. In this way groups of regular recurrent discharges can be observed from

PD detectors. The whole process is as illustrated in Figure 2.2.

u. (without discharges) u.(with discharges)
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Us - potential difference across the capacitor Cg

Figure 2.2 Internal discharge process
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Generally discharge patterns in positive and negative half cycles have symmetry and
most discharge pulses occur in the increasing quadrants of the power cycle (first and
third quadrants) as shown in Figure 2.3. The bandwidth of the original PD pulse is

very wide and can range from a few hundreds of Hz to several GHz.

-+

0, © - zero-crossing of the applied voltage, + - positive half cycle, - negative half cycle

Figure 2.3 Internal discharge pattern

2.1.3.2 Surface discharge process

The process of surface discharge is similar to that of internal discharges except it
occurs between an electrode and a dielectric surface. The equivalent circuit model
describing internal discharge can be applied to surface discharges as illustrated in
Figure 2.4, where Cc represents the capacitance between the electrode and dielectric
surface. The difference is that only one side of the gap is the electrode and the other
side is a dielectric surface therefore produced space charges can only accumulate

near the electrode on the surface.

HV
Discharges C Discharges

et P k 0 T

Figure 2.4 Surface discharge and its pattern

The surface discharge pattern depends on the shape of the electrode system. If the
electrode system is symmetrical so that the electrical fields near the electrode and
dielectric are equal then the discharge pattern is symmetrical. But in most cases, the
electrode system is not symmetrical and therefore the discharge pattern is

asymmetric. Figure 2.4 shows a surface discharge arrangement and the
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corresponding discharge pattern that is in the first and third quadrants of the power

cycle.

2.1.3.3 Corona discharge

Corona discharge occurs around sharp points or edges surrounded by gas at high
voltage. The process of corona discharge is different from that of internal discharge
as it occurs in gas environments with free moving molecules. The typical process of
corona discharge can be described by a point-plane electrode system as shown in
Figure 2.5, when the plane electrode is at a large distance from a point electrode.
When the applied voltage reaches the breakdown voltage of the gas near the point, a
discharge occurs. It takes place during the negative half cycle of the applied voltage
due to the easy emission of electrons when the electrode is negative (cathode). At the
same time positive ions move towards the electrode and release more electrons
(secondary emission by the Townsend mechanism), causing a cloud of positive ions
near the point and negative electrons travelling away from the point. During this
process radiation occurs which causes photoionization at the surface of the point; a
lateral extension of the ionised region takes place until so-called cathode spot is
formed from which the corona discharge emanates. At greater distances from the
cathode the electrons slow down and attach themselves to the oxygen molecules in
air. Two regions with space charges have been formed by now and this reduces the
electrical field near the point and the discharge is extinguished. With the increase of
the voltage or negative ions moving towards the plane, a second discharge starts to

occur.

Figure 2.5 Corona discharge and its pattern

Corona discharge always first appears during the negative half cycle around the 270

degree phase angle and almost symmetrical about the negative peak voltage. The
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discharge pulses are almost equal in magnitude and equally spaced. As the applied
voltage is increased, a small number of discharge pulses with large magnitude can be
observed in the positive half cycle as well as in the negative half cycle. The corona
discharge process is slower than that of internal discharges. The time interval of a
corona discharge within 0.1 mm from the point is of the order of 10 nanoseconds
[30]. Therefore the signal bandwidth of corona discharge is lower than that of

internal discharge measurement signals.

The above three kinds of discharge are basic processes of partial discharge and occur
frequently in high voltage equipment. Other forms of discharge that may occur
include floating discharges due to a floating conductor in the electrical field and

contact discharges due to a bad contact between a conductor and dielectric or other

conductors.

2.2 PD Quantities

Partial discharges are complicated phenomena and there are several quantities
available to describe them according to IEC 60270 [9]. These quantities include
apparent charge q, charge repetition rate n, discharge energy, and discharge power as
well as inception and extinction voltage. Among them, apparent charge is widely

used.

2.2.1 Apparent Charge q

Apparent charge is defined as the charge transfer between two electrodes when a

partial discharge takes place inside the insulation.

Based on the equivalent circuit model of the internal discharge shown in Figure 2.1,
when a discharge occurs, the voltage change inside the cavity is AUc, so the total

charge change within the cavity is

C,C
=AU.(C.+—2"B_ 2.3
9c (Ce C.+C, (2.3)

Under the condition of Cx>>Cpg, which generally exists because the cavity is very

small compared to the whole dielectric, assuming
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= =C 2.4)
CA + CB 1+ .%. i
Ca
Equation 2.3 becomes
qc =AUL(C. +Cp) (2.5)

Which represents the real discharge magnitude occurring inside the cavity. The
problem is that the value of the capacitances C¢, Cg and the voltage change AU are
not readily known. So the real discharge magnitude is difficult to determine using
Equation 2.5. However, the charge transfer on the electrodes of the test object can
be determined by the following method. The voltage drop inside the cavity causes
voltage drop on the electrodes of the test object in a very short time, therefore the
charges within the void are redistributed among capacitor C¢c and Ca, as

AU, =AU, +AU, =AU, Sa*Cs 2.6)

B

Hence AU, =AU, S5 2.7
C,+Cy

The charge transfer on the test object is

CcCy

4u = AUAC, + )=AU,(C, +C.)=AU,C, =AU,  (2.8)

C B
qa is called apparent charge, expressed in pico Coulombs. It is the most important
discharge quantity used for the evaluation of partial discharge. The relationship

between the real charge and the apparent charge can therefore be expressed as

Cq

= 2.9

b ve I (29
Equation 2.9 indicates that the apparent charge is smaller than the real charge inside

the cavity, but it is proportional to the real discharge.

2.2.2 Discharge Repetition Rate

This is the average number of discharges per second occurring during the period of
measured time and is another important quantity to describe the discharge activity
especially under DC voltage conditions as the discharge can extinguish itself under
DC conditions [28]. The deterioration effect on insulation caused by discharges is

closely related to the discharge repetition rate. If the discharge repetition rate is low,
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discharges even with high magnitude are less likely to have a detrimental effect on

the insulation.

2.2.3 Discharge Energy

Discharge energy, W, is the energy released during a discharge event, which can be

calculated as
W =l(cC Jr—cf—*—c-‘é—-)(UCB2 -U? zl(cC +Cy)(Ucs® - Ur%) (2.10)
2 C,+C, 2
Where Ucg is the breakdown voltage of a void and U, is the remnant voltage inside
the void after a discharge (Figure 2.2). Using Equation 2.5, Equation 2.7 can be

rewritten as
W=é—qC(UCB+Ur)=—;—qcc—cj_—gg-(UCB+Ur) (2.11)

B
Given the applied voltage between the electrodes is U; when the electrical field

inside the cavity reaches its discharge voltage Ucg, the relationship between U; and

UCB 18
Us=—S2 U (2.12)
Cc+Cs
Thus the discharge energy is
1 Ui
W=—q,— U, +U 2.13
5 da Ucs Ues 0 ( )
If U, =0, then
1
W::EqAUi (2.14)

Therefore the discharge energy usually expressed in pJ can be approximately

determined from the apparent charge and applied external voltage.

2.2.4 Discharge Power

This is a derived quantity that is the average pulse power fed into the terminals of the
test object due to apparent charge magnitude q; during a chosen reference time

interval T, such that the discharge power, P, is defined as

1
P=—1(qu, +q,u, +...+qu;) (2.15)

ref
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where uy, Uz ... y; are instantaneous values of the test voltage at the instants of the
occurrence t; of the individual apparent charge magnitudes g. The sign of the
individual values must be observed. The discharge power is generally expressed in

Watts (W).

2.2.5 Discharge Inception and Extinction Voltage

Partial discharge inception voltage U; is the applied voltage at which repetitive
partial discharges are first observed in the test object, when the voltage applied to the
object is gradually increased to a higher value at which PD pulse quantities are
observed. While the partial discharge extinction voltage U, is the applied voltage at
which repetitive partial discharges cease to occur in the test object, when the voltage
applied to the object is gradually decreased from a higher value at which PD pulse

quantities are observed.

Besides the above widely applied quantities, other discharge quantities used for
condition assessment include average discharge current, phase angle and time of

occurrence of a PD pulse and largest repeatedly occurring PD magnitude.

The partial discharge phenomenon is complicated itself and fundamentals regarding
its mechanism, signal generation as well as detection have been researched for many
years [31, 32, 33, 34]. For partial discharges occurring within solid dielectrics such
as cable insulation the real discharge magnitude is related to factors that include the
sample geometry, cavity size, shape and position of the cavity within the sample
[32]. Although attempts have been made to determine PD magnitude based on
theoretical models for some typical cavity shapes such as spherical and ellipsoidal
voids [32, 35], the real PD magnitude that occurs within a cavity can never be known
because not all of the parameters of the cavity are determinable. Only the apparent
charge of the PD can be measured externally. Furthermore, the PD signal that can be
detected outside the object depends on the nature of the connection between the point

of generation and external world and the chosen detection method.
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2.3 PD under DC Stress

PD characteristics under direct voltage (DC) are quite different from those under
alternating voltage (AC). During the increase of the applied DC voltage the discharge
process is similar to that of AC voltage. However when the applied DC voltage
magnitude becomes constant, discharges occur less frequently. The main differences
can be summarized as follows [9]: Firstly, the discharge pulse repetition rate may be
very low for direct voltage applied to solid insulation, because the time interval
between discharges at each discharge site is determined by the relaxation time
constants of the insulation. Secondly, numerous discharges may occur when the
applied voltage is changed. In particular, polarity reversal during test can cause
numerous discharges in low voltage, but subsequently the pulse repetition rate will
decrease to the steady-state condition. Finally the PD characteristics of test objects

may be affected by ripple on the test voltage.

If the discharge repetition rate is very low, discharges even with high magnitude will
not have a detrimental effect on the insulation. Therefore the discharge repetition rate
is the most important parameter for discharges under DC voltage. The discharge
repetition rate increases with the applied voltage, the conductivity of the dielectric
under test and temperature. Usually the conductivity of the insulation is low and
therefore the discharge repetition rate is also low. Generally discharges under DC
voltage are less harmful to the insulation than under AC stresses. However, due to
the increase in voltage rating of DC power apparatus and the correspondingly
increase of the operating temperature, it is important that partial discharge
measurements under DC stress are undertaken as part of the development process of

DC power equipment [28, 29].

2.4 Effects of PD on Insulation Performance

Partial discharge activity will eventually result in the complete breakdown of the
insulation due to electrical ageing. Electrical ageing is a complicated process of
insulation deterioration and is closely related to partial discharge activities which
cause series of physical and chemical transformations within the insulation [28-30].
Firstly, ion and electron bombardment can break the molecular structure of the

insulation when discharge occurs. Secondly, high temperatures can be generated as a
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result of partial discharge activities at the discharge site. Burning and melting can be
observed in a dissected insulation sample which has undergone a long term ageing
process without breakdown. High temperatures will result in thermal cracking and
increase of the insulation loss which in turn will accelerate the ageing process and
lead to final breakdown. Thirdly, formation of chemical products such as ozone and
nitric acid cause further chemical reactions inside the insulation and corrode the
insulation material. Furthermore, partial discharges give rise to some phenomena
such as photon emission including ultraviolet rays, X rays and y rays. These rays
may break the main bond and decompose the high molecule into a monomer. For
some kinds of material, these rays can damage the cross-linking among molecules
and make them brittle. Finally the mechanical force caused by the high-pressure gas
and acoustic waves produced by intermittent and blasting discharges may crack the

insulation and form new discharge sites.

The above effects often combine together to degrade insulation performance
simultaneously. However, one mechanism may dominate for different materials and
working conditions. Obviously the bombardment effect will dominate the
degradation of insulation under high electrical fields and large void situations. While
in high temperature environments, thermal effects will dominate insulation

degradation especially for lossy materials.

The ageing process of the insulation is closely related to the formation of electrical
trees inside the insulation. Electrical trees are the tracks of insulation carbonification
due to discharge activities. The typical growing process of an electrical tree is shown
in Figure 2.6. Figure 2.6(a) shows the initial tree with a few branches; 2.6(b)
indicates that the tree is growing with more branches; and in 2.6(c) some thin
branches reach the other electrode but no breakdown occurs; 2.6(d) shows the final
breakdown of the channel between two electrodes when a large and destructive

current flows through it [28].

When an electrical tree is first initiated, the growing speed is quite slow and it maybe
undergo a long slow process until some branches reach between the two electrodes.
Then a rapid growing process happens and a breakdown channel forms leading to the

complete with the completely breakdown of the insulation.
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The speed of electrical ageing is related to many factors. Besides the characteristics
of the insulation material itself, there are many external factors which affect the
ageing. These factors include the strength of the applied electrical field, frequency of
the applied voltage, ambient temperature and humidity as well as the mechanical
stress applied to the insulation material. High electrical fields lead to a great number
of discharges with high discharge magnitudes. While the higher the frequency of the
applied voltage, the higher the discharge repetition rate. The effect of ambient
temperature on the insulation is different under different situations. Generally, high
temperatures will accelerate chemical reactions that result from partial discharges
and the thermal cracking process. Therefore high temperatures lead to short
insulation life. But in some circumstances, higher temperature can retard the
deterioration process. High ambient humidity will increase insulation life due to the
high conductivity and dielectric constant of water which will improve the electrical
field distribution and weaken the discharge. All these factors are related to the

discharge process inside the insulation and have great effect on the rate of insulation

ageing [28].

I\%%Branches l
El/ectrodes_@ @
(a) (b)

Figure 2.6 Growing process of electrical tree
(a) Imitial (b) branches (¢) reach to other electrode (d) breakdown

2.5 Representation of PD Information

Partial discharge phenomena occurring in a dielectric medium are inherently
complicated stochastic processes and basic PD quantities such as apparent charge

and charge repetition rate alone are not enough to represent the overall deterioration

20



of the insulation allowing diagnostic interpretation. Therefore it is necessary to take

statistical information into account in order to perform any analysis.

2.5.1 Statistical quantities

Several statistical quantities have been defined to describe the PD distribution over
the AC phase position. These quantities include the pulse count distribution H_(¢),
which represents the number of observed discharges in each phase window as a

function of the phase angle ¢; H_, (¢), which represents the maximal discharge
amplitude in each phase window and the mean pulse height distribution H_,(¢),

which represents the average discharge amplitude in each phase window as a

function of the phase angle. H_, (¢) is derived from the total discharge quantity in

each phase window divided by the total number of discharges in the same phase
window. The resolution of the phase angle axis is determined by the number of phase
windows. Large number of the phase windows gives high phase resolution, but it
requires more computational capability and large computer memory. It has been
found that 200 phase windows give reasonable and sufficient accuracy for pulse
phase distribution quantities and 50 were found to be a reasonable number for

magnitude window [28, 29].

According to several authors, the time dependence of the pulse phase distribution

H, (¢) and the mean pulse height distribution H_, (¢) provide a good description of

changes in discharge patterns [36-39]. The H, (¢) quantity contains information of
the intensity of discharges as a function of their phase angle. The H_,(¢) quantity

allows noise reduction due to the difference between the statistical characteristics of

the discharge pulses and that of noise pulses as a function of phase angle.

In addition to the three two-dimensional statistical quantities discussed above, a
three-dimensional statistical quantity called Phase-Charge-Number (¢-q-n) pattern
has been used to analyse the discharge signals [38-40]. This is the characterization of
the partial discharges by their angular position on the AC cycle (¢), their relative
magnitude (q) and occurring frequency per unit time (n). These three parameters may

be used to construct a three-dimensional surface from which important features may
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be extracted. Based on these features, the overall insulation conditions can be

diagnosed and important decisions can be made.

2.5.2 Statistical operators

Partial discharge patterns occurring in positive half voltage cycles and negative half
voltage cycles may be different according to different occurring situations as

described in section 2.2.3. To discriminate the pattern difference between the two
half cycles, the statistical quantities H, (¢) and H_, (¢) can be characterised by both
distributions: H; (), H, () for the positive half cycle and H_(¢), H,,(¢) for the

negative half cycle. To study the difference between both half cycles several

statistical operators have been defined.

2.5.2.1 Discharge asymmetry Q

The discharge asymmetry Q is the quotient of the mean discharge level of the

H,, () distribution in the positive and in the negative half of voltage cycle:

Q= g//i (2.16)

Where Q" and Q" are the sum of signal amplitudes of the H, (¢) distribution in the

positive and negative half of the voltage cycle; N+ and N- are the number of

discharges of the H_, (¢) distribution in the positive and negative half of the voltage

cycle.

2.5.2.2 Phase asymmetry @

The phase asymmetry ® is used to study the difference in inception voltage of the

H,, () distribution in the positive and negative half of the voltage cycle:

®=0n 2.17)
@in

Where ¢, and ¢, are the inception phases of the H_, () distribution in the positive

and in the negative half of the voltage cycle.
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2.5.2.3 Cross-correlation factor CC

The cross-correlation factor CC is employed to evaluate the difference between the

shape of the distribution H, (¢) and H_ (@) . The following formula is used to

calculate the cross-correlation factor:

Xy—Zny/n ' (2.18)

- Ex - nlEy - y)n]

Where x is the mean signal amplitude in a phase window in the positive half voltage

cycle; y is the mean signal amplitude in the corresponding phase window in the
negative half voltage cycle and n is the number of phase windows per half cycle.

CC=1 means 100% shape symmetry and CC=0 means total asymmetry.

Thus, three independent parameters have been defined to describe the difference of
discharge distribution between positive half cycle and negative half cycle: phase
asymmetry ®, discharge asymmetry Q and cross-correlation factor CC. The first two
parameters are also defined in such a way that they are equal to 1 in the case of fully
symmetry and smaller than 1 in the case of asymmetry. These three parameters can
be combined to form a new quantity called modified cross-correlation factor (MCC)
by multiplication:
MCC= @-Q-CC (2.19)

MCC is used to evaluate the overall differences between positive discharge

distribution pattern and negative discharge distribution pattern.

In the case of single defect, discharge parameters can be fairly well described by a

normal distribution process [29]. Therefore to get a better evaluation of statistical

quantities H, (p) and H_ (), the following statistical parameters for a normal

distribution can also be used.

2.5.2.4 Skewness Sk and Kurtosis Ku

Skewness is an indicator of the asymmetry of a distribution with respect to a normal

distribution and defined as:
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Z (Xi - M)zf(xi)

Sk = . (2.20)
o’ Z fix,)
And kurtosis Ku is the indicator for the deviation from the normal distribution:
4
= f(x.
Ku = Z(X; WA 2.21)
o' > f(x;)

Where x, is a random variable, f(x,)is its probability distribution function; p is the

mean value of the distribution, and o is the standard deviation of the distribution:

n

> (x; - fx)

6’ == (2.22)

> f(x,)

zn: x;f(x;)
p=t— (2.23)

Zf(xi)

Skewness (Sk) describes the asymmetry of the distribution. Sk is zero for a

symmetric distribution, positive when the distribution is asymmetric to the left, and
negative when the distribution is asymmetric to the right. Kurtosis (Ku) indicates the
sharpness of the distribution. Ku is zero for a normal distribution, for a sharper than
normal distribution Ku is positive and for a flatter than normal distribution Ku is
negative. Figure 2.7 shows some examples of different skewness and kurtosis respect

to normal distribution.

These statistical parameters and operators reflect the overall PD information and they
are important quantities leading to diagnosis of insulation conditions and application
of maintenance strategies. With the advancement of computer technology, computer-
aided PD measurements based on real-time signal post-processing techniques and
statistical information have become important means for overall insulation condition

monitoring especially for online condition monitoring [28, 41-43].
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Figure 2.7 Distribution with different Sk and Ku

2.6 PD Detection Methods for HV Cables

Partial discharges give rise to phenomena that may be used for detection. These
phenomena include electrical phenomena such as electrical impulses, dielectric
losses, electromagnetic radiation and non-electrical phenomena such as light, heat,
acoustic emission and chemical transformations. These can be divided into two main

categories of related detection methods namely electrical and non-electrical PD

detection.

2.6.1 Electrical PD Detection

The detection of electrical phenomena is the most common approach for partial
discharge detection. There are several electrical methods available to detect the
electrical impulses emitted during the partial discharge process. Generally these
methods can be classified either as conventional electrical detection or non-
conventional electrical methods. The conventional electrical method is a well-
developed method and is widely used in factories and laboratories for quality control
of various HV apparatus such as power capacitors, transformers and cables [28-30].

It requires a discharge free power supply and additional coupling capacitors.
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Electrical detection of partial discharge can also be realized using field coupling
techniques. Unlike conventional electrical coupling, non-conventional field coupling
techniques can avoid interruption of the operating voltage and can be carried out
under service conditions. Ideas on this procedure were first proposed by Koske in the
1930s [44], but the application of these methods only appeared in recent years with

the development of new equipment allowing improved signal-to-noise ratios.

The basic principle of field coupling methods is that the electromagnetic field
radiated from the PD source can be detected by means of antennas under the
condition that the frequency response of the receiving antenna (sensor) is of the same
order with the frequency spectrum of the original PD pulse. These sensors include
inductive sensors, which couple the magnetic field of PD sources, capacitive coupler
sensors, which couple the electrical field of PD sources and directional coupler
sensors, which couple both magnetic and electrical field of PD sources. For PD
detection in HV cables and accessories, several non-conventional techniques are

popular and widely used.
2.6.1.1 Conventional electrical PD detection

The conventional electrical PD detection method has been employed for more than
50 years. It is usually used in factories and laboratories for quality control of various
HV apparatus such as transformers, power capacitors, electrical machines and gas
insulated substations (GIS). It is also the basic PD detection method for HV cables
and accessories. The first industrial standard, International Electro-technical
Commission (IEC) Publication 270 ‘Partial Discharge Measurement’ was issued in
1968. The third (latest) edition was issued in 2000[9]. There are various kinds of
commercial PD detectors available such as the Robinson PD Detector (UK),
Hipotronics (USA), and Haefely and Tettex (Switzerland). Commercially available
PD detection systems have been compared and reviewed [33]. The test circuit
proposed by Electric Research Association (ERA) using the conventional electrical
method for a short piece of cable (less than 300m in length, can be treated as a
capacitor) is illustrated in Figure 2.8 although some variations of this circuit are also
specified in IEC 60270[9]. Where C is the capacitance of the cable under test, Ci the
discharge free coupling capacitor, which couples the discharge pulses from test

object and removes power frequency voltages. The input unit acts as the
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measurement impedance to high frequency discharge pulses and suppresses the
power frequency and low frequency harmonic signals. To ensure maximum
sensitivity the input unit must be chosen to match the capacitance of the test object
and the coupling capacitor. The output signal of the input unit is fed into the PD

detector and displayed as an oscillograph.

Discharge fri C
Capacitor )
\
G Detect 0 /
. etector
Mains Cable under test
Input D
— Unit
1.

Test Transformer pu—

Figure 2.8 Basic diagram of electrical method

Longer cables have to be treated as transmission lines and should be tested with the
circuit shown in Figure 2.9, where the far end of the cable is terminated in its
characteristic impedance R in series with a discharge free capacitor. The capacitor
serves both to reduce the power rating of the resistor and the consumption at power
frequency while maintaining the correct impedance within the pass band of the
discharge detector. The near end of the cable is coupled to the input unit via the

discharge free capacitor Cy [29].

