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Partial Discharge Recognition of Defects in Gas Insulated
Systems under DC Voltage

Serge Blufpand

Abstract

Gas insulated substations have become an increasingly important part of the power
system due to the high reliability and the compactness of the design made possible by
using SFg as insulating medium. To keep the availability of the power system high, the
reliability of a Gas Insulated System (GIS) should be further improved by the prevention
of a major cause of failure through the timely detection of major insulation defects.

Time based maintenance is systematically being replaced by condition based main-
tenance that aims to reduce the costs that are associated with the maintenance of high
voltage equipment and prevent possible failures. Though, Partial Discharge (PD) moni-
toring is accredited as a fundamental diagnostic tool for Alternating Current (AC) GIS,
it has been little investigated for Direct Current (DC) applications. The growing appli-
cation of High Voltage Direct Current (HVDC) transmission creates a need for a similar
diagnostic tool for the DC GIS.

This thesis focuses on the development of a diagnostic tool for GISs subjected to HVDC
based on PD measurements. The research focuses on the major insulating defects that
can have a detrimental effect on the operation of the GIS.

The insulating defects and the conditions have been modelled by use of true to scale
experiments. Signature PD patterns for AC conditions associated with the defects have
been used to validate the experiments. For applied DC voltage, characteristic graphs of
PDs associated to the insulation defects are obtained making use of the conventional PD
detection system. In addition to off-line defect recognition using the IEC 60270 method,
Radio Frequency (RF) PD detection measurements are used to establish a relationship to
the apparent charge for use in on-line defect recognition.

The main purpose of this research project is an investigation into the applicability of
PD measurements as a diagnostic tool for assessment of the insulation of a DC GIS.
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Chapter 1

Introduction

1.1 Motivation

Electricity is regarded as the most important energy source in modern society. The correct
operation of many electric facilities is dependent upon the quality of the power from the
grid. The quality of the delivered power should be as stable as possible to meet the
requirements of the electric equipment. Nowadays, many electricity consumers expect
continuous power supply and the costs associated with failure to delivery can be great for
both the consumer and the transmission system operator.

This illustrates the importance of protecting and monitoring power systems which
are one of the most intricate systems. Determining the condition by monitoring of the
transmission network to execute preventive maintenance whenever necessary gains more
and more importance to circumvent the occurrence of a failure of the component.

Compared to the many methods for determining the condition of power systems the
detection of PD is considered as one of the most promising solutions for monitoring and
the detecting possible insulation defects in the components of the power system before a
fault occurs.

GIS which are considered fundamental nodes within the modern transmission network
is one of these components. Condition monitoring for GIS has been extensively researched
under High Voltage Alternating Current (HVAC) conditions, but there still is a scarcity
of research done on HVDC with very few recent studies.

HVDC is not a new technology as it has been used to interconnect the Scandinavian
grid to mainland Europe through the North and Baltic seas going back to the year 1954.
There is however an energy transition as DC solutions are used for renewable energy
integration (e.g solar energy systems) and charging of electric vehicles. One of the fastest-
growing markets in the utility sector however is the transmission of energy using HVDC
[1]. Consumer centers are increasingly more supplied with sustainable electricity over very
large distances. These increasing distances that result in high losses for HVAC render the
transport through conventional trusted methods disadvantageous.

In order to be able to exploit the advantages of HVDC technology, a stable network
is necessary. Standardization of HVDC technology has to be agreed upon and major
technical gaps need to be plugged. The assessment of the condition of the power network
is a valuable tool for evaluation of this technology. This thesis focuses on the recognition
of defects that might take place within HVDC GIS by means of electrical detection of PD.

1.2 HVDC Gas Insulated Systems

A well known variant of the GIS is the gas insulated substation which is a collection of
gas-insulated transformers, switchgear, shunt reactor and much more, combined together
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to control the distribution of power in high- and medium-voltage networks. Traditionally
these substations used to be air-insulated, but the decision to enclose the voltage-carrying
parts of the substation and the use of gas insulation (e.g. SFg) have led to higher reliability
and an insulated system unaffected by environmental conditions. The gas insulation makes
it possible to shorten the distance between voltage-carrying parts resulting in compact
space saving designs.

Double busbar bay
with outgoing cable feeder

Earthing switch

Busbar disconnector

Circuit breaker

Spring operating mechanism
Current transformer

Feeder disconnector

Cable termination enclosure
Voltage transformer

0 N O !N W N

Figure 1.1: Cross-section view of Gas-Insulated Substation [2].

The advantages of the GIS make it the preferred option for installing gas insulated
substations in densely populated urban areas. The compactness and flexibility of GIS
substations allow for installation close to load centres, allowing for more efficient configu-
ration of the HV system and the MV distribution network.

During the operation of the GIS, defects into the insulation system can be occidentally
introduced. These defects most likely originate from undesired moving metal particles
inside the GIS or due to vibrations [3, 4].

The main causes of dielectric failure in the GIS according to a service experience study
[5] on several GIS with AC operating voltages of either 123 or 420 kV are portrayed in
fig. 1.2. Deficiencies in the insulation coordination of disconnecters and earthing switches
result in a big portion of the failures, while the major cause of failures is due to defects
subjected to high electric fields resulting in PDs. The principal PD sources responsible
for failures of GIS are:

e Fixed protrusions
e Free moving particles

e Electrically floating components

Particles on spacer surface
e Voids in insulators

The failures as a result of these sources could have been prevented by monitoring PDs
with a detection system with sufficient sensitivity and planning a maintenance accordingly
as these failures are all preceded by detectable PD activity [5]. Although no investigation
has been done so far on the severity of the PD sources on GIS operated at HVDC, it is
widely accepted that PD has a detrimental effect on both HVAC and HVDC.

2 1.2 HVDC Gas Insulated Systems
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123 kV
shield. & part on H
electrod. 13%
part. on 4% IC of discon. &

insulator
surface

earth. switches
9%

30%

no dielect!

failure

£
other comp. or — ]
unknown failure in solid
4% material
31%
420 kV
part. on encl. part. on HV

surface

14%, cond.

part. on ins. 29%

surface
14%

other comp. or
unknown IC of discon. &
14% earth. switches

29%

Figure 1.2: Cause of dielectric failures in 123 kV and 420 kV GIS based on a study of
German utilities [5].

1.2.1 PD sources in GIS
Fixed Protrusions

During manufacturing of the GIS protrusions fixed to the High Voltage (HV) conductor
(HV protrusion) or the enclosure (Low Voltage (LV) protrusion) can be created (e.g.
scratches). During operation of the GIS free moving particles can also be welded to a
fixed protrusion.

Protrusions fixed to the enclosure result in less PD activity compared to protrusions on
the high voltage conductor. The electric field intensity at the conductor is usually higher
than near the enclosure [4].

Nevertheless, both protrusions can be very dangerous because the electric field strength
is enhanced locally distorting the field distribution. PDs in the form of corona take
place leading to electrical losses and causes by-products in SFg which may attack and
degrade the insulation construction reducing the insulation strength. The lowered insu-
lation strength in combination with sudden changes by lightning and switching impulses
increase the possibility of a breakdown [6].

Free Moving Particles

A loose conducting particle inside a GIS is most likely in contact with the outer conductor
of the GIS. The particle creates a local perturbation on the surface of the electrode. When
it is energized, the electric field is locally distorted and the conducting particle acquires
charge according to the induced charge distribution which is determined by the shape,
location and orientation of the conducting particle [7, 8].

The particle starts to move and even lift off when the Coulomb force exceeds the
gravitational force and could move to a more critical area such as the inner conductor or
a spacer.