The frequency spectrum of the PD pulse itself inside the insulation is wideband and
can reach up to 1GHz. But PD signals that can be detected depend on the nature of
connection between the point of pulse generation and the external world and in most
cases only limited sensitivities can be achieved [34]. The bandwidth of the
conventional PD detection system varies with different PD detectors [33], but
generally, PD signals are detected with a bandwidth of several hundreds kHz or less,
and the time parameters of the detection system are much longer than the PD pulse

time parameters so that the detector acts as a low pass filter or integrator.

The conventional electrical method is a highly sensitive and reliable method that has

a history of successful use. The disadvantages are that it is prone to excessive
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electromagnetic interference therefore can only be implemented under laboratory
conditions; it is an off-line method that requires an external power supply and HV
coupling equipment. Another drawback of the conventional electrical method is that

it fails to provide any information on PD location.
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apacitor L
G ‘:F M )
. Detector Discharge
M .
ains —— Free Capacitor
Input
v D
| Unit = Termination
T Resistor
Test transformer 1 ‘

Figure 2.9 PD test circuit for longer cables

2.6.1.2 Non-conventional electrical detection using capacitive couplers

The capacitive coupling technique is one of the most popular non-conventional
techniques used for PD detection. For detection of PD in cables and their accessories,
capacitive couplers are usually implemented by placing metallic foils above semicon
layers, but it is also possible to use stress cones or semicon layers around a joint as
pick up electrodes [23, 24, 45]. Another solution is to place permanent electrodes
inside cable accessories during the design of cable joints and terminations. This
technique has been successfully applied in Japanese 275kV high voltage cross-linked
polyethylene cable lines for condition monitoring and after-laying tests [14, 15].
Recently, it has been put into the directly buried cable system in China for online
condition monitoring [16]. The shape of the metallic foils can be patches or cylinders
around the cable as shown in Figure 2.10 [45, 21]. In practice two differential
capacitive sensors are usually used in order to discriminate the internal PD from

external interference and provide accurate PD locations [21,45,46].
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Figure 2.10 Shapes and positions of capacitive couplers [21, 45]

2.6.1.3 Non-conventional electrical detection using inductive couplers

Inductive couplers couple energy from the magnetic field of the PD pulse into the
measurement system. There are several kinds of inductive couplers available
depending on the applicability and cable construction. For cables having a wire
sheath, detection can be achieved using the outside of the cable, because the
magnetic field is not perfectly confined within the interior of the cable. The spiral
winding of the wire causes an axial magnetic field component that can be measured
as shown in Figure 2.11(a) [45, 47, 48]. For the case of a nearly perfectly shielded
cable (Aluminium foil, lead, or corrugated aluminium sheath) sensors have to be
installed between the sheath and the outer semicon layer or at the cable termination.
Because the magnetic field will not have axial components, Rogowski coils are
usually used [45, 49, 50] and Figure 2.11(b) shows the principle of the Rogowski coil
[45], If a ferrite core is used, a rather flat frequency response can be achieved, but

care must be taken to avoid saturation of the ferrite in on-line measurements.
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Another kind of widely used current coupler is high frequency current transducers
(HFCT) [51-53], which usually clamped around the metallic ground screen of the
cable in order to detect the discharge current flowing through it. The typical transfer
impedance of the HFCT and its application in cable PD detection are shown in
Figure 2.12[51]. Alternatively, it can be clamped around the outer sheath of the cable
joint [17]. If the outer sheath of a cable joint is connected to earth through copper
braids, the HFCT can be clamped around the copper braids. The output signal of the
sensor can then be filtered and/or amplified for further processing. This method is
non-intrusive and convenient to use. It does not require any connection to live
apparatus and can be applied in most field tests without necessarily taking equipment

out of service.

30



-
=

Cable

; /@*\ e

1.E+402 1.E+03 1E+04 1.E+05 1.EH08 1.E+07 1.E+08 1.E+0
Fraguency (Hz)

[~}

=Y
=}

Transfer impedance {dB/Chm)
@ Y
(=]

A
8

Figure 2.12 HFCT characteristics and using HFCT to detect PD in cables [51]

2.6.1.4 Non-conventional electrical detection using directional couplers

Directional coupler sensors (DCS) are widely used for detection and location of PD
pulses for cables and cable accessories under onsite conditions, at the same time
discrimination of PD pulses from other noise pulses can be implemented by the
directivity that the sensors provide [45, 54, 55]. They are passive components that
require no power supply and can be used for long-term condition monitoring of

cables and accessories.

Theoretically a directional coupler couples both electrical field and inductive field of
a PD pulse travelling along a cable or waveguide into one or two ports. This is done
such that energy travelling in one direction in the cable or waveguide mainly causes
a signal at one of the two output ports of the directional coupler. Energy that travels
in the other direction will mainly couple to the other output port. Such a coupler is
characterized by its coupling factor and directivity. The coupling factor describes
how much energy is coupled from the cable into the output ports. Directivity
quantifies the ability to distinguish between the forward and backward propagating
pulses. Strong coupling leads to good coupling factor and a balance between both
couplings is needed to achieve high directivity. To avoid any degradation of HV
performance of the cables, the directional coupler is installed between the outer
semicon layer and the metallic cable sheath. A short strip of metal is placed on the
outer semicon layer (with or without contact) and attached to two output connectors

[45].
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To apply this methodology to cable joint, sensors are placed to the left and to the
right of a cable joint as shown in Figure 2.13[45]. Signals propagating forward are
coupled to ports A and C, while signals propagating backward are coupled to ports B
and D. PD pulses in the joint will be coupled to ports B and C. The sensors can be

within the joint housing or can be mounted after joint installation close to the joint.
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Figure 2.13 Principal arrangement of two directional couplers at a Joint [45]

Compared to capacitive couplers and current transducers, directional coupler sensors
may provide more information about PD sources such as directivity of the pulse.
They are easy to apply in homogenous dielectrics. But for HV cables that use
semicon layers to smooth the electrostatic field, the dielectric constant of such
material is complex and frequency dependent which makes the application of the

broadband directional couplers more complicated [54].
2.6.1.5 Non-conventional electrical detection using other techniques

There are also some other forms of non-conventional electrical PD detection
techniques such as coaxial cable sensors [56], which are typically positioned in a
cable joint and similar to capacitive coupler in principle, resonance type partial
discharge sensors [57] and specialised PD sensors such as the one designed by DTE
Energy Technologies [58], which is both an inductive and a capacitive sensor. Screen
interruption is another technique used for PD detection in cables [47,59], this
involves cutting the metal earth screen. It has a significant disadvantage as it limits
the short circuit handling ability. Therefore for online measurements, it is necessary
to either short the measurement impedance by an inductor or over voltage protection

needs to be placed in parallel with the measurement impedance. Moreover, the open
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structure of the screen interruption method means that it is easily influenced by

external electromagnetic noise.

These sensors generally work over the very high frequency (VHF, 30-300MHz)
range, as the cable semicon layers will attenuate ultra high frequency component of
the PD pulse. The advantages of these methods are obvious due to their low cost,
high sensitivity and applicability for online measurement. However, due to
fundamental differences compared to the conventional electrical detection method,
the evaluation of measured results is not directly comparable and quantification of
sensor measurements has become a controversial topic. An international standard

regarding VHF coupling PD detection methods has not yet been developed.

2.6.2 Non-electrical PD detection methods

Non-electrical methods of partial discharge detection include acoustic, optical and
chemical methods and also the subsequent observation of the effects of any
discharges on the test objects. Similar to the above non-conventional electrical PD
detection methods, these methods are also not suitable for quantitative

measurements. Therefore these methods can also be classified as non-conventional

methods.

2.6.2.1 Acoustic Methods

Acoustic methods are among the most important non-destructive methods for
mechanical structures and components. Acoustic discharge detection is based on
detection of the mechanical signals emitted from the discharge. The discharge
appears as a small ‘explosion’, which excites a mechanical wave that propagates
throughout the insulation [60]. In the early history of PD detection, an insulation tube
was used to guide the audible hissing sound from liquid-filled equipment and
microphones were usually used for discharges in air or gases [61, 62]. Acoustic PD
detection techniques have been studied and developed over a long period of time,
and a substantial body of knowledge has been accumulated [60, 62]. In recent years,
the acoustic emission (AE) method has gained popularity and being widely used for
PD detection in power transformers [18, 19, 63-65], power capacitors [66, 67], gas
insulated switchgear (GIS)[20] as well as HV cables and accessories [22, 68-71]. It is
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a passive method that uses piezoelectric materials as acoustic transducers to detect

PD signals emitted from the PD source.

In principle, acoustic methods have many advantages over electrical PD detection
methods in that they are non-invasive and immune to electromagnetic noise, which
can greatly reduce sensitivity of electrical methods especially when applied under
field conditions. More importantly acoustic methods can be extended to facilitate PD
location in many situations [60]. Therefore acoustic methods have become an
important means for online condition monitoring. The disadvantage of acoustic
methods is that they are generally less sensitive than electrical methods and difficult
to calibrate. The possibility of acoustic emission PD detection in cables using a new
piezoelectric polymer material has been investigated as part of this thesis and is

discussed Chapter 3.

2.6.2.2 Optical detection

Optical or light detection methods can be carried out in a darkened room for surface
discharges and photographic records. These methods can also be useful for internal
discharge detection of translucent dielectrics. However for cable PD detection this

method is seldom used.

2.6.2.3 Chemical methods

The presence of partial discharge in oil- or gas-insulated apparatus may be detected
by analysis of decomposition products dissolved in the oil or in the gas. The
dissolved gas analysis (DGA) method has been widely applied to transformer PD
detection due to the simplicity in procedure and applicability for online detection [72,
73]. However when used for oil-filled cables and accessories, it requires removal of a
small amount of dielectric fluid from the cable or cable accessory. Therefore, it
requires outrage of service for safety reasons to allow access to fluid filled areas
within the system components. Consequently, it is not suitable for online application.
The sample is then sent to a laboratory for DGA testing using a chromatograph.
Interpretation of dissolved gases is based on the type of gases present and their
concentration. The primary indicator gases for partial discharge activity are
hydrogen, acetylene and methane. Other gases of importance are ethane, ethylene,

propane, propylene, isobutene, carbon monoxide, carbon dioxide, oxygen and
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nitrogen. Based on the different levels of dissolved gases, different actions such as
immediate repair, scheduled repair, monitor or retest, clean or no action at all, can be

recommended [74].

The main disadvantage of this method is that it provides only an integrated measure
of prevalent PD activity and that it can only roughly indicate the severity of the PD
activity, but provides little or no indication about its nature, intensity or location. The
nature of this method limits it to offline applications. Therefore it has not been

widely used for PD detection in cables and cable accessories.

2.6.3 Summary

Of all above PD detection methods for cables and accessories, the conventional
electrical method is a reliable and standard method used for offline tests. For online
PD detection, capacitive couplers, high frequency current transducers (HFCT) and
acoustic emission (AE) methods are good choices. Tian et al. [22] have compared
these methods used for a cable joint PD detection. Generally, capacitive couplers are
more sensitive than HFCTs, but they are easily influenced by electrical noise and
interference; thus they need to be fully shielded and further signal processing such as
filtering and gating is usually required. HFCTs are very convenient to apply, but the
detection sensitivity is low as the PD signals are usually attenuated while traveling
along the earth screen and detected signals are influenced by noise and interference.
Acoustic emission methods are free from electrical interference, but have low

sensitivity due to the significant attenuation of the acoustic wave within a cable joint.

2.6.4 Characteristics of HV Cables and Limitations of PD Tests

Since the introduction of solid dielectric cables in 1950°s, PD tests have been
established as the most effective and non-destructive means of quality control and
service condition monitoring. Cables and accessories are usually tested in factories to
identify manufacturing defects. However, damage may still occur during
transportation and installation especially for cable joints or terminations. Therefore
PD online tests concentrate on these cable accessories. There are limitations on PD
detection due to the structure of the cable as well as the materials used. HV cables

are usually long, having a cylindrically symmetric structure containing dielectrics
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that operate at relatively high stress. The capacitance of such a structure is so high
that only limited sensitivity can be achieved using the narrowband conventional
electrical method [75]. Better sensitivity can only be achieved under circumstances
where very wide bandwidth detection can be employed [34]. Furthermore, the semi-
conducting layers of a solid dielectric cable cause substantial high frequency
attenuation of PD pulses as they propagate from their source to the PD detector [76].
The PD pulse shape that can be detected is a function of the distance between the PD
source and the detector as well as the properties of the semi-conducting layer [77].
For non-conventional PD detection techniques such as capacitive coupler sensors, the
frequency response of these sensors is normally in VHF range (up to 500MHz), the
results are more affected by distance and the semi-conducting layer than low

frequency detecting.

Another limitation on long cable PD testing is the effect of PD pulse reflection.
When a PD pulse occurs it will propagate away in both directions from its origin.
Unless the remote ends are terminated (for high frequency) at the characteristic
impedance of the cable, this pulse will reflect and return to the PD detector and be
superimposed on the first pulse. This superposition can cause significant error in
detected magnitude especially when looking for PD location [77, 78]. Therefore

precautions must be taken to avoid such errors.
2.7 PD Location

Detection of PD in HV cables is generally of little value without determining the
location of the PD source. During factory tests, it allows ‘good’ cable sections to be
salvaged. As for online monitoring during normal service conditions, the
determination of the location of PD improves the efficiency of preventive

maintenance.

Traditionally PD location within HV cables has used the Time Domain
Reflectometry (TDR) method. It was introduced by F. H. Kreuger in 1961 and has
become a standard method for PD location [78]. It is based on the travelling wave
theorem, the pulse of a partial discharge travels in two directions. The original pulse

will travel directly towards the near end (where the measurement set is connected);
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the other pulse will travel in the opposite direction. At the open remote cable-end,
this pulse reflects and finally the first reflection of the original pulse travels in the
direction of the measurement set. The time difference between the arrival of the
original pulse and its first reflection can be used to determine the location of the PD
in power cables. Over the years, the sensitivity and accuracy of TDR method has
been greatly improved through the use of current test procedures such as ones
developed by Mashikian et al. [79, 80] and digital techniques such as reported by
Borsi [81]. The advantage of this method is that it can be performed onsite for
buried cables and cables installed in ducts. However it requires temporary
interruption of service and a separate power supply to energize the disconnected
cables. The power (up to IOMVA [82]) required for onsite testing at 50(60) Hz is so
great that the weight and cost of such a power supply is not financially practical
especially for long cables with a large capacitance. Therefore several alternative
energizing methods such as very low frequency (VLF) method [83-86], oscillating
wave test (OWT) systems [87-90] and variable frequency AC voltage [82, 91-93]
have been developed and some of them put into use for after-laying tests of cable
systems. Obviously all of the HV equipment has to be discharge free to avoid any
erroneous readings. Special attention should be paid when detecting and measuring
PD at frequencies other than 50(60) Hz as the PD activity could be different under
different energizing frequencies due to the failure mechanism under different
frequencies may be different [94-97]. Relationships between PD activities at
different frequencies are complicated issues and need to be established to guarantee

the efficiency and validity of these onsite test methods.

With the development of non-conventional PD probe techniques such as the
capacitive coupling, inductive coupling and acoustic emission techniques, PD
location can also be accomplished by using these sensors [46, 21, 48, 54, 77, 78].
Unlike the TDR method, these techniques are intended for use on cables under
operating conditions so service interruption can be avoided. While the high
frequency losses of solid dielectric cables due to the existence of the semi-
conducting layers tends to decrease the detection sensitivity for PD measurements, it
can be used for PD location by determining the frequency dependent attenuation of a
specific kind of cable. This can be done prior to testing by sending a known pulse

down the cable, measuring the shape of the reflected pulse and computing the
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transfer function between the input and reflected pulse. Given the length of the cable,
the attenuation per unit length as a function of frequency can be calculated. Such a
calibration can also give the electrical length of the cable and electromagnetic

propagation velocity, which are necessary parameters for PD location [77, 98].

2.8 Post-processing of PD Signals

One of the main challenges associated with online PD measurements is coping with
background noise and interference. A wide range of noise and interference can be
encountered during onsite PD tests. This includes PD and corona from the power
system, arcing between adjacent metallic components and poor contact, power line
carrier communication systems, thyristor switching and radio transmissions [1, 99].
The presence of the noise and interference corrupts the PD signals and may result in
false indications. Therefore post-processing ofi PD signals is necessary for online PD
measurements especially with the advancement of several non-conventional

detection techniques such as capacitive couplers and inductive couplers.

Various methods for post processing of PD signals have been reported with the
development in digital techniques and signal processing techniques. These methods
include designing of suitable filters (FIR and IIR), Fast Fourier Transform (FFT)
based approaches, moving average, adaptive filtering as well as wavelet analysis. An
overview paper [100] by Shim et al classified these methods as open loop systems
and closed loop systems. As closed loop systems, adaptive filtering techniques are
found to be very effective in suppressing sinusoidal noise and discrete spectral
interferences (DSI). Hariri et al [101] and Mashikian et al [102] designed an adaptive
noise mitigating system (ANMS) to suppress the amplitude modified (AM)
interference for cable fault location instruments based on time-domain reflectrometry
(TDR). Khan et al [103] have successfully adopted an adaptive linear predictor to
suppress sinusoidal noise for online monitoring of PD on transformers using a
current transducer (CT). The advantage of the adaptive filter is that it self learns,
therefore no prior knowledge of the noise is needed. However, it needs a reference
input of the ambient noise, which is somehow correlated to the noise in the primary
input, but de-correlated to the signal in the primary input [104]. Zargari et al [105,
106] used two acoustic emission (AE) sensors positioned differently to ensure one

detects only noise and another detects both noise and PD signals in transformer oil
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tank PD detection. In most cases, an antenna is used as the reference sensor [101,
107, 108]. To overcome this problem, Su [109, 110] used a modified adaptive noise
canceller with the terminal injected calibration pulse as the reference input for
transformer oil tank PD detection. But this method is not applicable to online

detection of PD on HV cables as terminals are not readily accessible.

For open loop systems, wavelet analysis has recently been found extremely efficient
in partial discharge detection. It is not only effective for periodic noise and DSI but
also effective for pulse-shaped interference, which is reported to be difficult to
recognise and suppress. Satish et al [99] have successfully applied wavelet analysis
to signals obtained using conventional PD detector in noisy environments. It shows
that the wavelet-based de-noising technique is more powerful than traditional FIR
and IIR filtering techniques. Ma et al [111-114] have interpreted various aspects of
wavelet analysis and its application in PD detection in detail. These aspects include
optimal wavelet selection for different PD pulses obtained using different coupling
impedance circuits, i.e. RC and RLC circuits and automatic thresholding for de-
noising. The advantage of the open loop system is that it is independent of the
reference signals as it is based on the prior knowledge of the signal and noise [115].
Compared to other traditional de-noising methods such as FFT-based spectral
analysis and pulse averaging, wavelet analysis can provide both time and frequency

domain information, which is very significant for PD source location.

Most of the work mentioned above is with reference to the processing of signals
acquired by the conventional PD detection method, which is useful for offline PD
detection although it can be used onsite. For online PD detection, signal post
processing techniques have only been applied to a few non-conventional PD
detection sensors up to now. Basically, non-conventional PD sensors can be
classified into two categories, i.e. capacitive sensors such as capacitive couplers
(dividers) and antennas, which measure the voltage pulse of the PD, and inductive
sensors such as current transducers (CT) and Rogowski coils, which measure the
current pulse of the PD. Unlike conventional PD measuring systems they are
generally broadband, sensitive and easy to apply (capacitive couplers can be
integrated into the design of the cable accessories)[116]. In 2000, Borsi [116]

introduced a PD measuring and evaluation system for non-conventional broadband
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sensors for long term condition monitoring of HV equipment based on digital signal
processing. Capacitive dividers and Rogowski coils have been discussed as basic
sensors for the system, and several noise suppression techniques such as adaptive
filtering techniques for continuous noise suppression and a PD pattern recognition
algorithm for suppression of pulse shaped interferences have been discussed. PD
signal processing methods applied to signals obtained using current transducers (CT)
have also been reported using FFT-based de-noising, adaptive filtering techniques,
wavelet and fractal theory as well as multi-band-pass filters [103, 117-119]. PD
signal processing methods such as wavelet analysis, adaptive filtering and FIR
filtering etc. applied to signals obtained using Rogowski coils have also been
reported [116, 120-123]. However, for capacitive couplers, no further published
work has been found for the post processing of noisy measurement signals. De-
noising of data obtained by capacitive couplers requires consideration if they are to

be practically applied under normal operating conditions.
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Chapter 3

Partial Discharge Detection Using PVDF Film Sensor

Among several non-conventional partial discharge techniques applicable to online
PD detection, the acoustic method has been an attractive option due to its immunity
to electrical noise and interference. In the early days of PD detection, acoustic PD
detection involved listening for hissing sounds emanated from liquid-filled
equipment using an insulating tube and microphones were usually employed for PD
detection in air and gases [61]. Recently a passive acoustic emission (AE) method
using piezoelectric ceramic as the acoustic sensor has gained popularity and been
widely applied for PD detection within HV equipment such as HV transformers [18,
19, 63-65], power capacitors [66, 67], and GIS [20]. Research and application of AE
methods for HV cables and accessories have also been reported [68, 69]. At the
University of Southampton, systematic studies have been conduced on AE detection
of PD within cable insulation [22, 70, 71, 124, 125]. Compared to electrical field
coupling methods such as capacitive coupling and inductive coupling, the acoustic
emission method is easy to apply and free from electrical noise although relatively
lower sensitivity has been reported due to the high acoustic impedance of cable
insulation [22]. More recently, a new piezoelectric polymer material and its
copolymer have been used as an alternative acoustic emission sensor in many non-
destructive detection applications such as force-rate sensing [126], traffic sensors,
musical instruments and sports scoring [127]. Interest is growing in the possibility of
using an acoustic sensor based on polymeric materials to detect PD activity within

HV cables.
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3.1 Polyvinylidene fluoride (PVDF) Sensors

Polyvinylidene fluoride (PVDF) is a new piezoelectric material, which generates
electrical charge when mechanically deformed. Piezoelectricity was first discovered
by the Curie brothers more than 100 years ago. They found that quartz changed its
dimensions when subjected to an electrical field, and conversely, generated electrical
charge when mechanically deformed. Since then it has attracted various research
interests and various practical applications have been reported. By the 1960’s,
researchers had discovered a weak piezoelectric effect in whale bone and tendon.
This began an intensive search for other organic materials that might exhibit
piezoelectricity. In 1969, Kawai found high piezo-activity in the polarized
fluoropolymer, polyvinylidene fluoride (PVDF). While other materials, like nylon
and PVC exhibit the effect, none are as highly piezoelectric as PVDF and its

copolymers.

PVDF film, like all piezoelectric materials, is a dynamic material that develops an
electrical charge proportional to a change in mechanical stress. The amplitude and
frequency of the signal is directly proportional to the mechanical deformation of the
film. The resulting deformation causes a change in the surface charge density of the
material so that a voltage appears between electroded surfaces. When the force is
reversed, the output voltage is of opposite polarity. A reciprocating force thus results

in alternating output voltage.

PVDF film is one of the most popular piezoelectric polymers used in AE sensors. It
has several advantages over conventional piezoelectric ceramic sensors. First the
bandwidth of PVDF film is very wide (approximately 0-2GHz) and it is non-
resonant, that means it picks up signals with equal sensitivity over a wide range of
frequency. Whereas the bandwidth of piezoelectric ceramic sensors is generally
below 1.5MHz and they are resonant, i.e. with high sensitivity within their resonant
bandwidths. Second the acoustic impedance of PVDF is low (~ 4 Pas/m’) compared
to ceramics (~ 37 Pas/m’), which enables efficient energy coupling into/from low
acoustic impedance medium such as water, oil, plastics, and human tissue. Thirdly it

has a high sensitivity due to its high stress constant (g33~250x10” Vm/N) when
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compared to ceramics (g33~41x10° Vm/N for PZT 7A) [128]. In addition, it is

mechanically flexible and can easily be fabricated into complex shapes [127, 128].

3.1.1 Equivalent Circuits of PVDF Film

The simplified equivalent circuit of the piezo film can be expressed either as voltage
mode or charge mode depending on the interfacing electronic circuit. Figure 3.1
shows voltage mode and charge mode equivalent circuits of PVDF film, where Q
represents the charge developed on piezo film and V is the open circuit voltage. The
voltage mode of the piezo film consists of a voltage source in series with a
capacitance. The series capacitance C¢ represents piezo film capacitance which is
proportional to the film permitivity and area and inversely proportional to film
thickness. The voltage source is directly proportional to the applied stimulus
(acoustic wave). When measured using an oscilloscope the probe of the oscilloscope
can be modelled as a pure resistance to ground. Therefore the sensor and
oscilloscope act as a high pass filter with a cut-off frequency effectively determined

by the sensor dimensions and oscilloscope coupling resistance [127].
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Figure 3.1 Simplified equivalent circuits of piezo film (a) Voltage mode (b) Charge mode

The charge mode equivalent circuit of the piezo film is illustrated in Figure 3.1(b). It

consists of a charge generator in parallel with the capacitance of the film. The
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induced charge Q is linearly proportional to the applied force and the capacitance Ct
is the same capacitance in voltage mode. In low frequency applications, the internal
impedance is very high and can be ignored. The open circuit output voltage can be
found from the film capacitance; i.e. V=Q/Cr. In practice, the voltage mode is more

commonly used in electrical circuit analysis.

3.2 Experiments

Experiments have been undertaken on two arrangements, firstly investigations were
conducted on a three-layer sandwich of LDPE films with a void in the centre film to
provide a PD source as shown in Figure 3.2. Then tests were carried out on a 132kV
power cable joint containing a known PD source as shown in Figure 3.3. In order to
compare the results from different sensors, a conventional electrical PD detector
(Robinson model 5 type 700), a commercial ceramic AE sensor (manufactured by
Physical Acoustics Ltd) and a PVDF film sensor were applied at the same time. The
ceramic AE sensor used here employs a differential construction, which provides
common mode rejection of unwanted signals in environments of high
electromagnetic interference. A preamplifier (PACI1220A) was used to amplify the
signal with a selectable 40/60 dB gain. The differential input of the preamplifier
provides 24dB common-mode rejection to avoid picking up any EMI noise. A power
unit, which can be operated by mains or by batteries, provided a 28 V dc supply to
the preamplifier. The PVDF film sensor was made from a patch of PVDF film with
metallic surfaces. A coaxial cable lead was connected to the film through tin tape foil
electrodes, which was attached to PVDF film surface using silicon oil to ensure good
contact. The whole sensor was mounted on the insulation surface using double-sided
adhesive. The output of the PVDF film sensor was fed into a wideband amplifier

with 20dB gain.

Similar results have been obtained from both experiment arrangements as shown in
Figures 3.4 and 3.5 respectively. Both the conventional PD detector and ceramic AE
sensor detect the PD pulse. The signal detected using conventional electrical
detection is leading by a certain time the signal detected by the ceramic AE sensor as
the propagation velocity of acoustic wave is slower than that of electrical pulses.

This is in agreement with previous results obtained by other researchers [61].
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However the signal detected using PVDF film sensor is not in the same time position
as signals from the ceramic AE sensor that lag behind the conventional PD detection
pulses. On the contrary, it slightly leads the electrical pulse. Therefore it can be
concluded that the signal from the PVDF film sensor was not caused by acoustic
waves. It is more likely an electrically coupled signal by the metallic coating or film
electrodes. Further experiment confirmed this hypothesis by comparing results
obtained using a capacitive coupler sensor. Hence, pulses obtained using the PVDF
film sensor in this arrangement are actually caused by electrical coupling rather than
acoustic waves. The present PVDF film sensor is not suitable for use in an
electrically noisy environment. Further measures such as sensor shielding have to be

adapted in order to apply the PVDF film sensor for PD detection.
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3.3 Shielded PVDF Sensor

In order to minimize the electrical coupling of the PVDF film, commercially shielded
sensors (SDT1-028K, Measurement Specialties) were assessed. The sensor SDTI
and its frequency response are shown in Figure 3.6. According to manufacturers
data, it is a fully shielded, low mass, surface mounted vibration sensor. It consists of
a sensing element constructed of piezo film, a shielded cable and housing. However,
it has never been used in such electrically noisy environments as in the case for
partial discharge detection. Extensive experimentation revealed that it still acted as
an electrical coupler. The obtained results were similar to Figures 3.4 and 3.5, which

were obtained using ordinary PVDF film without special shielding.
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Figure 3.6 SDT1-28K Shielded piezo film sensor and its frequency response [127]

3.4 Mechanical Vibration Detection

Mechanical vibration detection was conducted using a hammer on a cable section
with a PVDF film sensor and a ceramic AE sensor. The result showed that the sensor
could detect the low frequency mechanical signal, and the signal is in agreement with
signals obtained using a commercial AE sensor as shown in Figure 3.7. The acoustic

signals arrive at both sensors almost simultaneously. The detection sensitivity of the
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PVDF film sensor is quite high and no amplifier was used during the experiment. But
the frequency components of the signal detected by the ceramic AE sensor is lower
than that detected by PVDF film sensor probably due to its resonance within its

resonant bandwidths.
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Figure 3.7 PVDF and commercial AE for mechanical impact detection

3.5 Summary

PVDF film sensors can be used to monitor mechanical vibration with higher
sensitivity than ceramic AE sensors under laboratory conditions. However, they act
as an electrically coupled sensor rather than acoustic sensors when used for PD
detection due to the strong HF electromagnetic field environment. Therefore
commercially available PVDF film sensors are not suitable for on-line PD
monitoring or general PD detection. Further measures similar to those used for
ceramic AE sensors such as electrical shielding, differential input sensors and
amplifiers in order to reject the common mode noise need to be developed in the

future if PVDF film-based sensors are to be applied to PD detection in HV cables.
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Chapter 4

Online Partial Discharge Detection Using a Capacitive
Coupler

Capacitive coupling is one of several popular non-conventional PD detection
methods that are widely applied for online PD detection. The advantages of
capacitive couplers are thatithey are sensitive, cheap and easy to apply. However,
they have a major disadvantage in that the obtained output is generally difficult to
quantify in terms of the conventional PD quantity, apparent charge. The measured
results are usually expressed in voltage terms rather than in charge terms. This is not
very convenient for assessment and diagnosis of the condition of the in service cable.
Calibration of capacitive couplers becomes a necessary aspect of partial discharge

measurement in order to effectively evaluate the conditions of the cable system.

According to IEC 60270 [9], the PD magnitude is its ‘apparent charge’ that is
defined as the charge that, if injected instantaneously between the terminals of the
test object, would momentarily change the voltage between its terminals by the same
amount as the partial discharge itself. The apparent charge is generally expressed in
pico-Coulombs. The purpose of calibration is to assure that if two different systems
are used to measure the same sample, they measure the same ‘apparent PD
magnitude’, which is the charge transfer on the sample electrodes. However, the
measured effective apparent charge is related to the sample geometry and the size,
shape, and position of the void within insulation [32], therefore the measured
effective charge rarely has absolute meaning and no direct connection can be made

between the measured PD magnitude and what is going on in the test sample [31].
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According to IEC 60270 [9], for conventional electrical detection, calibration of the
measuring system is intended for the measurement of apparent charge q and should
be made by injecting current pulses by means of a calibrator as shown in Figure 4.1.
The calibrator consists of a step voltage pulse generator (PG, voltage magnitude Ug)
and a calibration capacitor Cy (Cy < 0.1Cy). In practice, it is not possible to produce
ideal step voltage pulses, therefore pulses with fast rise times less than 60ns are
recommended to ensure that the calibration pulse has similar frequency components
to those of a real PD source. Calibrating pulses are injected into the terminals of the
test object (Cy). If the requirements for the calibrator are met, the calibration pulse is

then equivalent to a single-event discharge magnitude qo = UyCy.

Evolved from the conventional calibration method, the above terminal injection
calibration method has been accepted as a standard method for calibration of
capacitive couplers and is widely applied in laboratory conditions [14, 22, 44, 59].
However, for online measurement, alternative methods that are equivalent to the
terminal injection method have to be developed, as terminals are not accessible if the
cable is in service. In this chapter, several calibration methods suitable for online

measurement are evaluated and their advantages and limitations discussed in detail.
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Cy. coupling capacitance, C, calibration capacitor, PG step voltage generator, Z,; input
impedance of the measuring system, C, test object, CD coupling device, Z filter, MI measuring
instrument, U~ high voltage supply.

Figure 4.1 Conventional calibration of PD Measurement

4.1 Capacitive Coupler Basics

Capacitive couplers have been widely used for partial discharge detection in high

voltage cables and their accessories. To further investigate the capacitive couplers it
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is necessary to look into the basic principle and characteristics of capacitive

coupling.
4.1.1 Principle of Capacitive Coupler Sensors

Capacitive coupler sensors work by coupling the electrical field radiated from PD
sources inside test objects. They may consist of metallic cylinders or patches. As for
well-shielded power cables, sensors have to be mounted outside the solid insulation

and under the outer sheath in order to detect electrical field radiating from the

insulation.
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layer . output
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Core Outer
Conductor sheath
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Figure 4.2 Capacitive coupler construction
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Figure 4.3 Equivalent circuit model of the capacitive coupler

Figure 4.2 shows the construction of a capacitive coupler mounted on a section of
power cable used in the experiment. The HV power cable consists of a core

conductor, insulation, inner and outer semi-conducting (semi-con) layers and an
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outer shield. The capacitive coupler sensor is usually placed on the outer semi-con
layer and consists of an insulation layer (PE film), the electrode (tin tape) and a
dielectric substrate (bubble wrap) above the electrode. The sensor is completely
covered by the outer sheath of the HV cable in order to keep the integrity of the cable

coaxial structure and minimize the effect of external noise.

The sensor output signal is detected using a digital oscilloscope measuring between
the sensor electrode and outer sheath of the cable. The lumped equivalent circuit
model of the above capacitive coupler is shown in Figure 4.3, where Z, represents
the characteristic impedance of the cable, and Cc represents the capacitance between
the electrode of the capacitive coupler and cable core conductor. Cc can be
approximately determined according to cable geometry and material used by

Equation 4.1,

C, = 2Rt (4.1)
ln(&J
Dl

Where L is the length of the coupler, & is the dielectric constant (8.86x107"* Fm™) in

the vacuum, €, is the relative dielectric constant of the insulating material (assumed
to be 2.3 for XLPE), D; is the outer diameter of the insulation, and D; is the inner

diameter of the conductor.

The stray capacitance Cs between sensor electrode and the outer sheath of the cable
and the input impedance (Ry) of the oscilloscope act as the coupling unit of the
measurement system if compared to conventional electrical method. Obviously the
measured discharge pulse magnitude V, is a function of the internal discharge

voltage magnitude V, capacitance C¢ and stray capacitance Cs.

4.1.2 Characteristics of Capacitive Couplers

In accordance to standard PD measurement, the pulse charge detected by capacitive
coupler sensors can also be regarded as a measurement of space charge generated
inside the PD source. However, due to the fundamental different coupling
mechanism compared to the conventional method, only an unknown and strongly

reduced part of the origin pulse charge is detectable. In order to distinguish the
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standard PD quantity ‘apparent charge’, in 1993 Lemke and Schmiegel introduced a
new quantity called ‘reduced charge’ if a specified calibration procedure is applied
[44]. However, it can never be expected that the PD quantity ‘reduced charge’ will
identically correspond to the ‘apparent charge’ even when the same origin PD event

is considered.

Because capacitive couplers couple the electrical field radiated from the PD source,
the dimensions of the sensor including the length of the coupler electrode, gap length
between the electrode and outer sheath as well as the dimension of the coupler
dielectric affect the obtained result. In practice, the reproducibility of capacitive
coupler measurements is further restricted by the non-defined stray capacitance
between the sensor and the test object. So any calibration result is sensor and cable

specific, and can never be transferred from one sensor/cable combination to another.

In addition, some time-based parameters of the calibration pulse may significantly
influence the calibration result of capacitive couplers. These parameters include rise
time (10% to 90%) of the calibration pulse and decay time. Figure 4.4 shows the
effect of different rise time calibration pulses on coupler output when the rise time of
injected charge pulse is Ins and 5ns respectively. The magnitude and the waveform
of the two output pulses are significantly different although the same amount of
charge has been injected (100pC). Whereas in the case of standardized PD
measurement it has no significant influence if specified tolerance limits for time
parameters are met. This is due to the fact that the capacitive coupler acts as a high
pass filter and works in very high frequency (VHF) range, which is of the same order
as the calibration pulse. Therefore the output of capacitive coupler is very sensitive

to the rise time of the calibration pulse.

The use of capacitive couplers is relatively new, therefore it cannot be expected that
well-established values exist to allow a general judgment of the risk of circuit failure
due to PD activities. More experience is needed in this subject, any diagnosis based
on the developing trend of the measured signal is considered to be more important

than the absolute value of results.
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Figure 4.4 Typical coupler output under different rise time of 1ns and 5ns of calibration pulse

4.2 Evaluation of Injected Charge

The most fundamental issue regarding calibration of capacitive couplers is to
determine the value of the injected charge. There are generally two methods
available to determine the injected known charge depending on different
applications, namely Q=CV method and Q=A/R,, method. Both methods have been
examined and their advantages and limitations will be discussed regarding their use

in calibration of capacitive couplers.

4.2.1 Charge Equals Capacitance Times Voltage (Q=CV)

According to IEC 60270 [9], for conventional electrical PD measurement, the
calibration process involves injecting a known amount of charge into test objects
(e.g. cable) and determining the voltage or current magnitude that is produced by the
PD measurement system in response to the injected charge. The quantity of injected
charge comes from a fast rise time pulse generator (rise time < 60ns according to
new edition IEC60270), which generates a step voltage V and is connected to the
terminal of the cable via a calibration capacitor C. Under the condition that C<<C,,
the injected charge can be approximately calculated as Q = CV. If the detected pulse
has a magnitude of X mV, then there is Q/X pC per milli-volt. Thus the magnitude
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of each PD pulse can be measured in pC, independent of the capacitance of the test

object.

Special emphasis should be given on the voltage source pulse generator to ensure
that the output voltage amplitude V will not change under different external loads,
i.e. test objects. Commercial calibrators are manufactured according to this standard
with voltage source pulse generators in series with calibration capacitors. In fact, IEC
Task Force 33.03.05 for ‘Measurement of Partial Discharge’ (1998) further
recommends the voltage source pulse generator ‘may be provided by a high accuracy
DC voltage source whose output is switched by mercury whetted relay through a
guarded capacitor having a known value between 50pF —150pF.’[129]. However,
these calibrators are designed either for calibration of the conventional electrical
measuring system or as reference calibrators for calibration of PD calibrators.
Therefore the rise time of the pulse is much longer than required for calibration of
VHF capacitive couplers. For example the rise time of Robinson calibrator 753
Simulator is 300ns; the rise time of high precision LEMKE reference calibrator
LDC-5/R used for calibration of PD calibrators is 10ns. These calibrators are not fast
enough for calibration of capacitive couplers as capacitive couplers work in VHF
range and are very sensitive to the rise time of calibration pulses as discussed earlier.
An alternative method using a fast commercial pulse generator in series with a
capacitor may be adopted in order to get response from capacitive couplers with high

sensitivity.

One problem using commercial pulse generators is that most of them are not voltage
source generators as detailed by the IEC paper. On the contrary they are current
source pulse generators, which means the output voltage changes with the external
load while the output current is constant. Figure 4.5 shows the simplified output
circuit of a PG product family (Agilent Technology 81110). It consists of a pulsating
current source with selectable output impedance of 50Q or 1kQ. To calibrate using
these pulse generators, the real output voltage of the PG under different external

loads has to be calculated first in order to evaluate the exact known charge injected.
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Figure 4.5 Simplified output circuit of a pulse generator (Agilent 81110 Family)

4.2.2 Alternative Method Suggested by IEC

An alternative method suggested by IEC 60270[9] to check the performance of PD
calibrators can also be used for evaluation of the injected charge. This is Q=A/R,
method, where A is the integration of the voltage Un(t) developed across a well
defined load (high quality and low inductance resistor R, having a value lying
between 50 Q and 200 Q) as shown in Figure 4.6. The integration of this waveform
can be performed numerically using a high precision digital oscilloscope in order to
determine the charge value Q. Alternatively the integration can also be done in an

analogue way using passive or active integration capacitors [130, 131].

. 1 A
= li(t)dt = — |Un(t)dt =— 4.2
Q= [itdt=—— [Un()dt=—= (4.2)
5 c L
i b :
i T
@ M | o iUm(t) 6’ Digital
i ; Oscilloscope
E Calibrator E —

Figure 4.6 Calibration of PD calibrators
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4.2.3 Practical Considerations for Calibration of VHF Couplers

The above two methods for evaluation of the injected known charge are equal and
either of them can be employed in theory. In practice the Q=CV method has been
more widely applied as it is more convenient if the voltage pulse amplitude V and the
calibration capacitance C are known. The second method is not very convenient for
calibration of the measuring system as the exact load resistance R, of the test object
is generally unknown and the integration A of the voltage Up(t) across the load is
usually non-measurable. However, it can be used as a supplemental method to verify
the value of output charge if directly connected to a digital oscilloscope and it is an

efficient method for calibration of PD calibrators [130-133].

As for calibration of VHF capacitive coupler sensors, most commercial PD
calibrators, which are used for calibration of conventional electrical PD measuring
systems, or reference calibrators used for calibration of PD calibrators, are not
suitable. This is because the frequency response of capacitive coupler sensors is
generally above 100MHz and the rise time of the pulse has to be as short as a few

nanoseconds in order to obtain a suitable output from the capacitive coupler.

In calibration experiments conducted in this thesis, a current source PG (HP8082A)
has an output circuit similar to Figure 4.5 was used as it can provide fast pulses with
rise time as short as 1ns. Figure 4.7 shows the interfacing circuit of the current source
PG in series with an injection capacitor of 10pF when measured using a digital
oscilloscope. To calculate the actual PG output voltage V; and voltage V; applied to
the test object (the oscilloscope) under present external load, simulation models have
been established in Matlab Simulink3.0. The present external load consists of a
capacitor of 10pF and a resistor of 50Q, which is the measuring impedance of the
digital oscilloscope. Figure 4.8 shows the Simulink models for calculating V; and V5,
the relationships between V), V, and the input current I, are expressed in transfer
function form, which is not difficult to obtain using the interfacing circuit model

illustrated in Figure 4.7.
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Where s represents Laplace operator. The input data is directly collected from the
pulse generator using a fast digital oscilloscope and input into models through
Matlab workspace. The outputs of these models can be either shown in the virtual

scope in models or output to the Matlab workspace for further processing as shown

in models.
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Figure 4.7 Current source PG in Series with a Capacitor used in the experiment

The computer-simulated results are shown in Figure 4.9 when the maximum output
current of 0.2A from the PG is injected (the output voltage is 5Volts when connected
directly to a 50Q load). The results show that V; becomes 10Volts rather than
5Volts under the present load, i.e. it is exactly twice the measured value in this case.
So the injected charge equals Q=CV,=10pFx10Volts=100pC. While the integral of
V; equals 5nsV as can be seen from the simulation result when measured with a 50Q
load (input impedance of the oscilloscope). So injected charge can also be calculated
as Q = A/R,= 5nsV/50Q = 100pC. The simulated results V, and its integral have
been measured using the digital oscilloscope (LC684DXL) and the results are in
agreement with the simulated results. Therefore the same amount of injected charge

can be obtained using both methods.
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Figure 4.8 Simulation models to calculate V; (a) and V> (b) in Figure 4.7
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Figure 4.9 Simulated output of models shown in Figure 4.7 and Figure 4.8
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Special consideration should be given when a different current source PG is used for
calculation of the injected charge because the output circuit and supplied current of

the current source PG may be different from that of HP8082A pulse generator.

4.2.4 Summary

Fundamentals regarding the calibration of PD measurements have been discussed.
Both Q=CV method and Q=A/R,, method can be used to evaluate the injected charge
for calibration of PD measuring systems and calibrators. They have been shown to
give identical results. However, Q=CV method is more practical than Q=A/Ry
method when used for calibration of a measuring system as the calibration capacitor
and output voltage of PG are known or easy to obtain. The Q=A/Ry, is an efficient
method for calibration of PD calibrators and can be used as a supplementary
calibration method when the resistance of the test object is known and the

integration, A, across the load can be determined.

The pulse generator used for calibration should ideally be a voltage source according
to IEC 60270. However, for calibration of capacitive couplers, an alternative
approach using a fast current source PG in series with a calibration capacitor has to
be adopted as capacitive couplers work over the very high frequency range and are
very sensitive to the rise time of the injected pulse. Special attention should be given
when a current source pulse generator is used in order to evaluate the injected charge

correctly.

4.3 Terminal Injection Calibration (Method 1)

This method is directly evolved from conventional PD measurement and has been
accepted as a standard method for calibration of capacitive couplers. Its main
disadvantage is that it can only be implemented under laboratory conditions and is

therefore unsuitable for online calibration.

The terminal injection calibration method and its equivalent circuit model are shown
in Figure 4.10, where C, is the injection capacitance, Cx is the capacitance of the
whole cable and Zy is the matching resistor (15Q) to ensure that the input impedance

of the circuit is matched to 50Q and therefore the distortion error caused by
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mismatching of impedances is minimized. In the experiment, a section of 2.96m
length 66kV XLPE cable was terminated with its characteristic impedance Zo(~35Q)
and a capacitive coupler of 0.02m was installed 0.62m apart from the injection
terminal of the cable. The output of the coupler was connected to a fast digital
oscilloscope (LC684DXL) with measuring impedance of 50Q. The known charge
was injected into the core conductor of the cable via an injection capacitor Co by
applying a step voltage change using pulse generator HP8082A. The injected charge
can be calculated as (see Figure 4.10):

Q, =C,V, 4.5)
Where the voltage Vx can be determined from the following relationship:
V=V, (4.6)
C,+Cy

V; is the magnitude of the step change voltage applied to the injection capacitor. By
combining Equations 4.5 and 4.6 and under the condition that the capacitance of the
test object (Cx) is much greater than the injection capacitance, Cy, the injected charge

can be approximately determined as

C, C,

—C.V -V, ~C,V, 4.7

Q= 'C,+Cy ' Gy CoVi *.7)
X

A 10pF silver mica capacitor was chosen as the injection capacitor as the capacitance
is relatively small compared to the capacitance of the test cable (~430pF) and the
capacitance tolerance (<0.5pF) of silver mica capacitors is the smallest among
polyethylene capacitors and ceramic capacitors. By varying the magnitude of the
applied injection voltage from 1V to 5V (measured directly using an oscilloscope of
509 impedance, the real output voltage is twice this value when injected into the
terminal via a capacitor as calculated in section 4.2.3), a varying charge of 20pC-
100pC can be injected into the cable section. In the experiment the maximum output
magnitude was measured as 4.8V rather than the exact 5V, therefore a range of
injected charge from 20pC — 96pC was injected into the cable for the 0.02m length
coupler. The corresponding output peak voltage measured values are shown in
Figure 4.11 and a typical waveform obtained from the capacitive coupler is shown in
Figure 4.12 when the injected charge was 96pC. The output pulse and its reflection
can clearly be seen from the waveform. The first peak value is read as the output

peak voltage. The rise time of injected pulses was Ins to ensure the maximum
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sensitivity was achieved. The relationship between the range of injected charge and
corresponding output peak voltage has been linear-fitted to a straight line in order to
minimise the possible error resulting from each measurement and a slope value of
1.9345mVpC™" has been obtained, which corresponds to a calibration ratio of 0.517
pCmV", for an identical experimental arrangement any on-line calibration method

should determine a similar calibration ratio.
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Figure 4.10 Terminal injection and equivalent circuit
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Figure 4.11 Terminal injection calibration results using a 10pF injection capacitance and pulses
with 1ns rise time
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Figure 4.12 Typical terminal injection waveform measured from a capacitive coupler

4.4 Coupler Injection Methods for Online Calibration

For on-line calibration, as both terminals are not accessible, alternative methods have
been developed in order to establish a relationship between measured voltage in mV
and discharge magnitude in pC. Some coupler injection methods have been used for
online calibration, however, their results have never been compared with that of the
terminal injection calibration and the effectiveness of these methods has never been
examined. In this section two different coupler injection methods have been
investigated using the same experimental apparatus as method 1 and their results

compared with the terminal injection calibration method.

4.4.1 Coupler Injection Method (Method 2)

This approach is to use two couplers, one acting as an injection coupler and the other
as a measurement coupler. The coupler injection method and its equivalent circuit
model are shown in Figure 4.13, where Cc; and Cc, are capacitances of the
measurement and injection coupler respectively, each coupler also has an associated
stray capacitance (Cs;, Csz). Assuming that the capacitance of the cable under test is
significantly larger than the capacitance of the injection capacitor and that stray
capacitance can be ignored, then the injected charge, Q,, can be estimated as:
CxCo V, = Ce

Cx+Ce, 1+ &2_

X

Q,=CxVx = v, = CooVi (4.8)
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The capacitance of the injection coupler Cc; can be approximately determined from

the capacitance per unit length of the cable under test as expressed in Equation 4.9.

2
Cp, = 208 (4.9)
D,
In| —=
[Dlj
Where L is the length of the coupler (0.02m in this case), € is the dielectric constant
in vacuum (8.86x10™"? Fm™), €, is the relative dielectric constant of the insulating
material (assumed to be 2.3 for XLPE), D, is the outer diameter of the insulation
(54mm in this case), and D, is the inner diameter of the conductor (22.5mm). The
resulting capacitance per unit length of the 66kV XLPE cable is 146 pFm™. The
capacitance of coupler C, is therefore 2.92pF. Equation 4.9 is evolved from the
coaxial structure communication cables where no semi-con layers are present. The
existence of two semi-con layers is not taken into account when calculating the

capacitance of the injection coupler using Equation 4.9.

The second coupler C,, which is dimensionally identical to the first one C;, was
mounted 0.62m away from the measurement coupler C;, which is 0.62m distant from
the injection terminal of the cable. This is to ensure that same amount of signal
attenuation compared to the terminal injection method. The magnitude of the injected
pulse was varied from 1V to 5V if measured directly using a 50Q impedance
oscilloscope. But the injection capacitance according to the calculated coupler
capacitance is only 2.92pF in this case, so the range of injected charge is from
5.84pC to 28.03pC. The corresponding coupler output peak values are shown in
Figure 4.14 for the range of injected charge and a trend line with a slope value of
0.871 mVpC™ has been obtained, which corresponds a calibration ratio of 1.148
pCmV™. This does compare favourably with the value obtained using the terminal
injection method due to the fact that in the case of coupler injection signals are
propagated in both directions along the cable and hence there is a factor of two

difference compared to the terminal injection method.

This would appear to be a quick and simple method for online calibration, but it is
only an approximation in as much that the semicon layers are not taken into account.
New methods to evaluate the capacitance of the injection coupler C; will also be

determined in order to use this approach to calibrate capacitive couplers online.
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Figure 4.14 Coupler injection calibration results using a pulse with a 1ns rise time
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4.4.2. Coupler Injection Via a Capacitor (Method 3)

This method is a modification of the above coupler injection method and comprises
of two experiments. Firstly a pulse is injected directly into the injection coupler as
per section 4.4.1 and secondly the pulse is injected into the injection coupler via an
injection capacitor (Co) as shown in Figure 4.15. With the additional injection
capacitor and assuming that the cable capacitance is very large compared to the

coupler capacitance, the injected charge can be estimated as

Qs = CxVx = CxCc2 ‘= CxCc2 Co Vi
Cx+Cc2 (Cx+Cc2) (Co+Cs2 + CxCc2 )
Cx+Cc2 (4.10)
- Cc2Co Vi
Co+Cs24Ce2

Considered on its own it is impossible to use Equation 4.10 to evaluate the injected
charge, as the stray capacitance, Cs, is unknown and Cc, cannot be determined
accurately due to the existence of two semi-con layers. However, combining with
results obtained by direct injection into the injection capacitor it is possible to
determine an experimental value for Cc,.

High Voltage Capacitive Capacitive
Cable Coupler, C, Coupler, C,

A .

- Coupler Pulse
Output Injection
C C
| 1° 1
|1 A |
4 Vs —— cq )
Ceor | X
v, 2 — 1 .

Vo Cs

1

Figure 4.15 Coupler with capacitor injection experiment and equivalent circuit
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Consider the application of a step change voltage, Vi, directly to the injection
coupler that produces a peak voltage, V>, at the output of the measurement coupler.
From Equation 4.8 the calibration ratio, k, is defined as

_ Cea2Vi
V2

If the experiment is repeated with an injection capacitor placed between the coupler

k @4.11)

and the voltage source, such that an identical step change voltage produces a peak
voltage, V3, at the output of the measurement coupler, then from Equation 4.10 the
calibration ratio, k, is defined as

CoCc2Vi

= 4.12
(Co+Cs2+Cc2)Vs *-12)

Equating Equations 4.11 and 4.12, yields an expression for the coupler capacitance in
terms of the two measured peak voltages, the known injection capacitance and the

unknown stray capacitance, i.e.

Ce= CO(E—IJ—Csz (4.13)

3

Assuming that the stray capacitance is small enough to be ignored, then the injection
coupler capacitance Cc;, can be determined and the calibration ratio can be calculated
using either Equation 4.11 or 4.12. The experiment was undertaken on the same
arrangement as described in the previous section and the same 10pF injection
capacitor was used. The rise time of injected pulses was still 1ns and the same range
of step voltage from 1V to 5V was applied to the injection coupler with and without
the injection capacitor. But this time the injection capacitance value Cca was
calculated from the measurements at each step pulse magnitude according to
Equation 4.13 under the condition that the stray capacitance Cs could be ignored.
The obtained capacitance value is therefore different at every voltage step as shown
in Table 4.1. The range of 6.667pC to 32pC has been injected into cable according to
the measured injection capacitance Ccp, which ranges from 2.5pF to 5.0pF from
measurements at different injection magnitude under identical conditions. Figure
4.16 shows the corresponding output peak voltage values when evaluated using
Equation 4.8 according to the experimentally obtained capacitance. The results at
different magnitudes have been curve-fitted to a straight line once again and a slope

value of 0.6826mVpC™ has been obtained, which corresponds to a calibration
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coefficient of 1.465pCmV™', this value is nearly three times greater than that

determined using the terminal injection method.

Table 4.1 Calculated capacitance for different injection voltages and corresponding injected
charge value

Capacitance
Injected Voltage(V) Ce (pF) Injected Charge(pC)

4.8 3.333 32.000
4.5 3.125 28.125
4.0 3.846 30.769
3.5 3.636 25.455
3.0 4.000 24.000
2.5 5.000 25.000
2.0 5.000 20.000
1.5 2.500 7.500

1.0 3.333 6.667

The obtained result is still not in agreement with that obtained using the terminal
injection method and the error is great. Compared to previous obtained results from
terminal injection and coupler injection, the linearity and reproducibility of the
results are poor. The main reason is that in Equation 4.13, ignoring stray capacitance
Csz 1s not reasonable as it maybe of the same order as the injection capacitance Co
and the real capacitance of the injection coupler Cc,. In practice stray capacitance is
related to many uncontrollable factors such as installation or location and is non-
measurable. Consequently evaluation based on ignoring stray capacitance cannot
give reasonable results. Figure 4.17 shows typical waveforms obtained using three
injection methods when the same pulse was injected. Different waveforms and
magnitudes have been obtained, meaning that the transfer characteristics among the
three different injection methods are significantly different and consequently it is not
accurate enough to describe these complicated processes using lumped parameter
equivalent circuit models. Therefore coupler injection methods based on equivalent
circuit models and some ideal assumptions are not applicable for calibration of VHF

capacitive couplers.
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Figure 4.16 Coupler plus capacitor injection results using pulses with a 1ns rise time
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Figure 4.17 typical waveform comparison of three injection methods under same injection pulse

4.4.3 Discussion

The calibration errors of the two coupler injection methods are significant. This
arises because the calculation of the coupler capacitance is based on the structure of a

coaxial communication cable, which does not include semi-con material and usually
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operates in the low voltage range. For HV power cables, semi-conducting layers are
employed to smooth the interface between the conductor and dielectric, limiting
stress enhancements and improving reliability. The existence of the semi-con
material has little effect on power frequency characteristics of the cable as
parameters of the semi-con material such as the dielectric constant and conductivity
are negligible compared to those of cable dielectric. However these parameters are
frequency dependent and vary greatly from low frequency range to very high
frequency range [77], while PD pulses originate over a wide range of frequency and
capacitive couplers work over very high frequency range. Consequently, the
response of the capacitive coupler is highly frequency dependent and the evaluation
of the capacitance based on Equation 4.9 and lumped circuit model is no longer
reliable. Furthermore in method 3 ignoring stray capacitance Cs is not reasonable as
it may of the same order as the injection capacitance and the capacitance of the

coupler, given that Cs and Cc are generally non-measurable.

The coupler injection methods used for online calibration are generally
unsatisfactory because the coupler capacitance cannot be accurately determined
either by using Equation 4.9, which takes no account of the existence of the
semiconducting polyethelene layers, or experimentally by a method that ignores stray
capacitances possibly of the same order as the coupler capacitance and injection
capacitor. The lumped parameter equivalent circuit approach is limited in its
application and can at best approximate the behaviour of the capacitive coupler

Sensor.

Consequently a theoretical model of the capacitive coupler based on equivalent
circuits is difficult to define and further research is needed in order to determine a

method to calibrate capacitive couplers online.

4.5 Summary

The principle of the capacitive coupler and its characteristics has been discussed.
Due to fundamental different coupling mechanisms compared to the conventional
electrical method, measured results from VHF capacitive couplers are not

comparable to results obtained using the conventional approach. So the concept of
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‘reduced charge’ rather than ‘apparent charge’ has been proposed for VHF capacitive

couplers.

Regarding calibration, it is of fundamental importance that the injected charge is
determined correctly in order to calibrate any measuring instrument. According to
IEC standards, Q=CV can be used to evaluate the injected charge if a voltage source
pulse generator is used. Alternatively Q=A/R,, method, which is usually used for
calibration of PD calibrators, can also be used to evaluate the injected charge as long
as the external load R, is known and the integral A is measurable. For calibration of
VHF capacitive couplers, a current source pulse generator, with a rise time as short
as 1 nanosecond, has to be employed in order to match the frequency response range
of the capacitive coupler sensor. As a result, special attention should be given when
calculating the injected charge Q=CV, because the output voltage of the current

source PG will change with different test objects.

Evolved from the conventional electrical PD detection method, the terminal injection
method has been accepted as a standard approach for calibration of capacitive
couplers. However, for online on-site calibration, alternative methods that
approximate to the terminal injection method have to be used because terminals are

generally either not accessible or too distant from the sensor.

Two coupler injection methods have been investigated as possible alternative
methods to the terminal injection method. However due to difficulties in evaluation
of coupler/cable parameters and limitations of equivalent circuit models as well as
the existence of stray capacitance, obtained results are not in agreement with the

terminal injection method and the resulting calibration errors are unacceptable.
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Chapter 5

The Use of Frequency Response Analysis For
Calibration of Capacitive Couplers

According to system theory, Frequency Response Analysis (FRA) is a nonparametric
method to identify transfer characteristics of a linear time-invariant system [134]. It
is often performed without significant prior knowledge of the system. In practice, the
procedure for doing a frequency response test is simple; the system is treated as a
‘black box’ and a sinusoidal signal of varying frequency is applied to the system
input and the corresponding system output is measured in terms of both magnitude
and phase relative to the input. The system gain is then calculated at each frequency
as the ratio of output magnitude divided by the input magnitude. Results are plotted
either as a Nyquist diagram or as a Bode diagram, from which a model expressed in

the form of a transfer function can be derived [135].

A frequency response test is an efficient experimental method to determine a system
model when the exact mathematical model of a system is difficult to determine
theoretically. It has been widely used in engineering to characterize and model
devices such as sensors [136], transmission lines [137] and power transformers [138-
141] as it can provide frequency dependent characteristics of these devices over a
desired range of frequency. Transformer faults that alter the distributed capacitance
and inductance parameters of its winding can be detected by measuring the
frequency response at the terminals of the transformer windings. This provides vital
information for preventive maintenance of important power transformers therefore

has become an important means for condition monitoring of power transformers
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[138-140]. It has also become a well-established method for characterization of

electrical machines [142].

For capacitive coupler sensors, previous models based on lumped parameter
electrical circuits have been initially proposed [23, 24]. These models are sufficient
to study the transfer characteristics of capacitive couplers. However due to the
complexity of the sensor geometry, cable/joint geometry and the presence of the
semi-conductor PE layers, the relevant parameters are difficult to define, therefore
obtained models are at best approximation and not suitable for calibration of
capacitive couplers as discussed in Chapter 4. Improved accuracy has been achieved
through numerical modelling and use of the Finite Difference Time Domain (FDTD)
method [143, 144]. This is based on electromagnetic field theory and Maxwell
Equations. A three-dimensional full-wave time domain model of a cable and
capacitive coupler has been developed and the existence of semi-con layers are
considered. The frequency dependent parameters of the semi-con materials are
measured and verified by the propagation characteristics of the cable. However,
semi-con materials have large frequency-dependent dielectric constants (er from
several 1000 down to several 10 in the frequency range up to 1GHz) and
conductivity in the range of 0.1S/m to 10S/m [143]. Frequency dependent data and
variable dielectric constant and conductivity require considerable computational
effort, therefore only effective values are derived for certain frequency ranges or one
value is used over the whole frequency range. Models based on these effective values
and some other ideal assumptions are at best approximations. Furthermore, they are
computationally intensive as sufficient accuracy can only be achieved through using
enough FDTD grids. A model derived from frequency response analysis considers all
frequency dependent characteristics of materials and factors that affect the behaviour
of the coupler such as stray capacitance and environmental factors are reflected in the
measured data. Consequently, the use of a simulation model based on FRA is

promising for calibration of capacitive couplers.
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5.1 FR Measurements of Capacitive Couplers

To investigate the possibility of establishing a model based on experimental
frequency response analysis, it is necessary to first measure the frequency response

data of a coupler installed on a section of cable.
5.1.1 Experimental Arrangement

All frequency response tests were undertaken on the same section of 66kV XLPE
cable as used for the calibration experiment in Chapter 4. Figure 5.1(a) and (b) show
the test arrangements for measuring frequency response data of a terminal to a
coupler and a coupler to another coupler respectively. An Agilent 4395A Network
Analyser was used to measure the frequency response of the cable/coupler system
over the frequency range up to S00MHz. Similar to the experimental arrangement
carried out for terminal injection calibration in Chapter 4, a matching resistor of 15
was connected to a terminal of the cable to ensure that the input impedance of the
circuit was 5002, matching with the output impedance of the network analyser. To
minimise any signal reflection from other end of the cable, it was terminated with its
characteristic impedance (35€2). For the coupler-to-coupler frequency response
measurements both ends of the cable were terminated via a characteristic impedance
to ground. The two identical couplers of 0.02m long were positioned 0.62m apart
and the measurement coupler (coupler 1) was 0.62m distant from the injection
terminal so that the signal attenuation is identical when comparing the frequency

response data of a single coupler to that of two couplers.
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Figure 5.1 FR test arrangements

5.1.2 Relationship Between Terminal to Coupler FR Data and Two
Coupler FR Data

Measurements have been undertaken on both test arrangements using the 4395A
Network Analyser. To minimise the effect from external noise, an internal bandpass
filter of 10Hz bandwidth was used over the frequency sweep range and
measurements were averaged for 4 sweeps. The lowest frequency provided by the
instrument is 10Hz, however it was set to 500Hz in the tests, as the frequency range
of interest for capacitive couplers is much higher than that (>100MHz). Therefore a
frequency range from 500Hz-500MHz was used to determine the coupler response.
Obtained results for a terminal to coupler and for a coupler to another coupler are
shown in Figure 5.2. The frequency response for the terminal to coupler 1 (T-Cl,
Figure 5.2) indicates that the coupler acts as a high pass filter and has a useful
working frequency range from 10MHz-500MHz. Below 100kHz the data is
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seriously contaminated by noise. This is due to the fact that the noise level (-85dB)
of 4395A Network Analyser in the low frequency range is similar to or even greater
than the actual frequency response data of the test object [145]. Over a very high
frequency range (>100MHz) the frequency response data exhibits some oscillations
and this is because that, strictly speaking, over a very high frequency range the cable
system should be considered as a distributed parameter system consisting of
inductance and capacitance per unit length rather than a lumped circuit system which
is only capacitive [146]. The existence of inductance makes the coupler/cable system
a resonant oscillating system. However, the oscillation is so small compared to the
general trend of the frequency response curve that it can be ignored in the modelling
process for simplicity. The coupler-to-coupler frequency response (C1-C2, Figure
5.2) data also exhibits a high pass filter characteristic; again measurement noise
below 100kHz has corrupted the data and some oscillations over the higher

frequency range can be observed.
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Figure 5.2 Frequency response measurement: terminal to coupler 1 vs. coupler 1 to coupler 2

Assuming that the system is linear and time invariant, two couplers are identical and
the attenuation of the signal over such short distance (<Im) is negligible, then at a
given frequency the coupler-to-coupler frequency response can be seen as the
product of two terminal to coupler frequency responses and therefore the magnitude
of the two couplers response should be twice the magnitude of the terminal to

coupler response if expressed in decibels (dB). Figure 5.2 includes a plot of the
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halved coupler-to-coupler frequency response curve and for frequencies above
10MHz there is good agreement with the terminal to coupler frequency response
data. This infers that it is possible to approximate the terminal to coupler frequency
response data by analysis of an experimental measurement of the frequency response
between two identical couplers installed up to a few metres apart on a test cable. This
is significant for online measurement as terminals are usually not accessible if the

cable is in service.

5.2 Modelling of Capacitive Couplers Based on Frequency
Response Analysis

Generally it is possible to obtain a mathematical representation of a system from
measured frequency response results through a frequency domain curve-fitting
process [147]. Various approaches and algorithms to obtain a transfer function model
such as vector fitting [148], gradient searching [149] and subspace-based [150]
methods as well as corresponding software have been reported. The complexity of
the transfer function depends on the required accuracy of any given model. The
accurate mathematical modelling and exact representation of the measured results is
beyond the contents of this thesis. From a practical point of view and considering the
physical meaning of the capacitive coupler only a simple model is required. If
considering the general trend then the terminal to coupler frequency response can be
approximated to a type 0 system containing a low frequency zero ©, a high

frequency pole ®, and a scalar gain G, i.e.

G[l + J—Q]
H(w) = ———2/ (5.1)

Where, s=jo, is the Laplace operator. Consequently, the system response can be

described by three parameters G, oz and wp.

From the terminal to coupler frequency response data it is possible to approximately
determine the corner frequencies of the pole and zero as 200MHz and 200kHz
respectively. It is more difficult to determine the low frequency scalar gain due to
the high levels of measurement noise at low frequencies. However the output pulse

of the coupler from the terminal injection can be measured as discussed in Chapter 4
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and the output of above transfer function model for a range of possible scalar gain
values can be simulated by building a transfer function model using Simulink3.0 in
Matlab. By comparing the experimental terminal injection output waveform with that
of the simulated transfer function output for the same input data it is possible to find
a best fit value for G. G is varied over a range of possible values, the mean square
error over the whole output waveform and the percentage difference in output peak
values are determined for each value of G from —70dB to —90dB as illustrated in
Figure 5.3. I is found that at —78dB or 1.259x10™* the minimum output peak voltage
error and minimum mean square error between the experiment and simulation model
can be achieved. Therefore —78dB is the best-fit value of scalar gain G. And the
corresponding transfer function model for the terminal to coupler arrangement can
then be approximated as

1.259%104(1+-2 )

H(w) = ' 47 x10° (5.2)

}0)
1+
( 4n><103)

The corresponding Bode diagram for the above transfer function and experimentally
measured Bode diagram are shown in Figure 5.4. As can be seen from the
comparison of the two Bode diagrams, they are very close to each other over the very
high frequency range, which is the working frequency range of the capacitive
coupler. Therefore by approximating the measured Bode diagram, a model expressed

in transfer function form can be derived.
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5.3 Simulation Results

The simulation model established for the transfer function defined in Equation 5.2 is
shown in Figure 5.5, where the transfer function model of the capacitive coupler
consists of a gain module and a type 0 module. The simulated input pulse data ([tn,
sc1084]) is directly collected from the pulse generator in series with a capacitor using
a fast digital oscilloscope. The integration of the input pulse has also been measured
using an integrator module in order to confirm the magnitude of the input pulse using
Q=A/R,, method. The output of the model can either be shown on the virtual

oscilloscope or output to Matlab workspace for further processing.

Vout
Vin W simout
i Vout To Workspace
s+ pi2*10%5 0 vvorksp
[tn,sc1084]
S42°pi2"10°8 L,
Fram . A
Workspace Gain Coupler TF ]
M o —
V.
Integrator m e

Scope

Figure 5.5 Simulation model of a terminal to coupler

Using the above model, it is possible to produce a simulation that determines the
coupler output in mV for a predefined signal input. The simulated result is shown in
Figure 5.6 when a 96pC pulse with Ins rise time was modelled as the input injected
into the model. The injected charge value has been confirmed using the alternative
evaluation method Q= A/R, The simulated output and the measured output
waveforms are close to each other except that the measured waveform has a reflected
pulse near the end of the signal. Good agreement has been achieved between the
simulation and the experimental output. Any discrepancy is most likely due to the
fact that the model does not include the high frequency resonances observed in the
FRA measurements. The model does not account for signal reflection but does

closely match the initial response of the coupler.

Using this model it is possible to generate a calibration ratio through simulating a

range of input pulses and calculating the corresponding output peak of the coupler,
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Figure 5.7 shows the corresponding output peak voltage values when a series of
pulses ranging from 20pC to 96pC were injected into the model. The same range of
pulses has been injected into the test object and the resulting experimental values are
compared with the simulated values as can be seen from Figure 5.7. The obtained
values have been curve-fitted to straight lines and the reciprocals of the slope values
are considered to be the calibration ratios. Good linearity has been obtained for both
groups of results. From the simulation a calibration ratio of 0.542 pCmV™ has been

obtained that is very close to the experimentally obtained value 0.517pCmV"".
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Figure 5.6 Simulated coupler output compared with experimental measurement for a terminal
injection pulse of 96pC
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Figure 5.7 Comparison of simulated calibration with experimental terminal injection calibration
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Besides output peak voltage values, the relationship between the output pulse area
(integral of the output pulses) and the injected charge value has also been
investigated. The integral of the output pulse has been conducted using a fast digital
oscilloscope with built in integral algorithm. While the integral of the simulated
output was implemented using the integrator shown in Figure 5.5. Figure 5.8 shows
the simulated and experimental output integrals at various injected charge values. It
can be seen that, similar to output peak values, the output areas (integral) are also
proportional to the injected charge values and can be used to evaluate the discharge

levels to some extent.
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Figure 5.8 Output areas vs. injected charge

5.4 Using the Coupler to Coupler Frequency Response to Generate a
Model Representing Terminal to Coupler Behaviour

Having established the relationship between the FR of the terminal to coupler and
that of coupler to coupler as described in section 5.2, the possibility of deriving a
terminal to coupler model based on the analysis of the coupler-to-coupler frequency
response has been investigated. Figure 5.2 shows the coupler-to-coupler frequency
response along with its halved value, there is reasonable agreement between the
terminal to coupler response and the halved coupler-to-coupler response at higher
frequencies. An approximate model of the form described by Equation 5.1 has been

redefined as follows: wp is defined as the high frequency above which the magnitude
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of the coupler-to-coupler frequency response is reasonably constant; mz is defined as
the low frequency above which the magnitude of the coupler-to-coupler frequency
response starts to increase; and G is then chosen such that for higher frequencies the
magnitude of the approximate model frequency response matches the halved

coupler-to-coupler frequency response.

Applying these rules using the frequency responses shown in Figure 5.2 gives an
approximate model, Hy(®w), of
1.778x107 (1432
H, (w) = —4nx10 (5.3)
jo
(1+ 2
2x10

The corresponding Bode plot shown in Figure 5.9 is in good agreement with the

halved frequency response data of coupler-to-coupler over very high frequency
range. The same range of simulated input data (20pC-96pC) has been injected into
the model and this in turn produces a calibration ratio of 0.589pCmV™" as shown in
Figure 5.10 using the same curve-fitting procedure as described in previous sections.
This value is close to the value obtained using terminal to coupler frequency
response data (0.542pCmV™") and close to the experimental terminal injection result

(0.517pCmV™).

The above transfer function derived from the halved coupler-to-coupler frequency
response data is different to the one derived from the terminal to coupler frequency
response results (Equation 5.2). Yet very close calibration ratios have been obtained
from both simulation models and these ratios are also close to the experimental value
obtained in Chapter 4. This means that the calibration ratio can also be
approximately generated from the frequency response data obtained for two identical
couplers placed a short distance apart. This is significant for online calibration where
terminals of the cable are usually not accessible and only frequency response from

one coupler to another is available.
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Figure 5.9 Modelled Bode plot from halved FR data of C1-C2
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Figure 5.10 Simulation results using an approximate model based on the coupler to coupler
frequency response

5.5 Discussion

5.5.1 Simulation Results Using Input Pulses With Different Rise
Times
The simulation models were all obtained for 1-nanosecond rise time injection pulses.

The maximum frequency component of such pulses is generally below S00MHz and
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the frequency range of such pulses covers the working frequency range of the
capacitive coupler. Therefore these models are also suitable for other frequency
ranges. Figure 5.11 shows simulation results of the coupler model expressed in
Equation 5.2 when the rise time of the injection pulse is 5 nanoseconds. The
experimental arrangement was identical to that for the terminal injection calibration
with the injected charge ranging from 20pC - 96pC. Only the rise time of the injected
pulse was different. The output peak voltage values from both simulation and

experiment are compared and their results are in reasonable agreement with each

other.
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Figure 5.11 Simulation results for 5ns rise time input pulses

5.5.2 Simulation Models for Different Dimension Couplers

The models of Equation 5.2 and 5.3 were obtained for a 0.02m length coupler with a
gap length between the coupler and the cable outer sheath of 0.03m. When different
dimension couplers are employed the obtained output results should be different.
Figure 5.12(a) shows the relationship between the output peak voltage and the
coupler dimension (coupler length ranging from 0.02m to 0.09m, fixed gap length
0.03m). It is clear that the longer the coupler, the greater the output peak voltage of
the coupler. Accordingly, this relationship is also reflected in the frequency domain
and the measured frequency response data of the same couplers is shown in Figure
5.12(b). Corresponding transfer function models for these couplers can be obtained

using the same procedure outlined in section 5.2.
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The measurement sensitivity of the capacitive coupler is closely related to its
dimensions. Better measurement sensitivity can be achieved with longer couplers,
however the accuracy of PD source location will be compromised. In practice, the
choice of coupler dimension is application dependent and in most cases it is a

compromise between the detection sensitivity and location sensitivity.
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5.5.3 Modelled as a Second Order System

To increase the accuracy of the model, the measured frequency response data can
also be represented as a second order system with a pair of complex conjugate zeros
in the lower frequency range and two poles in the high frequency range as expressed
in Equation 5.4, where ( is the damping ratio (0.1 in this case). The corresponding
Bode diagram is shown in Figure 5.13. It is obvious that the second order system
model is a better fit over the frequency range. But the determination of parameters is
more complicated as five variables need to be defined. A procedure for obtaining a
second order system transfer function can be found in [135]. This method has been
used on the measurement data to yield the following transfer function:

ot ()

27t><;£ (2nx10%) (5.4)

jo
I+
22310 ¥ 2ex107)
The simulated second order model output waveform as well as the experiment output

1074 (1+

H(w) =

(1+

waveform is shown in Figure 5.14 when the same injection pulse of 96pC was
injected into the model. Again good agreement has been achieved between the model
and experiment and a calibration ratio of 0.523 (pCmV™") has been obtained from the
model. This is close to the calibration result obtained from the first order model
(0.542 pCmV™) and close to the experimental result for terminal injection. The
second order system model fits the experimentally obtained Bode diagram better than
the first order system especially over the low frequency range as can be seen from
Figure 5.13. Comparison of the simulated output with experimental data (Figure
5.15) is in close agreement and any discrepancy is due to unmodelled higher order

dynamics.

As the differences between the two simulation models are relatively small and the
first order model is easier to define, the first order model approach has been adopted

for this application.
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Figure 5.13 Modelled as a second order system
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Figure 5.14 Simulated output waveform (second order) vs. experiment waveform
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Figure 5.15 Experiment output vs. simulated output when modelled as a second order system

5.5.4 Effect of Attenuation

The signal attenuation effect over the distance between the two couplers has been
ignored during the modelling process. To investigate the error resulting from this,
attenuation measurements over the experimental cable section have been undertaken.
Three identical couplers were installed on the cable at different distances as
illustrated in Figure 5.16(a). A 96pC pulse (1ns rise time 10pF, 9.6V) was injected
into a terminal and the response signal from the 3 couplers were measured using a
digital oscilloscope. Obtained results are shown in Figure 5.16(b). The peak voltage
value is slightly attenuated over the distance and the reflection of the original pulse
can be seen clearly with different time positions due to the different locations of the
couplers. However the difference in magnitude is quite small and could result from
the difference in coupler installation as exactly identical couplers do not exist and
stray capacitance due to installation is not controllable. Therefore the attenuation

effect can be ignored over short distances of less than 2-3 metres.
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Figure 5.16 Attenuation Effect

5.6 Summary

Frequency response analysis is an efficient experimental method to determine the
behaviour of a capacitive coupler. The result from FRA shows that the capacitive
coupler works over a very high frequency range and acts as a high pass filter. The
behaviour of a capacitive coupler mounted on a specific cable section can be
approximately represented using a transfer function model. Based on the transfer

function a simulation model has been established using Simulink3.0 and the
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simulated results are in close agreement with the experimental ones. Basic
calibration work has been carried out based on the simulation model and the result

obtained is in good agreement with the experimental terminal calibration result.

Various approaches of determining a calibration ratio for a capacitive coupler have
been investigated experimentally and the values obtained for one experimental
arrangement are shown in Table 5.1. It can be seen that a model based on the
frequency response from the terminal to coupler produces a calibration ratio that is
very close to the value obtained using the terminal injection method. By
approximating the model using data from the coupler-to-coupler frequency response
a similar calibration ratio can also be achieved. Models obtained using both FRA
results give far more accurate estimates of the reduced charge measured at the

coupler than using pulse injection methods to determine the sensitivity of the

measurement.
Table 5.1 Calibration ratios based on various methods
Method Calibration ratio %age change from
(pCmV™") terminal
injection result

Terminal injection 0.517 -
Coupler injection 1.148 122
Coupler/capacitor injection 1.465 183
Terminal-coupler simulation 0.542 4.8

(first order)

Approximate model 0.589 13.9

simulation (first order)

Terminal coupler simulation 0.523 1.2

(second order)

The complexity of the transfer function model is determined by the required
accuracy of the model. Both first order and second order models give good results
compared to experiment results. However, for simplicity of modelling and practical

application, a first order model gives sufficient accuracy for calibration purposes.
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Chapter 6

Experimental Investigation of the Calibration Method
Based on FRA

In order to investigate the feasibility of using an approximate simulation model based
on FRA measurements of two identical couplers to estimate the calibration ratio of a
capacitive coupler for online PD measurement, real PD tests have been undertaken
on two different cable test sections containing different PD sources. On both test
sections, terminals are not available; therefore the approximate modelling method
based on the coupler-to-coupler frequency response measurement has been used.
This chapter further investigates the application of this method when used for real
PD online measurement and results obtained are compared with the conventional

apparent charge measurements.
6.1 Needle loop PD Test

The needle loop PD test was undertaken on a short length of 66kV XLPE cable
containing an earthed needle that acts as PD source as illustrated in Figure 6.1. A
section of 3.5m length cable terminated with de-ionised water terminations has an
earthed tungsten needle with a lmm shank diameter and 3pum pin tip radius inserted
into the cable insulation to within 3mm of the cable core conductor. Two couplers,
with the same dimension as used in the previous experiments have been mounted on
the cable outer semi-con layer as shown in Figure 6.1. The first coupler (C,) is on the
left hand side of the needle and 760mm away from it and the second one (C;) is on
the right hand side of the needle and 100mm away from it. The measurement
apparatus is installed in a control room distant from the cable loop and includes two

broadband amplifiers and a fast digital storage oscilloscope (LeCroy LC684DXL).
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Signals from the couplers will pass through over-voltage protection (sgp-surge
protector) before being amplified using 22dB broadband amplifiers and captured by
the oscilloscope. Conventional electrical PD detection using a Robinson model 5
Type 700 Detector was also applied in order to determine the apparent charge of any

PD activity and allow comparison with results obtained using the couplers.

® ® Deionised

water
termination
p— p— \

Cable section

— /
\ Nleedle
L | |Input| W
unit C Cz
S
[ L 4
= PD detector Amplifiers
Digital
Control Room oscilloscope

Figure 6.1 Test arrangements for a section of HV cable containing an earthed needle

Experiments revealed that the deionised water terminations significantly attenuate
any injected high frequency thus making calibration of the couplers using the
terminal injection method impossible and therefore the simulation model has been
used to determine an estimate of the calibration coefficient. Two coupler to coupler
frequency responses were obtained using Agilent 4395A Network Analyser over the
frequency range from 500Hz to 500MHz, one response for the coupler to coupler
only and the other one for a circuit that also included the over-voltage protectors and
two 22dB broadband amplifiers connected to the output of the coupler as illustrated
in Figure 6.2. In real PD tests, the coupler output has to travel a relative long distance
before it reaches the control room. To ensure maximum measurement sensitivity

signals have to be amplified. In order to protect the measuring instrument from any
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damage caused by possible over-voltage from test objects, broadband surge
protectors (sgp) are usually employed. To calibrate the output signal from such a
measurement circuit, couplers together with surge protectors and amplifiers were
taken as a black box system and frequency response measurement of such a system
has been undertaken. The corresponding model will also include the surge protector
and the amplifier for direct calibration based on the amplified signals. For the FRA
measurements an internal bandpass filter of 10Hz bandwidth over the frequency
sweep range was adopted and measurements were averaged for 4 sweeps. The results
for coupler to coupler only and couplers with measurement circuit as well as halved
data are shown in Figure 6.3. The amplified frequency response data are
approximately 44dB greater than the coupler-to-coupler only frequency response

data over the higher frequency range.

Similar to the procedure for obtaining an approximate model described in previous
chapter, the three variables are redefined as follows: wp was defined as the high
frequency above which the magnitude of the halved amplified coupler-to-coupler
frequency response is reasonably constant; wz was defined as the low frequency
above which the magnitude of the coupler to coupler frequency response starts to
increase; And G was then chosen such that for higher frequencies the magnitude of
the approximate model frequency response matches the halved amplified coupler-to-

coupler frequency response.

Risck Aoy

Cy

Cable

4395NA

Figure 6.2 Frequency response measurement of two couplers with measurement circuit
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Figure 6.3 Coupler to coupler frequency response measurements and approximate model
characteristics

wp can be approximately determined as 3x10® Hz from the amplified frequency
response curve and @z can be roughly determined as 1x10° Hz from the coupler-to-
coupler frequency response curve (no amplifiers). The low frequency gain G was
determined as —62dB through the magnitude matching process for the .ampliﬁed
frequency response data. This gave an approximate model for the terminal to coupler
frequency response with amplifier of

7.943><10—4(1+j—"°5)

H, (0)= 210 ©.1)

jo
+—
67t><108)

And the corresponding Bode plot shown in Figure 6.3 gives good agreement with the

(1

halved amplified frequency response curve over the very high frequency range.
Similar to the simulation carried out in Chapter 5, the same range of input values
from 20pC to 96pC was injected into the simulation model (Equation 6.1) and the
outputs were curve fitted to a straight line in order to minimise any error. The
relationship between the simulated output peak voltage and the injected charge over

the range of the input values is shown in Figure 6.4, which yields a calibration ratio

of 0.0364 pCmV™".
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Figure 6.4 Simulated output peak voltage vs. injected charge

Besides the simulated output peak voltage, the simulated output pulse area and RMS
value have also been investigated and their relationships to injected charge are
illustrated in Figures 6.5 and 6.6 respectively, which yield calibration ratios of
30.675 pC/nsV for output area and 0.233 pC/mV for output RMS values
respectively. The linearity of the RMS value versus the injected charge is better than
the output area value versus the injected charge. They are both statistical values over
the investigated time period of the pulse and are more affected by background noise
than the output peak voltage. To calibrate using these values the time duration and
the sampling rates of the calibrated pulse have to be the same as the calibrating pulse.

Therefore this approach is not very convenient to use in practice.

35
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Figure 6.5 Simulated output pulse area vs. injected charge
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Figure 6.6 Simulated output RMS vs. injected charge

The determination of the three parameters in the first order model is by visual
inspection and is dependent on the observer. To further investigate this problem,
various values of pole corner frequency wp, and zero comer frequency wz have been
investigated over possible chosen ranges and the corresponding scalar gain, G, has
been adjusted to match the measured frequency response data over the very high
frequency range. Figure 6.7 shows the effect on calibration coefficient and the
variation of scalar gain when the zero corner frequency is varied from 0.5x10° Hz to
5x10° Hz and the pole comer frequency is fixed at 3x10® Hz. It can be seen that by
adjusting the scalar gain from —68dB to —48dB very close calibration coefficients are
obtained. Similar to the variation of zero corner frequency, Figure 6.8 shows the
effect on calibration coefficient and variation of scalar gain when the pole corner
frequency is varied from 2x10® Hz to 4x10® Hz with a fixed zero corner frequency at
1x10° Hz. The scalar gain is varied from —60dB to —63dB and very close calibration
coefficients have been achieved. Both Figures show that by adjusting the scalar gain
G to match the halved frequency response curve over the high frequency range
models produce a similar estimate of calibration ratio for a reasonable range of both
pole corner frequency wp and zero corner frequency wz. That means that small
variations of wp and/or wz do not significantly affect the calibration ratio as long as
the simulation model matches the measured frequency response data over the high

frequency range.
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6.1.1 Calibration Results

To calibrate the conventional electrical PD detector a low frequency calibration pulse
equivalent to 50pC was injected into one of the deionised water terminations. Figure
6.9 shows the calibration pulse captured by Robinson PD Detector giving a
calibration ratio of 1/70 pC/mV. AC high voltage was then applied to the cable loop
at increasing magnitudes until regular PD activity was observed. The PD inception
voltage was 9kV in this case. Figure 6.10 shows two typical PD measurements

obtained both from Coupler C, and the conventional electrical PD detector

98



(Robinson) simultaneously at different applied high voltages. A sampling rate of
500M/s was adopted here. The pulse captured by the coupler leads the pulse captured
by the conventional PD Detector by about 10us in this case due to the very different
working frequency range and integration process of the conventional PD detector.
With reference to Figure 6.9 for an applied voltage of 11.8kV the Robinson Detector
gives an apparent PD magnitude of 4.7pC whereas the simulated reduced charge
value from the coupler is 3.7pC, increasing the applied voltage to 14kV produces PD
apparent charge of 9pC according to conventional detection and a reduced charge of

4.7pC from the coupler measurement.

Figure 6.11 shows the comparison of a PD pulse captured by the two capacitive
couplers, a time of flight of approximately 4ns can be observed between the two
signals, thus the location of the PD source can be estimated if the propagation
velocity of the PD pulse is known and vice versa. The signal attenuation can also be

estimated if the differences between the constructions of the couplers are negligible.
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Figure 6.9 50pC calibration pulse captured by PD Detector
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6.2 132kV loop PD Test

The second experiment was conducted on a 132kV cable joint where a known defect
is inside. The test arrangement is illustrated in Figure 6.12, two sections of cross-
linked cable are connected with a prefabricated cable joint, and a known defect made
of conducting paint is located inside the joint. Two identical couplers with the same
dimension as used in the needle loop experiment were installed on each side of the
joint in order to measure the frequency response of the coupler to coupler and to
detect PD activities inside. The distance between the two couplers is 1 meter and any
attenuation within this short distance will not be taken into account when deriving
the frequency response based model of a single coupler from FRA measurements
between two couplers. The ends of the cable are terminated with oil-filled cable

terminations to minimise the reflection from the cable ends.
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Figure 6.12 Test Arrangement of 132kV cable joint loop

Similar to the first experiment, a conventional PD detection system using a coupling
capacitor of 1000pF, input unit of 400-6000pF and Robinson model 5 type 700 PD
Detector was also applied in order to measure the apparent charge and provide

comparison with the PD levels obtained using the capacitive coupler.
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As with the needle loop test section, coupler calibration based on the direct terminal
injection method is not available as both terminals are too distant from the coupler
(~5 meters) and the injection pulse would suffer unacceptable signal distortion and
attenuation due to the structure of the termination. Therefore calibration based on the
approximate model from FRA measurements has been used. Once again as the
output signal passes through the surge protector and amplifier before being measured
using a digital oscilloscope, frequency response measurements for coupler to coupler
only and coupler-to-coupler with amplifiers and surge protectors included have been
undertaken (Figure 6.2) using the Agilent 4395A Network Analyser. The obtained
results for both frequency response tests as well as the halved value of coupler-to-
coupler frequency response data with amplifiers are shown in Figure 6.13. As with
the previous frequency response measurements, the internal bandpass filter of 10Hz
bandwidth was set and the measured resuits were averaged for 4 sweeps. A zero
corner frequency of 0.6x10° Hz and a pole corner frequency of 0.9x10° Hz were
determined from the measured frequency response curves and the matching low
frequency gain was determined as -60dB. Applying the same approach as previously

discussed, an approximate model was obtained as

0.001><(1+-—w—-l—09—-~5-
2nx0.6x10

(1509
I+
2nx0.9x10

And its corresponding Bode plot is shown in Figure 6.13. Based on this model the

H, (0)= (6.2)

relationship between the injected charge and simulated output peak voltage over a
range of simulated injection charge from 20pC to 96pC has been obtained as shown

in Figure 6.14 and gives a calibration ratio of 0.034pC/mV.

The measured coupler-to-coupler frequency response is more oscillatory over the
high frequency range than that obtained from the needle test section as can be seen
from Figure 6.13. This is probably due to the influence of the structure of the cable
joint and its material characteristics over the high frequency range. For simplicity it
is still modelled as a first order system without oscillation. But errors resulting from
this approximation will be bigger than those for the previous model. Over the higher
frequency range the frequency response data for two couplers with amplifiers is

about 44dB greater than the frequency response data for two couplers only. Over the
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lower frequency range the measured frequency response data for two couplers with

amplifiers is contaminated by noise due to the higher noise levels of the network

analyser.
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Figure 6.13 Coupler to coupler frequency response measurements and approximate model
characteristics
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Figure 6.14 Simulated output vs. injected charge

6.2.1 Calibration Result

The conventional PD detection system was first calibrated with a 50pC pulse before
high voltage was applied. The calibration pulse captured by the PD Detector is
shown in Figure 6.15. Then AC high voltage was applied at an increasing magnitude

until regular PD activity was observed. Figure 6.16 shows the comparison of the
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same PD pulse detected by the capacitive coupler and Robinson PD Detector
respectively when the applied high voltage was 32kV. The output signals from both
sensors were captured using a fast digital oscilloscope with a sample rate of 1G/s.
From the PD detector apparent charge of 35pC has been obtained, while from the
capacitive coupler reduced charge of 16pC has been obtained according to the

calibration ratio obtained using the simulation result.
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Figure 6.15 50pC calibration pulse for Robinson PD Detector
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Figure 6.16 Coupler output vs. conventional PD detector output under HV of 32kV
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6.3 Discussion

For the experiments carried out for both test sections, the calibration ratio determined
from the estimated model yields charge values for coupler signals that are lower than
the conventional apparent charge measured using a Robinson PD detector. Other
researchers have carried out similar research work for comparison of PD quantity
apparent charge with respect to the PD probe measurement and similar results have
been obtained [151]. Differences are due to the fundamental different coupling
mechanisms between the two detection systems as well as their distinct working
frequency ranges. For narrow-band conventional PD coupling, PD signals are
detected with a bandwidth of 100kHz or less and the PD detector acts as a low pass
filter or integrator [152]. While for VHF capacitive couplers, PD pulses are directly
coupled to the coupler with a bandwidth range from a few MHz to a few hundreds
MHz as can be seen from frequency response measurements. So the minimum
detectable input frequency of the capacitive coupler is relatively high. The measuring
error due to this is only negligible for very fast pulses. Differences between apparent
charge and reduced charge could also result from ignoring any signal attenuation
from the PD source to the point of measurement and the modelling process ignores
high frequency resonances could also introduce errors. However for online
measurement, the simulation method provides a reasonable estimate of the reduced
charge and a comparison of the corresponding apparent charge. For most on-line
condition monitoring applications the measured PD activity trend over a long time
interval is considered to be more important than absolute charge values at a single

moment [28].

6.4 Summary

To further investigate the calibration method based on using a simulation model
derived from frequency response analysis, real PD tests on two different cable test
sections have been undertaken. On both test sections terminals are not available,
therefore frequency response measurements from one coupler to another coupler
have been undertaken. An approximate transfer function determined from frequency
response measurements of coupler-to-coupler and corresponding measuring circuits
provides an estimate of the calibration ratio for the coupler installed on specific

sections of a cable/joint. The resulting PD magnitudes are less than those obtained
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using conventional electrical PD detection in both cases. The difference is due to the
different coupling modes and working frequency ranges between the two

measurement systems. However these values reflect the reduced charge measured by

VHF capacitive couplers.
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Chapter 7

Extraction of PD Signals from Noise data by Wavelet
Analysis for Online PD detection

One of the main challenges associated with online PD measurements is coping with
background noise and interference. It is important for accurate online PD
measurements as they are usually carried out onsite where no specific de-noising
measures are taken. Offline PD measurements usually take place in well-controlled
laboratories or factories where no external interference is present. With the
advancement of several non-conventional detection techniques such as capacitive
couplers and inductive couplers the application of online PD measurements became
popular and dealing with background noise has become a necessary aspect for long-

term service condition monitoring of HV cables.

A wide range of noise and interference can be encountered during onsite PD ftests,
according to their characteristics it can be classified as either [1, 99] Discrete
Spectral Interference (DSI) from radio transmissions and power line carrier
communication systems or periodic pulse shaped interference from power electronics
or other periodic switching or stochastic pulse shaped interference from power
system PD, corona and surface discharges or random noise similar to white noise

from amplifiers.

The existence of the noise and interference corrupts the PD signals and may result in
false indication. In the extreme case, this can make PD tests impossible. Therefore

the reduction of noise and recovery of PD signals from noisy data is very important.

107



This chapter presents issues relating to the signal and noise characteristics associated
with capacitive coupler measurements. Based on the different characteristics of the
signal and interference, wavelet analysis has been found to be very efficient in
discriminating internal PD activities from external pulse-shaped narrow-band
interference and corona discharge as well as random noise. Furthermore, de-noising

can be realized with a minimum loss of pulse amplitude or distortion of pulse shape.

7.1 Wavelet Analysis Basics and De-noising

To use wavelet analysis it is necessary to look into the basic theory of wavelet
analysis and the de-noising principles first. The mathematical theory behind wavelet
transforms can be found in [153-159], therefore only a brief introduction will be

given here.

7.1.1 Wavelet Basics

Wavelets are relatively recent development in applied mathematics. Their name itself
was coined in the 1980s [153]. Since then the interest in wavelets has grown. The
concept of wavelets has been seen to be applicable to many areas of science and
engineering and applications include signal processing (sound and image) and
numerical analysis [154, 155]. Recently, wavelet based approaches have extended to

HV engineering [160-164], and PD signal discrimination [99, 111-115].

A wavelet is a small waveform with limited duration and a zero mean value. Similar
to the Fourier Transform, which breaks up a signal into sine waves of various
frequencies, the wavelet transform breaks up a signal into shifted and scaled versions
of the original (or mother) wavelet. A continuous wavelet transform is defined as the

sum over all time of the signal s(t) multiplied by scaled and shifted version of

wavelet function .

Cla, b) = |a| /2 [ s(t) w( t—;—E)dt (7.1)

Where, v is the mother wavelet, b is the shift operator and a is the scaling function.
The result is a two-dimensional coefficient array of scale a (related to frequency) and

position b (related to time) of the time domain signal s(t). A continuous wavelet
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transform is computationally intensive and generates a lot of redundant data.
Therefore the discrete wavelet transform (DWT) is usually employed at a =2’ and
b=k2’(j, k are positive integers) for speed and convenience. Furthermore, Multi-
resolution Signal Decomposition (MSD) which breaks up a signals into several
sub-bands of non-overlapping frequencies can be implemented based on the DWT,

which made the wavelet transform practical and popular.

Single level signal discrete wavelet decomposition produces a series of
approximation coefficients (cA) and detail coefficients (cD) through a low-pass filter
(low-D) and a high-pass (High-D) filter respectively as illustrated in Figure 7.1. The
approximation (A) and detail (D) of a signal can be reconstructed using
reconstruction filters (High-R, Low-R) based on these coefficients, which correspond
to the low frequency and high frequency components of the signal(s). MSD up to
level j produces series of approximation and detail coefficients through a multi-level
digital filtering technique, which corresponds to the multi frequency sub-bands of the
signal. Figure 7.2 shows a 3-level decomposition and reconstruction procedure of a
signal. The exact reconstruction of the original signal can be obtained through the

reversed procedure - inverse wavelet transform [159].
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Figure 7.1 One stage decomposition and reconstruction
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Figure 7.2 A 3-level signal decomposition and reconstruction
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7.1.2 De-noising procedures

The principle of de-noising based on MSD wavelet analysis is simple; first the
original signal is decomposed into approximation and detail components up to a
desired number of levels. This is done by first choosing a suitable mother wavelet
according to the signal and noise characteristics. The next phase is to identify those
components corresponding to the PD signal, interference or random noise at each
level by visual inspection and knowledge of the frequency characteristics of each
signal type. Finally those coefficients corresponding to the interference and random
noise are discarded while the coefficients corresponding to the PD signal are retained
by setting threshold values accordingly, allowing reconstruction of the signal based

on the modified coefficients to produce an interference-free signal.

The selection of mother wavelets, number of decomposition levels and determination
of threshold values and methods (hard or soft threshold) are application dependent.
The next section considers these issues regarding signals obtained using capacitive

couplers.

7.2 Characteristics of the signal detected by capacitive couplers and
issues in application of wavelet method

7.2.1 Signal Characteristics Compared to Conventional PD
Detectors

The capacitive coupler is one of the most popular non-conventional PD coupling
techniques. Compared to conventional narrow-band PD detection method, capacitive
couplers are very sensitive and broadband. Figure 7.3 shows the comparison of the
same PD pulse detected by a capacitive coupler and a conventional PD detector
(Robinson 700) respectively (sampling rate, 1G/s). The zoomed PD pulse (500ns)

and its frequency spectrum are given in Figure 7.4.
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Figure 7.4 Typical coupler PD pulse and its power spectrum

PD activity inside a void is a very fast event and usually lasts for only a few
nanoseconds or less. The detected PD magnitude and pulse shape depend on the
coupling and measurement system. As can be seen from the time domain the PD
pulse captured by a capacitive coupler lasts for less than 100ns (depending on the
size and shape of the defects and distance between the PD source and the coupler),

while the same activity captured by the conventional PD detector lasts for much
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longer (30 microseconds). The pulse detected by the capacitive coupler also leads the
pulse detected by conventional PD detector by a certain amount of time due to the
quasi-integral procedure of the conventional PD measurement and different working
frequency range between the two coupling modes. In the frequency domain a
conventional PD detector usually works below 1MHz, while the frequency band of
the capacitive coupler is very wide up to several hundreds of MHz (about 70MHz in
this particular case). In general, the signals detected by capacitive couplers are quite
different in both the time domain and frequency domain compared with that of
conventional PD detectors, therefore special consideration should be given during the

post-processing of these signals if using wavelet analysis.

7.2.2 Selection of mother wavelet

The selection of the suitable mother wavelet function is essential in using wavelet
analysis. Best wavelets are those that can represent the signal of interest as
effectively as possible. This is not an easy decision to make in practice. In most
cases, a trial and error method is used. Ma et al [111, 112] have discussed the optimal
wavelet selection based on the calculation of the cross-correlation coefficients
between PD pulses and wavelet shapes for signals obtained using conventional PD
detectors. They found that db2 and db& are the best wavelets for analysing
exponential PD pulses and damped resonant PD pulses respectively. From a
frequency point of view, consideration in choosing the wavelet is based on the
central frequency of the wavelet compared to that of the signal of interest. In this
application, dbl has been chosen as it has the highest central frequency of the
Daubechies family. Some other wavelets with sharp waveforms such as lower order
biorthogonal wavelets biorl.1 and reverse biorthogonal wavelets rbiol.l and rbiol.3

also give good results.

7.2.3 Number of decomposition levels

The number of decomposition levels depends on the lowest interference frequency
bands that need to be eliminated from the signal. The goal is to have sufficient
resolution in the low frequency range in order to suppress interference completely.
Initially a trial and error method has to be used. 10 levels were chosen and found to

be sufficient for this application.
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7.2.4 Thresholds

The de-noising procedure involves thresholding of those coefficients corresponding
to the signal and interference as mentioned above. The determination of threshold
values is based on the identification and evaluation of these coefficients
corresponding to the signal and interference. Some automatic threshold rules such as
Stein’s unbiased risk estimate (SURE) and fixed threshold are well suited for white
noise. However for suppressing the pulse-shaped interference, no automatic rules are
available as it is difficult to estimate the magnitude of the interference in an unknown
environment, where the magnitude of interference could be larger than that of the
signal. In this application threshold values have been manually determined. The hard
threshold method was adopted as it can maintain the PD pulse magnitude better than
the soft threshold method. This is significant for further quantification of the

processed signals.

7.3 Test Arrangement

HV tests were carried out on the 132kV cable loop system as illustrated in Figure
7.5. Two sections of cable are connected through a prefabricated cable joint with a
known defect (conducting paint). The main insulation material of the joint is ethylene
propylene rubber (EPR), while the cable insulation is cross-linked polyethylene
(XLPE). Both ends of the cable are terminated with oil-filled cable terminations. A
capacitive coupler (C) was installed near the defect side of the cable in order to
detect the internal PD activities caused by the conducting paint inside the cable joint.
A surge protector (sgp) with maximum operating frequency up to 1GHz and
response time of less then 10ns was connected to the output of the coupler to protect
the measuring system from possible over-voltage. The measuring system consists of
a digital oscilloscope and a personal computer. A 20dB broadband (up to 1GHz)
amplifier was used to amplify the signal before it was fed to the digital oscilloscope
(LeCroy LC684DXL). The personal computer is connected to the oscilloscope via a

GPIB board to collect the data for further processing.
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Based on the frequency spectra shown in Figure 7.4, in which a sampling rate of
1GHz was used to comply with Shannon’s sampling theorem. It can be seen that the
power spectrum of the PD pulse detected by the capacitive coupler has a bandwidth
of less than 100MHz. So a lower sampling rate of 250MHz was used to ensure

manageable amounts of data were collected over one power cycle.
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Figure 7.5 HV Test arrangement

Corona discharges are the most common source of interference during online PD
measurements. In this experiment external corona discharge pulses were produced

using a length of metal wire connected to the system HV end as shown in Figure 7.5.

7.4 Results

7.4.1 PD activities without corona interference

The test was first carried out without corona interference present. Figure 7.6 shows
the PD activities over one power cycle (20ms) and its persistence plot under an
applied high voltage of 35kV. Two fixed phase interference pulses located

approximately at 10ms and 20ms have been detected as can be seen from the
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persistence plot. The pulses located in first and third quadrants are internal PD

pulses.
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Figure 7.6 PD activities without corona interference and the persistence plot at 35kV

7.4.2 Wavelet de-noising of PD with corona interference

Corona discharge interference was introduced into the system by increasing the
applied high voltage until regular PD activities and corona discharges were observed.
The corona discharges can be judged from the persistence plot of the one power
cycle signal. Figure 7.7(a) and (b) show the original signal and its persistence plot
over one power cycle when applied the high voltage was 30kV. The persistence plot
in Figure 7.7(b) clearly shows the corona discharge pulses around the negative half
peak as well as the two other pulse-shaped interference pulses at 10ms and 20ms.

However from the original signal shown in Figure 7.7(a), internal PD pulses and
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external corona discharge pulses are mixed together and it is difficult to discriminate

between them just by visual inspection.
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Figure 7.7 PD activities with corona interference and the persistence plot at 30kV

The signal shown in Figure 7.7(a) has been decomposed into details and
approximations up to 10 levels using dbl wavelet as shown in Figure 7.8 and 7.9.
The detail level D1 clearly shows all of the internal PD pulses, while the corona
pulses are mostly concentrated in detail level D3 and extend to detail level D6. This
indicates that corona discharge pulses have lower frequency components compared
to internal PD pulses. The two pulse-shaped interference pulses located at 10ms and
20ms cannot be seen in D1 and D2 at all. They are distributed among several levels
from D3 to D9; this indicates their frequency components are even lower than that of

corona pulses and internal PD pulses. This kind of pulse interference is very common
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in PD measurements. Kopf et al. [165] reported similar kind of pulse-shaped
interference called synchronous pulses during onsite PD tests. Similar interference
called periodic pulse-shaped interference has also been reported [166]. The
prominent character of this kind of interference is that it always occurs at specific
phase angles. They are caused by facilities that are operating synchronously with the
mains such as rotating machines with communtators, rectifiers as well as other power
electronic devices. Random noise similar to white noise can be seen in each
decomposition level but it is not the main source of noise in this case as the

magnitude of the pulse-shaped interference is much higher than that of random noise.

The wavelet decomposition of Figure 7.8 and 7.9 has effectively discriminated
internal PD pulses among the external corona discharge interference and two
synchronous pulses. The final procedure is de-noising by setting threshold values at
each level. This has been done manually in this case and the following threshold
values have been used from level 1 to level 10: [0.006, 0.01, 0.017,0.038, 0.088,
0.166, 0.063, 0.026, 0.018, 0.019]. The comparison of original signal and de-noised
signal is shown in Figure 7.10. All pulse-shaped interference and random noise have

been effectively suppressed and only internal PD pulses are left.
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Figure 7.10 Original (a) vs. de-noised (b) signal for 1 power cycle at 30kV

7.4.3 Frequency components of PD, corona and synchronous
interference

To further verify the effectiveness of the de-noising procedure, Fast Fourier
Transforms (FFT) have been applied to the PD waveforms before and after
de-noising. An original PD pulse in Figure 7.6 and a de-noised PD pulse in Figure
7.10(b) show similar power frequency distributions except at the lower frequency
range around 25MHz as shown in Figure 7.11(a) and (d). The loss of the frequency
peak in the de-noised pulse is due to the high threshold values selected for lower
frequency bands (higher levels) in order to suppress the corona pulse interference. A
corona pulse presented in Figure 7.11(b) shows lower frequency peaks than the
internal PD pulse and the synchronous pulse (Figure 7.11(c)) shows even lower
frequency components. This is in agreement with the wavelet decomposition results.
So it can be safely concluded that the wavelet de-noising procedure is effective in
discriminating between internal PD pulses among corona discharge and synchronous

interference pulses.
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Figure 7.11 Frequency components of the PD signals, corona and synchronous interference
pulse (Sampling rate: 250MHz)

7.4.4 Hard Threshold and Soft Threshold

Hard thresholding is the process of setting to zero the coefficients whose absolute
values are lower than a threshold and keeping the coefficients whose absolute values
are greater than the threshold value. Soft thresholding is an extension of hard
thresholding, first setting to zero the coefficients whose absolute values are lower

than the threshold, and then shrinking the nonzero coefficients towards zero. The

hard threshold is defined as:
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83 (t) = x(1),

x(t)’ >A
8 (=0, [x()|<A (7.1)

Where A is the threshold value, x(t) the coefficient before thresholding and & is the
coefficient after thresholding. The soft threshold is defined as:

83(t) = sgn(x@®)(x (B~ 1), [x()]>2

8y (H=0, [x(H| <2 (7.2)

Soft thresholding has better mathematical properties and is preferred for some
applications [167], hard thresholding is more straightforward to implement and has

been preferred in PD measurements [111, 112, 115].

Hard threshold denoising offers an improved signal to noise ratio and can maintain
the magnitude of original coefficients therefore minimizes any loss of pulse
magnitude, this is significant for further quantification of the measured results.
Figure 7.12 shows a comparison of de-noised signals obtained through hard

thresholding and soft thresholding using identical threshold values.
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Figure 7.12 Hard threshold vs. soft threshold
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7.5 Discussion

Among all the possible noise and interference encountered in online onsite PD
detection pulse-shaped interference are reported to be difficult to distinguish and
eliminate; especially the stochastic interference pulses such as corona discharge
pulses and system discharge pulses as their time and frequency characteristics are
similar to internal PD discharges. Previously, several methods have been proposed
and reported effective in distinguishing the external PD pulse from internal PD
activities on cable accessories such as directional coupling sensors (DCS) applied to
the both sides of the cable joint [45]. Two capacitive coupler sensors placed on both
sides of the cable joint and differential sensors have also been reported [14, 21].
More recently, some techniques of pattern recognition based on artificial intelligent
methods such as neural networks and genetic algorithms have been found helpful in
separation of the internal PD from other interference pulses [168-171]. However
these approaches are not directly applicable to many online monitoring applications

because knowledge is required to effectively ‘train’ the system to recognise PD.

Each method has its own advantages and limitations. Directional coupling sensors
are effective in discriminating between various external PD pulses but the system is
bulky and expensive. Wavelet methods discussed in the thesis use only one single
coupler which is cheap and easy to apply. However, they are obviously less effective
for some pulse-shaped interference whose frequency components are very close to
the internal PD pulses such as system PD and surface discharges. Another advantage
of wavelets analysis is that it can possibly be used for real time processing, as the
processing time is short compared to some time domain techniques such as adaptive
filtering and some PD pattern recognition algorithms such as neural networks which
usually take longer time in learning and computation. In practice the choice of the
post-processing algorithms and de-noising methods depends on the characteristics of
the signal and noise presented in the environment and sometimes several techniques

have to be used at the same time.

7.6 Summary

Capacitive coupling is one of several popular non-conventional PD detection

techniques suitable for PD online onsite detection and long-term service condition
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monitoring of HV cables. Compared to signals obtained using the conventional PD
detection method, signals obtained using capacitive couplers are quite different in
both time domain and frequency domain. Regarding the characteristics of the
capacitive coupler, wavelet analysis has been applied to the signals obtained using
capacitive couplers. Results shows that it can effectively discriminate internal PD
pulses among pulse-shaped interference such as corona discharges and synchronous
interference pulses as well as random noise through careful selection of the mother
wavelet function and decomposition levels. Further removal of the interference has
been accomplished by setting threshold values for each level. Greatly improved
signal to noise ratio has been achieved with minimum loss of pulse magnitude and

distortion.

Further work will focus on the practical application of the technique. More than one
de-noising technique may be needed in order to achieve the maximum signal to noise
ratio. For online application of these techniques, real time processing speed is also an
important consideration and wavelet analysis is considered to be advantageous. It
also facilitates PD location and further quantification of the measured results in term

of reduced charge.
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Chapter 8

Conclusions and Further Work

8.1 Conclusions

Partial discharge detection has become an important metric for condition monitoring
of high voltage cables and accessories as it is both a dominant symptom and a cause
of deterioration within solid electric insulation. For long-term maintenance of high
voltage cables and accessories, condition based maintenance (CBM) strategies based
on the online condition monitoring have been accepted as the best strategy from both

an economical and technical point of view.

It is well accepted that acoustic emission (AE) detection is one of the most important
non-destructive methods for partial discharge detection and the conventional acoustic
emission method based on the use of ceramic piezoelectric materials has been
successfully applied to the partial discharge detection in cables and accessories. With
the advent of a new piezoelectric polymer material - Polyvinylidene fluoride
(PVDF), the possibility of partial discharge detection based the PVDF film sensor
has been investigated. It can be used to monitor mechanical vibration with higher
sensitivity than ceramic sensors. However, unfortunately it also acts as electrically
coupled sensor rather than an acoustic sensor when used for PD detection on HV
cables due to the strong HF electrical field environment. Therefore the present PVDF
film sensors are not suitable for on-line PD monitoring or general PD detection.
Further measures similar to be those used for ceramic AE sensors such as complete
electrical shielding, differential input sensors and amplifiers for rejecting the

common mode noise need to be economically developed in the future.
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Another widely used online partial discharge detection technique is capacitive
coupling. It is sensitive, cheap and easy to apply. By using more than one coupler at
the same time, partial discharge location can be achieved. However as a non-
conventional method the calibration of capacitive couplers according to conventional
apparent charge has not been achieved. Another problem associated with the
capacitive coupler is post-processing of measured signals, as it is very sensitive to

electrical noise and interference especially when applied on energized cable systems.

The principles of the capacitive coupler and its characteristics have been discussed in
detail. Due to fundamentally different coupling mechanisms compared to the
conventional electrical method, the measured results of the VHF capacitive coupler
are not comparable with those of the conventional electrical method. So the concept

of ‘reduced charge’ rather than ‘apparent charge’ has been proposed.

Regarding calibration, it is of fundamental importance that the injected charge is
determined correctly in order to calibrate any measuring instrument. According to
IEC standards, Q=CV is usually used to evaluate the injected charge if a voltage
source pulse generator is used. Alternatively Q=A/R,, method, which is usually used
for calibration of PD calibrators, can also be used for evaluation of the injected
charge as long as the external load R,, is known and the integral A is measurable. For
calibration of VHF capacitive couplers, a current source pulse generator, with a rise
time as short as a few nanoseconds, has to be used in order to match the frequency
response range of the capacitive coupler sensor. As a result, special attention should
be given when calculating the injected charge using the Q=CV method, because the

output voltage of the current source PG will change with test object input impedance.

Evolved from the conventional electrical PD detection method, the terminal injection
method has been accepted as a standard approach for calibration of capacitive
couplers. However, for online on-site calibration alternative methods that
approximate to the terminal injection method have to be developed because both

terminals are generally not accessible if the cable is in service.
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Two coupler injection methods based on the lumped circuit model have been
investigated as possible alternative methods to the terminal injection calibration
method. However due to the difficulties in evaluation of coupler/cable parameters
and the limitations of the equivalent circuit model as well as the influence of the
stray capacitance, obtained results are not in agreement with that of the terminal
injection method and the errors are unacceptable. Further investigation based on

frequency response analysis (FRA) has yielded a possible solution to this problem.

Frequency response analysis is an experimental method that can be used in order to
determine a system model when the exact mathematical model of the system is
difficult to determine theoretically. It is an efficient method to determine the
behaviour of a specific coupler installed on a section of cable. The simulation model
based on FRA gives good agreement with the experiment results and can be used to
calibrate capacitive couplers. Various approaches of determining a calibration ratio
for a capacitive coupler have been investigated experimentally and the values
obtained for one experimental arrangement are shown in Table 5.1. It can be seen
that a transfer function model based on the frequency response from the terminal to
coupler produces a calibration ratio that is very close to the value obtained using the
terminal injection method. By approximating the model using data from the coupler-
to-coupler frequency response a similar calibration ratio can also be achieved. In
general calibration based on FRA results in a far more accurate estimate of the
reduced charge measured at the coupler than using pulse injection methods to

determine the sensitivity of the measurement.

The complexity of the transfer function model is determined by the required
accuracy of the model. Both first order and second order models give good
agreement with the experiment results. Therefore, for simplicity of modelling and
practical use, a first order model can be assumed to give sufficient accuracy for

calibration purposes.

To further investigate the calibration method based on the simulation model of
frequency response analysis, HV PD tests on two different cable test sections have
been undertaken. The measured results from two capacitive couplers can provide

approximate PD site location, the propagation velocity of the PD signal and
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estimated attenuation of the PD pulse. An approximate transfer function determined
from frequency response measurements of coupler-to-coupler and corresponding
measuring circuits provide an estimate of the calibration ratio for couplers installed
on specific sections of cable. The resulting PD magnitudes are less than those
obtained using conventional electrical PD detection in both cases. However these
values reflect the reduced charge measured at the sensor and the changing trend over
a relatively long time provide an important quantity for long-term condition

monitoring of HV cables.

Capacitive coupling is one of the several popular non-conventional PD detection
techniques suitable for online onsite PD detection and long-term service condition
monitoring of HV cables. Compared to signals obtained using the conventional PD
detection method, signals obtained using capacitive couplers are quite different in
both time domain and frequency domain. Capacitive couplers are also very sensitive
to the electrical interference and noise that can be experienced during onsite online
measurement. Special shielding and proper earthing measures are needed for
couplers installed on onsite conditions. In addition signal post-processing techniques
are also necessary. Regarding the characteristics of the capacitive coupler, wavelet
analysis has been applied to the signals obtained. Results show that it can effectively
discriminate internal PD pulses among pulse-shaped interference such as corona
discharges and synchronous interference pulses as well as random noise through
careful selection of the mother wavelet function and choice of decomposition levels.
Further removal of interference has been accomplished by setting threshold values
for each level. Greatly improved signal to noise ratio has been achieved with
minimum loss of pulse magnitude and distortion of pulse shapes. This is a
significant result for online PD measurement and further quantification of discharge

magnitude.

8.2 Further Work

Acoustic partial discharge detection using PVDF film sensor is still a promising
method for online partial discharge detection. However, further de-noising measures
such as completely shielding from high frequency electrical noise and common mode

noise rejection method using differential inputs similar to the conventional ceramic
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sensor need to be further investigated if applied to such an eclectrically noisy

environment as found online partial discharge detection.

Online calibration of capacitive couplers has been investigated in the thesis and the
calibration method based the FRA and the corresponding simulation model is proved
to be effective. Further work should be focus on automation of calibration procedures
and possibility of practical use based on the original measurements of the frequency
response and automatic determination of critical parameters and software modelling.

Various aspects of online onsite situations also need to be considered.

Signal post-processing based on the wavelet analysis is very effective in
discriminating internal PD pulses among some forms of pulse-shaped interference
and random noise. However, every method has its own advantages and limitations to
some specific kinds of interference. In order to achieve the maximum signal to noise
ratio more than one de-noising techniques maybe needed depending on
characteristics of the signal and noise. For online application of these techniques, real
time processing speed is also an important consideration. Wavelet analysis is suitable
for the real time situation and further work will focus on the practical application of

the technique.
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ABSTRACT

On-line partial discharge (PD) detection for high voltage cable systems is important as it
ensures that possible faults can be detected and remedied before catastrophic failure occurs.
Of growing interest is the use of non-conventional field coupling techniques to detect PD
signals and the VHF capacitive coupler sensor is finding increasing application in PD
detection systems due to its low cost, reliability and applicability to online detection.
However, it has a major disadvantage as it is very difficult to quantify the sensor output
voltage in terms of the conventional PD quantity, apparent charge. Proposed methods rely
on pulse injection either at the cable termination or via another coupler in order to obtain a
calibration ratio, these approaches have been assessed experimentally. In addition,
frequency response (FR) measurements have been taken and used to generate a transfer
function relating the coupler output to signals present on the cable core conductor. The
transfer function has been used as the central component of a simulation model that
estimates the calibration ratio. Good agreement has been achieved between the simulation
model output and experimental results. PD tests have also been undertaken on a section of
66kV HV cable, containing an earthed needle within the cable dielectric. Obtained results
have been compared with measurements using the conventional electrical detection method.
Results indicate that a better estimation of reduced charge is possible using a frequency
response measurement to provide coefficients for a simulation model than existing pulse

injection calibration methods.
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1.0 INTRODUCTION

Conventional partial discharge (PD) measurement as specified by IEC 60270[1] has been
used as a tool for the quality control of HV cables for more than 50 years. With the
introduction of polyethylene (PE) extruded cables into the power distribution sector in
1950s, a rapid development of PD detection techniques and testing standards to assess the
reliability of these cables occurred. Recently PD measurements have been used not only by
manufacturers but also by end-users in order to monitor cable condition during normal
service. As conventional PD detection is not ideally suited to on-line monitoring, non-
conventional field coupling PD detection techniques using sensors such as inductive couplers
(high frequency current transducers) [2,3], directional couplers [4,5,6] and capacitive
couplers have been developed. Capacitive coupler sensors have gained popularity and been
widely used for PD detection [7-12] within HV cable systems. Capacitive couplers produce
a signal due to the coupling between the sensor and the high frequency electrical field
generated by PD sources during normal service conditions. The presence of a capacitive
coupler does not affect the internal electrical field of the HV cable and it can easily be
incorporated into the design of cable joints and terminations during manufacture. The

capacitive coupler generally has a useful bandwidth of around 200MHz.

However, quantification of the measured output signal relating the signal magnitude in mV
to the apparent discharge magnitude in pC of the PD source has yet to be satisfactorily
established. The main reason is that the performance of capacitive couplers is related to
several factors. These factors include coupler parameters such as its overall dimensions and
shape, cable parameters such as its dimensions and dielectric properties as well as the
unknown stray capacitance that will exist between the cable and the coupler due to its
installation. The electrical parameters (permittivity and conductivity) of the semi-conducting
layers of a high voltage cable are frequency dependent and vary significantly between
different cables [13,14]. Consequently, any measured signal is sensor and cable specific and

there is no general standard method for coupler calibration.

According to IEC 60270[1], for conventional PD measurement, calibrating pulses should be
injected into the terminals of the test object with the additional requirement that the rise time
of the calibrating pulse must be less than 60ns to ensure that the pulse is similar to that of a
real PD source signal. The purpose of this calibration is to ensure that if two different
systems are used to measure the same sample, they measure the same ‘apparent PD

magnitude’, which is the charge transfer at the sample electrodes. Evolved from
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conventional electrical PD measurement, the terminal injection method has been accepted as
a useful approach for calibrating capacitive couplers. It involves the injection of a pulse into
the cable terminal and measurement of the installed coupler output. Compared to
conventional calibration there is a fundamentally different coupling mechanism between the
injected pulse and the measured signal and a new calibration quantity called ‘reduced
charge’ was introduced by Lemke and Schmiege in order to distinguish between the standard
PD quantity ‘apparent charge’ and the calibration procedure applied to capacitive couplers
[15]. However, ‘reduced charge’ does not identically correspond to ‘apparent charge’ when

the same PD event is considered.

For online calibration, both terminals are generally not accessible, and alternative methods
have been developed in order to determine calibration online. One method is the use of two
couplers [12, 15, 16], where one coupler is used to inject a calibration pulse that is measured
using the other coupler. This paper investigates possible on-line calibration methods used
for capacitive couplers and compares the obtained results. The advantages and limitations as

well as the sources of error are discussed in detail.

Models have been developed in order to analyse capacitive coupler performance. A lumped
parameter model {16, 17] was initially proposed but due to the complexity of the sensor
geometry, cable/cable joint geometry and the presence of semi-con PE layers obtained
results were at best approximations. More accurate models can be achieved using
electromagnetic theory and the Finite Difference Time Domain (FDTD)[18,19] method. The
improved accuracy is because the effects of semi-con layers are considered and the
calculation uses values obtained from measured results. However, it is based on ideal
assumptions and is computationally intensive. Therefore, the development of a simulation

model based on practical frequency response measurements has been considered.

Frequency response tests have been undertaken on capacitive couplers in order to determine
their performance over their operational bandwidth. According to linear systems theory, this
is an efficient experimental method to determine system behaviour when the theoretical
model of the system is difficult to obtain. Approximated transfer function models can be
obtained from analysis of the frequency response data. Using these transfer functions a
simulation model has been established. There is very good agreement between the
simulation model output and obtained experimental results. This has been extended to
consider calibration based on a simulation model. Real partial discharge tests on a section of

66kV HV cable containing a known PD source show that it is possible to obtain a good
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estimation of reduced charge when compared with apparent charge measurements using a

conventional electrical PD detector.

2.0 CALIBRATION METHODS FOR CAPACITIVE
COUPLERS

The capacitive coupler consists of an insulated metallic electrode placed between the outer
semicon and the metallic earth sheath of a HV cable. The coupler electrode can either be a
patch or completely wrap around the cable (Figure 1). The couplers used for these
experiments were implemented on a section of 66kV XLPE cable. The cable has a core
conductor, inner and outer semi-conducting layers, insulation and outer sheath. The
capacitive coupler sensor was placed on the outer semi-con layer and consisted of an
insulation layer (PE film), the electrode (tin tape) and a dielectric substrate (bubble wrap)
above the electrode. The sensor is completely covered by the outer earth sheath of the HV
cable in order to keep the integrity of the cable coaxial structure and minimize the effect of

any external noise on the measurement signal.

Insulation

" Sensor
ayer tout
(PE Film) o

Insulation

Core \

Conductor

— Outer semi-
conducting PE
layer

Figure 1 Capacitive coupler construction

A simplified lumped parameter equivalent circuit of the cable and coupler is shown in Figure
2, where CC is the capacitance between the coupler and cable inner conductor, Z0 is the
cable characteristic impedance, CS is the stray capacitance between the coupler electrode
and the cable sheath and RM is the input impedance of the digital oscilloscope (50€2). The
stray capacitance is unknown and will be different at each coupler installation, consequently
practical calibration is required in order to quantify the magnitude of any detected discharge

event.
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Figure 2 Lumped parameter equivalent circuit of cable and capacitive coupler

2.1 The terminal injection method

This method has been directly evolved from conventional PD measurement and has been
widely accepted as a method for calibration of capacitive couplers. Its main disadvantage is
that it can only be implemented under laboratory conditions and is therefore unsuitable for
online calibration. The terminal injection calibration method and its model are shown in
Figure 3. In this case CO is the injection capacitance, CX is the capacitance of the whole
cable and ZM is a matching resistance to ensure that the input impedance of the circuit is
50Q. In the experiment, a 2.96m length of 66kV XLPE cable was terminated with its
characteristic impedance, Z0, and a coupler installed 0.62m from the injection terminal of
the cable was connected to a digital oscilloscope having an input impedance of 50Q. A
known charge was injected into the core conductor of the cable via an injection capacitor,
CO0, by applying a step change in voltage using a pulse generator. According to IEC
60270[1], under the condition that the capacitance of the test object (CX) is much greater

than the injection capacitance, C0, then the injected charge can be calculated as:
Q; =CxVx (O
Where the voltage VX can be determined from

V=V, — )
C,+Cy

VI is the magnitude of the step change voltage applied to the injection capacitor. Hence by
combining Equations 1 and 2 and assuming that CX is very large compared to CO an

approximation for injected charge can be determined i.e.
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Figure 3 Experimental arrangement and model for terminal injection

Obtained calibration measurements for a 20mm wide coupler are shown in Figure 4, for a
range of injected charge from 20pC to 96pC. This gives a calibration ratio of 0.517 pCmV-
1, for an identical experimental arrangement any on-line method should determine a similar

calibration ratio.
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Figure 4 Terminal injection calibration results using a 10pF injection capacitance and a pulse with a 1ns rise time.
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2.2 Coupler Injection

For on-line calibration, as both terminals are not accessible, alternative methods have been
developed in order to establish a relationship between measured voltage and discharge
magnitude. One approach is to use two couplers, one acting as an injection coupler and the
other as a measurement coupler. The coupler injection method and its model are shown in
Figure 5. Where CCl and CC2 are the capacitances of the measurement and injection
coupler respectively, each coupler also has an associated stray capacitance (CS1, CS2).
Assuming that the capacitance of the cable under test is significantly larger than the
capacitance of the injection capacitor and that stray capacitance can be ignored, then the

injected charge, Q2, can be estimated as:

CyC C
Q, =CxVy = AL V)= 82 Vi=Ce Vg
Cx +Cc loc2
Cx @

The capacitance of the injection coupler can be determined from the capacitance per unit

length of the cable under test i.e.

Ce = 27I—HI§8L1 (5)
"5

Where L is the length of the coupler (20mm in this case), €0 is the dielectric constant
(8.86x10-12 Fm-1), er is the relative dielectric constant of the insulating material (assumed
to be 2.3 for XLPE), D2 is the outer diameter of the insulation, (54mm in this case) and D1
is the outer diameter of the conductor (22.5mm). Therefore, the capacitance per unit length
of the 66kV XLPE cable is 146 pFm-1. The capacitance of coupler C2 is therefore 2.92pF.
In order to obtain a calibration ratio the 20mm long couplers were implemented on the cable
620mm apart with the measurement coupler 620mm distant from one end of the cable. The
obtained calibration measurements are shown in Figure 6 for a range of injected charge from
5.84 to 28.03pC and the corresponding calibration ratio is 1.148 pCmV-1. This does not
compare favourably with the value obtained by terminal injection due to the assumptions
made; in particular stray capacitances are ignored and the frequency dependent
characteristics of the two semi-conducting polyethylene layers are not taken into

consideration at all.
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Figure 6 Coupler injection calibration results using a pulse with a 1ns rise time
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2.3  Coupler Injection with Capacitor Injection

This method is a modification of the coupler injection method and comprises of two
experiments. Firstly a pulse is injected directly into the injection coupler as per section 2.2
and secondly the pulse is injected into the injection coupler via an injection capacitor (C0) a
shown in Figure 7. With the additional injection capacitor and assuming that the cable

capacitance is very large compared to the coupler capacitance the injected charge is defined

as

CxCo V. = CxCey Cy V. = CoCy
5= 1=
Cx+Ce (Cx+Ce) C«Cp, Cy+Cq +Cpy
Cy+Cg,

Q;=CyVy =

I
Cy+Cqy +

(6)
Considered on its own it is impossible to use Equation 6 to evaluate the injected charge, as
the stray capacitance, CS2 is unknown and CC2 cannot be determined accurately. However,
combined with results obtained by direct injection into the injection capacitor it is possible to
determine an experimental value for CC2.

High Voltage Capacitive Capacitive
Cable Coupler, C; Coupler, C,

2 N N .

— 1 -
Co

1oV oe: d

- Coupler Pulse -
Output Injection
C C
| =2
L A |
+ Vs —__ Cq c
Cepp —L X
v, $2 ) 1 Vi
v m—
Ry

l- @

Figure 7 Experimental arrangement and model for coupler plus capacitor injection
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Consider the application of a step change voltage, VI, directly to the injection coupler that
produces a peak voltage, V2, at the output of the measurement coupler. From Equation 4 the
calibration ratio, k, is defined as
e CaVi -
\Z
If the experiment is repeated with an injection capacitor placed between the coupler and the
voltage source, such that an identical step change voltage produces a peak voltage, V3, at the
output of the measurement coupler, then from Equation 6 the calibration ratio, k, is defined
as
CCo,V,
) (Co+ (;)szc'z Clcz Vs ®

Equating Equations 7 and 8, yields an expression for the coupler capacitance in terms of the
two measured peak voltages, the known injection capacitance and the unknown stray

capacitance, i.e.

Cor= Co(%_lj_csz )
Assuming that the stray capacitance is small enough to be ignored, then the injection coupler
capacitance can be determined and the calibration ratio calculated using either Equation 7 or
8. Figure 8 shows the results obtained using a 10pF injection capacitor, applying a step
voltage input with a rise time of 1ns and using the same coupler arrangement as described in
the previous section. The obtained calibration coefficient is 1.465 pCmV-1, this value is
nearly three times greater than that determined using the terminal injection method.

Experiments using a range of injection capacitor values have been undertaken and under

identical experimental conditions each produces a different value of calibration coefficient.
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Figure 8 Coupler plus capacitor injection results using a pulse with a 1ns rise time
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The coupler injection methods are generally unsatisfactory because the coupler capacitance
cannot be accurately determined either by using Equation 5, which takes no account of the
existence of the semiconducting polyethelene layers, or experimentally by a method that
ignores stray capacitances possibly of the same order as the coupler capacitance and/or
injection capacitor. The lumped parameter equivalent circuit approach is limited in its

application and can at best approximate the behaviour of the capacitive coupler sensor.

3.0 FREQUENCY RESPONSE ANALYSIS OF CAPACITIVE
COUPLERS

Frequency response measurements on the cable and coupler arrangement have been
undertaken in order to experimentally determine the frequency dependent behaviour of the
system under test. The principle of the frequency response test to determine system
behaviour is simple; the system is treated as a ‘black box’ and a sinusoidal signal of varying
frequency is applied to the system input and the corresponding system output is measured in
terms of both magnitude and phase relative to the input. The system gain is then calculated at
each frequency as the ratio of output magnitude and the input magnitude. Results are plotted
either as a Nyquist diagram or as a Bode diagram, from which a model expressed in the form
of a transfer function can be derived [20]. In order to obtain an accurate model, it must be

assumed that the system under test is both linear and time invariant.

The frequency response tests were undertaken on the same section of 66kV XLPE cable and
couplers as used for the calibration experiment. An Agilent 4395A Network Analyser was
used to determine the frequency response of the system over the range 500Hz to SO0MHz.
As with the terminal injection calibration method a matching impedance was used to ensure
that the input impedance of the circuit was 50Q and to minimise any signal reflection the
other end of the cable was terminated with its characteristic impedance. For coupler to
coupler frequency response measurements both ends of the cable were terminated via its
characteristic impedance to ground. The two couplers both 20mm long were positioned
620mm apart with the measurement coupler (coupler 1) 620mm distant from the injection
terminal. Obtained results are shown in Figure 9. The frequency response between the
terminal and coupler 1 (T-C1, Figure 9) indicates that the coupler acts as a high pass filter
for frequencies greater than 10MHz. Over the lower frequency range the data is
contaminated by noise, mainly because the 4395A Network Analyser noise level (-85dB) in

low frequency range is similar to or greater than the true data. The coupler to coupler
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frequency response (C1-C2, Figure 9) also exhibits a high pass filter characteristic, again
measurement noise below 10kHz has corrupted the data. Assuming that the system is linear
time invariant, the couplers are identical and that the attenuation of signals by the cable over
a distance of a meter is negligible, then at a given frequency the coupler to coupler response
should be double the magnitude (in dB) of the terminal to coupler response. Figure 9
includes a plot of the halved coupler to coupler frequency response and for frequencies
above 10MHz there is good agreement with the terminal to coupler frequency response.
This infers that it is possible to approximate the terminal to coupler frequency response by
analysis of an experimental measurement of the frequency response between two identical

couplers installed up to a few metres apart on a test cable.
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Figure 9 Frequency response measurements; terminal to coupler 1 and coupler 1 to coupler 2

3.1 Calibration Based on Frequency Response Analysis

It is possible to model the system by using transfer functions derived from analysis of the
frequency response data. The complexity of the transfer function is determined by the
required accuracy of any given model. If considering general trends then the terminal to
coupler frequency response can be approximated to a first order system containing a low

frequency zero, a high frequency pole and a scalar gain, i.e.

G[l + ﬂ)
H(w) = ———2/ (10)
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Consequently, the system response can be described by the three parameters G, wz and .
From the terminal to coupler results it is possible to define the corner frequencies of the pole
and zero as 200MHz and 200kHz respectively. It is more difficult to define the scalar gain,
due to the high levels of measurement noise at low frequencies, however by comparing the
experimental terminal injection output waveform with the transfer function output for the
same input data it is possible to find a best fit value for G. G is varied over a range of
suitable values, the mean square error over the whole output waveform and the percentage
difference in peak output value are determined for each value of G (Figure 10). In this case

the best fit value of G is -78dB or 1.259.10™. Therefore the frequency response between the

terminal and coupler can be approximated as

1.259.10‘4(1+ g 5)
4710

H(w) = .
o)

an

47108

The model has been used to simulate the output of the coupler for a given signal injected into
the termination and obtained results are in very good agreement. A typical result is shown in

Figure 11, the model does not account for signal reflection but does closely match the initial

response of the coupler.

Mean Square Error
o
N

T T T T 1

0 T T T T T
-70 -72 -74 -76 -78 -80 -82 -84 -86 -88 -90

Gain(dB)
160.00
140.00
& 120,00
2 100.00
w
x  80.00
3
o 60.00
3  40.00
jun
& 2000
0.00 —

-70 -72 -74 -76 -78 -80 -82 -84 -86 -88 -90
Gain(dB)
Figure 10 MSE and output peak error plots for a range of scalar gain, G.
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Using the model it is possible to generate a calibration ratio through simulating a range of
input pulses and calculating the corresponding peak output of the coupler, results in a

calibration ratio of 0.542 pCmV"' that is very similar to the value obtained experimentally

(Figure 12).
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Figure 11 Simulated coupler output compared with experimental measurement for a terminal injection pulse of 96pC
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Figure 12 Comparison of simulated calibration with experimental terminal injection calibration
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3.2 Using the coupler to coupler frequency response to generate a
model representing terminal to coupler behaviour

Having established that a reduced order model can effectively represent terminal to coupler
behaviour, the possibility of deriving a terminal to coupler model based on analysis of the
coupler to coupler frequency response has been investigated. Figure 9 shows the coupler to
coupler frequency response along with its halved value, there is reasonable agreement
between the terminal to coupler response and the halved coupler to coupler response at
higher frequencies. An approximate model of the form described by Equation 10 has been
defined as follows:
= p is defined as the high frequency above which the magnitude of the coupler to
coupler frequency response is reasonably constant.
® @z is defined as the low frequency above which the magnitude of the coupler to
coupler frequency response starts to increase.
= G is then chosen such that for higher frequencies the magnitude of the approximate
model frequency response matches the halved coupler to coupler frequency
response.

Applying these rules using the frequency responses shown in Figure 9 gives an approximate

model, Hy(w), of

1.778.10‘4(1+ J2 5)
47.10

H, (o) = o
o=
27.10

12)

This in turn produces a calibration ratio of 0.589pCmV™" as shown in Figure 13.
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Figure 13 Simulation results using an approximate model based on the coupler to coupler frequency response
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3.3 Summary

Various approaches of determining a calibration ratio for a capacitive coupler have been
investigated experimentally and the values obtained for one experimental arrangement are
shown in Table 1. It can be seen that a model based on the frequency response from the
terminal to coupler produces a calibration ratio that is very close to the value obtained using
the terminal injection method. By approximating the model using data from the coupler to
coupler frequency response a similar calibration ratio can be achieved and results in a far
more accurate estimate of the reduced charge measured at the coupler than using pulse

injection methods to determine the sensitivity of the measurement.

Table 1 Calibration Ratios

Method Calibration ratio (pCmV™") | %age change from terminal
injection

Terminal injection 0.517 -
Coupler injection 1.148 122
Coupler/capacitor injection 1.465 183
Terminal-coupler simulation 0.542 4.8
Approximate model 0.589 13.9

simulation

4.0 PRACTICAL PD MEASUREMENT

In order to establish the feasibility of using an approximate simulation model to estimate the
calibration ratio for a capacitive coupler used for on-line PD measurement, experiments have
been undertaken on a short length of 66kV XLPE cable containing a known PD source
(Figure 14). A 3.5m length of cable terminated with de-ionised water terminations has an
earthed tungsten needle with a 1mm shank diameter and 3pm pin tip radius inserted into the
cable insulation to within 3mm of' the cable core conductor. Two couplers, with the same
dimensions as used in the previous experiment have been installed on the cable 760mm (C,)
and 100mm (C,) from the needle respectively. The measurement apparatus is installed in a
control room distant from the cable loop, consequently the signals from the couplers pass
through overvoltage protection before being amplified using 22dB broadband amplifiers and

captured using the digital storage oscilloscope. Conventional electrical PD detection
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according to IEC 60270 [1] using a Robinson model 5 type 700 detector was also applied in
order to determine the apparent charge of any PD activity and allow comparison with results

obtained using the two couplers.

Experiments revealed that the deionised water terminations significantly attenuate any
injected high frequency thus making calibration of the couplers using the terminal injection
method impossible and therefore the simulation model was used to determine an estimate of
the calibration coefficient. Two coupler to coupler frequency responses were obtained using
the Agilent 4395A Network Analyser over the range 500Hz to 500MHz, one response for the
coupler to coupler only and the other one for a circuit that also included the overvoltage
protector and 22dB broadband amplifier connected to the output of the measurement coupler

(Figure 15).
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Figure 14 Test arrangement for a HV cable containing an earthed needle
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Figure 15 Coupler to coupler frequency response measurements and approximate model characteristic.

The three variables for the approximate model were defined as follows:
* @p was defined as the high frequency above which the magnitude of the halved
amplified coupler to coupler frequency response is reasonably constant.
= @z was defined as the low frequency above which the magnitude of the coupler to
coupler frequency response starts to increase.
= G was then chosen such that for higher frequencies the magnitude of the
approximate model frequency response matches the halved amplified coupler to
coupler frequency response.
This gave an approximate model for the terminal to coupler frequency response of

7.943.10““(1+ s 5)
27.10

Gy
67.10

which yields a calibration ratio of 0.0369pCmV™". The effect on both the calibration ratio

(13)

Ha (a)) =

and the choice of scalar gain, G, for variations in the chosen values of wp and ®z has been
investigated and obtained results are shown in Figure 16. Results obtained indicate that by
adjusting the value of G to match the halved frequency response the model produces a

similar estimate of calibration ratio for a reasonable range of both ®p and oz.
To calibrate the conventional electrical PD detector a low frequency calibration pulse

equivalent to 50pC was injected into one of the deionised water terminations. AC high

voltage was then applied to the cable loop at increasing magnitudes until regular PD activity
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was observed. The PD inception voltage was 9kV and Figure 17 shows typical
measurements obtained from Coupler 1 and the conventional electrical PD detector.
Comparing the results obtained from both couplers revealed that there was a time of flight of
approximately 4ns between the two signals, thus identical couplers can be used to estimate
the location of the PD source, the propogation velocity of the PD signal and indicate the
reduced charge. With reference to Figure 17 for an applied voltage of 11.08kV the Robinson
Detector gives an apparent PD magnitude of 4.7pC whereas the coupler value is 3.7pC,
increasing the applied voltage to 14kV produces PD of 9pC according to conventional

detection and a value of 4.7pC from the coupler measurement.
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Figure 16 Variation in both calibration coefficient and scalar gain for a range of estimates of
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The calibration ratio determined from the estimated model yields charge values for coupler
signals that are smaller than the conventional apparent charge measured using the Robinson
detector. Differences are due to the detection systems coupling mechanisms and the
frequency response range of each measurement. For narrow-band conventional PD coupling,
PD signals are detected with a bandwidth of 100kHz or less and the PD detector acts as a
low pass filter or integrator [21]. While for VHF capacitive couplers, PD pulses are directly
coupled to the coupler with a bandwidth range from a few hundred kHz to a few hundreds of
MHz as can be seen from frequency response measurements (Figures 9 and 15). However
for online calibration, the simulation method provides a reasonable estimate of the reduced
charge. For many on-line applications the PD measurement trend over a time interval is

more important than absolute charge values [22].

5.0 CONCLUSIONS

Possible on-line quantification and calibration methods for capacitive couplers have been
investigated experimentally. Evolved from the conventional electrical method, the terminal
injection method for calibration of capacitive couplers has been accepted as a standard
approach. However, for online on-site calibration alternative methods that approximate to the
terminal injection method have to be used because the terminals are generally either not

accessible or are too distant from the sensor.

Calibration methods using two couplers have been investigated as possible alternative
methods to terminal injection. These methods are based on equivalent circuit lumped
parameter models that do not truly represent the behaviour of the system due to the
frequency dependence of some parameters and the existence of unknowns such as stray
capacitance. Therefore obtained results are not in agreement with values obtained using the

terminal injection method and the resulting error is large.

The behaviour of capacitive couplers installed on a specific cable arrangement can be
determined through frequency response measurements. It is an efficient experimental method
when the theoretical model of a system is difficult to define. A coupler/cable model
expressed in the form of transfer function has been established based on analysis of coupler
to coupler frequency response measurements. Good agreement has been achieved between
the calibration ratio determined using the transfer function and that derived from

experimental terminal injection measurements.
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Real PD tests have been undertaken on a high voltage cable containing an earthed needle
within its bulk insulation. The measured results from two capacitive couplers can provide PD
site location, the propagation velocity of the PD signal and estimate the attenuation of the PD
pulse. A transfer function determined from frequency response measurements provided an
estimate of the calibration ratio for the couplers and resulting PD magnitudes are less than
those obtained using conventional electrical PD detection. However these values reflect the
reduced charge measured at the sensor, further work will investigate data processing
techniques that will determine the apparent magnitude of the discharge taking into account

signal attenuation from the discharge source to the points of measurement.
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ABSTRACT

Partial Discharge (PD) online detection is of increasing importance to condition monitoring
of HV cables. PD online detection using non-conventional field coupling techniques i.e.
VHF capacitive coupling is finding increasing application due to its low cost and
applicability to online measurement. The performance of the capacitive coupler varies with
many factors and its theoretical model is difficult to obtain. Frequency response (FR) tests
have been undertaken in order to determine the performance of the capacitive coupler
experimentally. The results show for a specific coupler installed on a section of 66kV power
cable that there is good performance over a wide range of frequency (0-500MHz). An
approximate simulation model based on system theory and FR analysis has been established.
Good agreement has been achieved between the simulation model and the experimental
results. This makes it possible to quantify the measured signal in mV with a discharge

magnitude in pC. This approach may be useful for online calibration of capacitive couplers.

INTRODUCTION

Partial Discharge (PD) detection and measurement is one of the techniques used to monitor
the insulation condition for HV cables as PD activity is both a dominant symptom and cause
of deterioration in solid electric insulation. Traditionally, PD tests are carried out offline
under laboratory conditions. Recently some non-conventional PD detection techniques such
as capacitive couplers, inductive couplers and directional couplers have been developed and
partly put into use due to their low cost and suitability for online measurement [1-8]. Among
them, the capacitive coupler technique is one of the most popular approaches and can be

widely used for PD detection.

The performance of the capacitive coupler is related to many factors including the structure
and material of the cable itself, dimensions of the coupler and some uncertain factors such as
stray capacitance. In order to understand the capacitive coupler characteristic, Models based
on electrical circuits and the electromagnetic field have been established [8,9,10,11].
However, due to unknown parameters and the frequency dependence of these factors these
models are only an approximation and have the disadvantage of being computationally

intensive.
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This paper presents a new modelling method based on system analysis theory and frequency
response tests. It is an efficient experimental method to determine system behaviour when
the theoretical model of the system is difficult to obtain. Simulation results show good

agreement with experimentally obtained results.

FREQUENCY RESPONSE TEST OF CAPACITIVE COUPLERS

Capacitive Couplers

The capacitive coupler and XLPE cable system schematic is shown in Figurel. A HV cable
consists of the inner conductor, inner and outer semi-conducting layers, insulation and outer
sheath. The capacitive coupler sensor is placed on the outer semi-con layer and consists of an
insulation layer (PE film), the electrode (tin tape) and a dielectric substrate (bubble wrap)
above the electrode. The sensor is completely covered by the outer earth sheath of the HV

cable in order to minimize effect of the external disturbance.

An equivalent circuit of the coupler and cable is shown in Figure 2, where C, represents the
capacitance between the coupler and cable inner conductor, Z, represents the cable
characteristic impedance, C; is the stray capacitance between coupler electrode and cable
sheath and R, is the measuring impedance of the digital oscilloscope (500hms). The
capacitance, C. is generally unknown and frequency dependent due to the frequency
dependence of the two semi-conducting layers, and the stray capacitance C, is non-
measurable. Therefore the simple equivalent circuit may only provide an approximation of

the coupler output for a given input.

Dielectric

outer shiefd

K THIHIINXIEX XK,
L X AR
KON .’0’0"’0’0‘0

—— Electrode(tin tape)
I~

semicon layer§ -
Y inner conductor

insulati Insulation layer(PE film

Figure 1. XLPE cable and Coupler Structure
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Figure 2. Equivalent circuits for coupler cable system

Frequency Response Test of Couplers

If the PD pulse propagation is considered as signal transmission within a linear system,
system theory maybe applied. As a whole physical system, the cable coupler combination
can be treated as a ‘black box’, which has an inherent frequency response characteristic. The

interrelation of the system input and output can be described in the form of transfer function.

The experimental arrangement for the frequency response (FR) test of a single coupler and
two couplers are shown in Figure 3 and Figure 4 respectively. The Agilent 4395A Network
Analyser was used for the FR test up to 500MHz. For a terminal to a coupler FR test, a 15
Ohms matching resistor was used to match the test circuit. For a coupler to another coupler
FR test two resistors equal to the characteristic Z, (35 Ohms) were used to minimize signal
reflection. The FR test results are shown in Figure 5. For the terminal to coupler FR test, the
same coupler at different positions (see Figure 4) was tested in order to measure the

attenuation effect of the cable.

As can be seen from the results shown in Figure 5, the coupler acts as a high pass filter
above 100MHz. In the low frequency range the FR data is seriously contaminated by noise.
This is mainly because the 4395A Network Analyser noise level (-85dB) in low frequency
range is similar with the actual value of the FR data. The results for different positions show
very little difference in FR value. It can therefore be assumed that the attenuation caused

over short distance (<3m) is negligible.
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Figure 3. FR test arrangement for a terminal to coupler test
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Figure 4. FR test arrangement for a coupler-to-coupler test
Relationship Between Single Coupler FR and Two-coupler FR

In linear system theory two coupler FR data should be half of a single FR data, and the test
results confirm the theory in high frequency range (>100MHz) as can be seen from Figure 5.
In low frequency range however the results are contaminated by noise and any difference is

negligible.

So based on the experiment results, we can assume that the fixed relationship between the
FR data of a single coupler and two-coupler always exists if two identical couplers are used
and any attenuation is ignored. That means a single FR result can be inferred from the two-
coupler FR result. This is significant for online PD measurement as both terminals of the

cable are generally not accessible if it is in service.

0

Figure 5. Relationship between a single coupler FR and two-coupler FR
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MODELLING OF COUPLERS
Transfer Function of The Coupler

The measured FR results can be easily transferred to Bode diagram by changing the
frequency unit in Hz to frequency in radian/second. The Bode diagram of a system
corresponds to a transfer function (TF). Thus approximate TF of the coupler can be obtained

from the Bode diagram [12].

According to the measured FR result, the single coupler FR can be approximately modelled
as a first order system with one zero in the low frequency range (around 10KHz), one pole in
the high frequency range (around 100MHz) and a low frequency gain G as expressed in

Formula (1).

_G(s +z,) )

So three parameters need to be determined in order to obtain the TF of a single coupler.

The system pole can be obtained from both FR results at around 2x10® Hz, and the system
zero can be determined around 2x10° Hz. While the gain G has to be corrected as the
measured results are noisy and the real value of the FR result in low frequency range has to
be found. The corrected gain G can be obtained by comparing the error of measured output
and the simulation output. It shows that at G=-81dB, minimum mean square error can be

achieved. So the TF of single coupler can approximated expressed as following formula:

0.1122(s +27%2x10°%)

2
(s+2rx2x10%) @)

TFl=

The corrected Bode diagram as well as measured Bode diagram of the single coupler is

shown in Figure 6.
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Figure 6. Corrected Bode diagram and measured Bode diagram for a single coupler

The reason for correction of the low frequency gain G is that the measured FR results in low

frequency range are noisy if the real value of the FR data is of the same order as the

instrument noise level (-85dB).

Simulation Results

A simulation model was established using the above transfer function in Matlab Simulink
3.0. The simulated result is shown in Figure 7 for a 1-nanosecond rise time input pulse. Good

agreement is achieved between the simulation and experiment.

200 L T T T T T T . T T

150 — measured output 4
100+ —— simulated output |

0 5 0 15 20 25 30 3B 40 45 S0rs

Figure 7. Simulated output and experiment output (Ins)
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Models for Different Couplers

The above model is for a 20mm length coupler and the gap between the coupler and cable
sheath is 30mm. For different length couplers, FR tests were also undertaken. Figure 8 shows
the difference in FR results for different coupler lengths. As can be seen the longer the
coupler the greater the response. This is in agreement with the experiment. Models for these

couplers can be obtained by similar procedures described above.

CONCLUSIONS

e FR tests show the coupler performance over a wide range of frequency especially at high

frequency.

e A simulation model has been established for a 20mm length coupler placed on the 66KV

HV cable. The simulated results agree with experimental measurements.
¢ The simulation model is suitable over the measurement frequency range.
e Similar models can be obtained for couplers having different dimensions.

FRT-C2579cn

Figure 8 FR results for different dimension couplers
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ABSTRACT

For online detection of partial discharge (PD) activity within power cables and cable
accessories, one of the non-conventional PD detection techniques, VHF capacitive coupling
has been proved to be suitable. However, the existence of excessive interference will
significantly influence the measurement sensitivity and reliability. This paper investigates the
application of wavelet transforms for de-noising signals obtained using capacitive couplers.
The experimental work has been carried out on a 132kV cable loop with a known defect
within the cable joint. Obtained results indicate that the wavelet analysis technique can
effectively discriminate internal PD pulses among corona discharges and pulse-like
interference. Further, removal of interference has been achieved by applying level dependent

threshold values.

INTRODUCTION

Ounline partial discharge (PD) detection using non-conventional PD techniques such as
capacitive couplers, inductive couplers and acoustic emission methods, has recently become

popular. However, the big challenge of onsite PD tests is to cope with excessive noise and

interference.

A wide range of noise and interference can be experienced during onsite PD measurements,
according to their characteristics they can be classified using the following [1]

e Discrete Spectral Interference (DSI) from radio transmissions and power line carrier
communication systems

® Periodic pulse-shaped interferences from power electronics and other periodic switching
etc.

® Stochastic pulse-shaped interferences due to the discharges from other power equipment

® Random noise similar to the white noise from amplifiers

Various methods for post-processing of PD signals have been reported with the advancement
in digital signal processing techniques during the last two decades. These methods include
designing of suitable filters (FIR and IIR), Fast Fourier Transform (FFT) based approaches,
moving averages, adaptive filtering as well as wavelet analysis. Among them wavelet analysis
has recently been found to be an extremely efficient tool in partial discharge detection as it

can provide both time and frequency domain information [1-4]. However most published
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work is concerned with the processing of signals acquired by conventional PD detection
method. For online PD detection, signal post-processing techniques have only been applied to
a few non-conventional PD detection sensors so far such as Rogowski coils and current
transducers (CT)[5]. It is necessary to investigate the de-noising of signals obtained using

capacitive couplers.

WAVELET BASICS AND DENOISING

Basics

A wavelet is a small waveform with limited duration and a zero mean value. Similar to the
Fourier Transform, which breaks up a signal into sine waves of various frequencies, the
wavelet transform breaks up a signal into shifted and scaled versions of the original (or
mother) wavelet. A continuous wavelet transform is defined as the sum over all time of the

signal s(t) multiplied by a scaled and shifted version of the wavelet function y [6]
Cla, b) = 4a[‘% J‘s(t)w(t—_—BJdt )]
a

Where, \ is the mother wavelet, b is the shift operator and a is the scaling function. The result
is a two-dimensional coefficient array of scale a (related to frequency) and position b (related
to time) of the time domain signal s(t). The continuous wavelet transform is computationally
intensive and generates a lot of redundant data. Therefore the discrete wavelet transform
(DWT) is usually employed at a =2’ and b=k2' (j, k are positive integers) for speed and

convenience.
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Figure 1. One stage decomposition and reconstruction

Single level signal discrete wavelet decomposition produces a series of approximation
coefficients (cA) and detail coefficients (cD) through a low-pass filter (low-D) and a high-
pass (High-D) filter respectively as illustrated in Figure 1. The approximation (A) and detail
(D) of a signal can be reconstructed using reconstruction filters (High-R, Low-R) based on

these coefficients, which correspond to the low frequency and high frequency components of

180



the signal(s). Multi-resolution Signal Decomposition (MSD) up to level j produces series of
approximation and detail coefficients corresponding to multi frequency sub-bands of the

signal [6].

De-noising Procedures

The principle of de-noising based on MSD wavelet analysis is simple; first the original signal
is decomposed into approximation and detail components up to desired number of levels. This
is done by first choosing a suitable mother wavelet according to the signal and noise
characteristics. Then those components corresponding to PD signals, interference and random
noise are identified at each level by visual inspection and knowledge of frequency
characteristics. Finally those coefficients corresponding to interference and random noise are
discarded while retaining those coefficients corresponding to PD signals by setting threshold
values accordingly. The reconstruction of the signal based on the modified coefficients gives

an interference-free signal.

CHARACTERISTICS OF SIGNALS DETECTED BY
CAPACITIVE COUPLERS AND ISSUES IN APPLICATION OF
WAVELET METHOD

Signal Characteristics Compared to Conventional PD Detection

Compared to the conventional narrow-band PD detection method, capacitive couplers are
very sensitive and broadband. Figure 2 shows a PD pulse captured by a capacitive coupler and
a conventional PD detector (Robinson 700). The zoomed PD pulse and its frequency

distribution are given in Figure 3.

The PD activity itself inside a void is very fast and usually lasts only a few nanoseconds or
less. The detected pulse depends on the coupling and measuring system. As can be seen from
time domain the PD pulse captured by CC lasts less than 50ns, while the same activity
captured by conventional PD detector lasts much longer (30 microseconds) due to its quasi-
integral procedure in the measurement. In the frequency domain a conventional PD detector
usually works below 1MHz, while the frequency band of the CC is very wide up to several
hundreds of MHz. In general, signals detected by CCs are quite different in both time domain
and frequency domain with conventional PD detectors, therefore special considerations

should be given in the post-processing of these signals using wavelet analysis.
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Figure 3 Typical CC PD pulse and its power spectrum

Selection of Mother Wavelet

The selection of the suitable mother wavelet function is essential in using the wavelet
analysis. Best wavelets are those that can represent the signal of interest as effective as
possible. This can be difficult to implement in practice. In most cases, a trial and error method
is used. Ma et al. [3.,4] discussed optimal wavelet selection based on calculation of the cross-
correlation coefficients between PD pulses and wavelet shapes regarding signals obtained
using conventional PD detectors; db2 and db8 are thought to be the best wavelet for analysing
an exponential PD pulse and a damped resonant PD pulse respectively. From the frequency
point of view, the main consideration in choosing the wavelet is the central frequency of the
wavelet compared to the signal of interest. In this application, dbl was chosen as it has the
highest central frequency in Daubeches family. Some other wavelets with sharp waveform
such as lower order biorthogonal wavelets biorl.l and reverse biorthogonal wavelets rbiol.1

and rbiol.3 can also give good results.

Number of Decomposition Levels

The determination of the number of decomposition levels depends on the lowest interference
frequency bands to be eliminated from the signal. The goal is to have sufficient resolution in
the low frequency range in order to suppress the interference completely. 10 levels were

chosen and found to be sufficient for this application.
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Threshold

The de-noising procedure involves thresholding of those coefficients corresponding to signals
and interference as mentioned above. The determination of threshold values is based on the
identification and evaluation of these coefficients corresponding to the signal and
interference. In this application threshold values are manually determined as no automatic
threshold rules are available for pulse-shaped interference. Hard-threshold method was

adopted as it can maintain the PD pulse magnitude better than the soft-threshold method.

TEST ARRANGEMENT

The HV test was carried out on a 132kV cable loop system as illustrated in Figure 4. Two
sections of cable are connected through a prefabricated cable joint with a known defect
(conducting paint). Both ends of the cable are terminated with oil-filled cable terminations. A
capacitive coupler (CC) is installed near the defect side of the cable in order to detect the
internal PD activities caused by the conducting paint inside the joint. A surge protector (sgp)
with maximum operating frequency up to 1GHz and response time less then 10ns is
connected to the output of the coupler to protect the measuring system from possible over-
voltage. The measuring system consists of a digital oscilloscope (LC684DXL) and a personal
computer. A 20dB broadband amplifier (up to 1GHz) is used to amplify the signal before it is
fed to the digital oscilloscope. The personal computer is connected to the oscilloscope via a

GPIB board to collect the data for post-processing.
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Figure 4 Experiment arrangement
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Based on the frequency components shown in Figure 3, in which sampling rate of 1GHz was
used to ensure the sampling complies with Shannon’s sampling theorem. As can be seen from
it, the power frequency components of the PD pulse detected by CC is below 100MHz. So a
lower sampling rate of 250MHz was used to ensure manageable amounts of data are collected

over a power cycle.

Corona discharges are the most common interference during online PD measurements. In this
case corona discharges were produced using a metal wire connected to the HV side (Figure

4).

10
Time (ms)

Figure 5 PD activities without corona interference and their persistence plot at 35kV

RESULTS

PD Activities Without Corona Interference

The test was first carried out without introducing corona interference. Figure 5 shows the
obtained PD activities over one power cycle (20ms) and their persistence plot under high
voltage of 35kV. Two fixed phase interference pulses located approximately at 10ms and

20ms have been detected as can be seen from the persistence plot. The pulses in the first and

third quadrants are internal PD pulses.

Wavelet De-noising of PD with Corona Interference

Corona discharges were introduced into the system as external interference. Figure 6a and

Figure 7 show the result and its persistence plot over one power cycle at an applied high
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voltage of 30kV. The persistence plot clearly shows corona discharge pulses around the
negative peak and two other pulse-shaped interference pulses. However from the original
signal shown in Figure 6a, internal PD pulses and external corona discharge pulses are mixed

together and it is difficult to discriminate between them just by visual inspection.

« pulseintefemce —

(a)

Original Signal (V)

(®)

Denoised Signal (V)

Time (ms)

Figure 6 (a) original and (b) de-noised signals for 1 power cycle

The original signal has then been decomposed into details and approximations up to 10 levels
using the dbl wavelet (Figure 8). The detail level 1 D1 clearly shows all of the internal PD
pulses, while the corona pulses are mostly concentrated in detail level 3 D3. The two pulse-
shaped interference pulses located at 10ms and 20ms cannot be seen in D1 and D2 at all. They
are distributed among several levels from D3 to D9. This indicates that their frequency
components are much lower than that of corona pulses and internal PD pulses. This kind of
pulse interference always occurs at specific phase angles and is very common in PD tests.
Kopf et al. [7] have reported similar interference pulses. They are caused by facilities that are
operating synchronously with the mains such as rotating machines with commutators,

rectifiers as well as other power electronic devices.
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Figure 7 Persistence plot of Figure 6a
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Figure 8 Decomposition results of the original signal in Figure 6a

The above wavelet decomposition has effectively discriminated internal PD pulses among
external corona discharges and two synchronous interference pulses. The final procedure is
de-noising by setting threshold values at each level. This has been done manually in this case
with the following threshold values from level 1 to level 10 ([0.006, 0.01, 0.017,0.038, 0.088,
0.166, 0.063, 0.026, 0.018, 0.019]). All pulse-shaped interference and random noise have

been effectively removed as can be seen from Figure 6b.

CONCLUSIONS

Regarding the characteristics of the capacitive coupler, wavelet analysis has been applied to
the signals obtained using capacitive couplers. Results shows that it can effectively
discriminate internal PD pulses among pulse-shaped interference such as corona discharge
and synchronous pulse interference as well as random noise through carefully selection of the
mother wavelet function and decomposition levels. Further removal of interference has been

accomplished by setting threshold values for each level. Signal to noise ratio has been
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significantly increased with minimum loss of pulse magnitude and distortion of the pulse

shape. This is significant considering online PD measurements and further quantification of

measured results.
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