1.2 HVDC Gas Insulated Systems 3
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Electrically floating components

The potential of an electrically floating component is determined by the relationship be-
tween its capacitance to the conductor versus that to the ground. In the case that the
potential exceeds the insulation strength of the insulating gas between either the conduc-
tor or the ground, a relatively large discharge will take place [9]. This type of PD produces
pressure waves in the gas mixture which can easily be detected by acoustic sensors.

An example of a floating component is a stress shield of which the contact to the
electrode has deteriorated. The partial discharge taking place is very energetic because the
gap that breaks down usually has a very high capacitance.The contact degrades further
from which metallic particles can be produced [10]. The same type of discharge also
occurs in the case of Floating Electrodes in which the potential difference between adjacent
electrodes results in a partial discharge or when metallic inserts usually embedded into
epoxy spacers have bad contact to the conductor.

Particles on Spacer Surface

The movement of a free moving particle near a dielectric insulator surface is affected in
such a way that the particle can attach to the insulator surface. The electric field strength
enhances as a result of the protrusion and a flash-over along the surface can be triggered
more easily [7].

Void in insulator

Voids in insulators result in inclusions of low dielectric strength in the form of unwanted
gas-filled cavities. Partial discharges can occur at normal operating voltage in these cavities
that are the cause of a slow erosion progress of the material, which eventually leads to a
breakdown.

1.3 Thesis Overview

The thesis consists of 7 chapters. The first chapter will explain the background, motiva-
tions and the general overview of the thesis. Chapter 2 is a literature review describing
the physics behind the creation of PDs. The conditions necessary for the occurrence of
PDs are covered in addition to an analysis of the different types of PD in GIS ranging from
corona, internal, surface and discharges due to electrically floating components for both
AC and DC voltage. Chapter 3 presents the equipment available at TUDelft HV labora-
tory to create the set-up used for applying AC and DC voltages to the test object. The
PD monitoring configuration are covered categorizing conventional and unconventional
methods. Chapter 4 deals with signal processing of the PD data for classification of PD
sources. Some quantities on which the analysis can be based, are discussed. Furthermore a
distinction of quantities which are directly measurable by detection systems as direct data
and the quantities or derived data derived through combinations or data analysis, will be
made. In chapter 5, PD measurements using the conventional method of created defects
in the HV laboratory are discussed. The defects are used to simulate insulation defects
and the measurements in DC are analysed resulting in recognition graphs used for dif-
ferentiating between the possible defects. Chapter 6 discusses the results of simultaneous
measurements of PDs using the conventional method and RF techniques. The combined
PD measurements on multiple defects are used to create plots of RF quantities to apparent
charge. These plots are used for quantification of the relationship between the different
techniques. Lastly, chapter 7 concludes the study and suggests future research related to
the measurement of PDs in HVDC GIS using electrical partial discharge detection.

4 1.3 Thesis Overview



Chapter 1 Introduction

1.4 Thesis Objectives

The main objective of this research is to detect and recognize the presence of PDs in a GIS
under DC voltage. To this end, electrical detection of the PD with sensors measuring PD
based on the energy induced in the circuit, and the Ultra High Frequency (UHF) detection
of Electromagnetic (EM) waves radiated at discharge activity are used.

The sensors were applied to detect the PD data. The data was analysed to recognize
and distinguish the different types of PD created by GIS defects.

PD defect sources are created to mimic real insulation defects that might occur inside
a GIS. The standardized procedure IEC 60270 of PD measurement has the advantage of
calibrated measurements that can be used for more accurate classification of the defects.
This method of measurement is only applicable off-line which implies turn-off costs and
limited capabilities in effective maintenance strategies.

On-line PD monitoring of GIS using the UHF technique is already used for AC. To
extend this technique to recognize insulation defects at DC voltage is the ultimate goal.

The specific primary objectives of this thesis are:

1. To investigate and interpret the physical behaviour of different PD types, namely
corona, internal, surface and discharges due to floating components that can occur
in a GIS in AC and DC.

2. Detection and measurement of the different types of PD in DC and the recognition
of the PD types through analysis of the measurements.

3. To demonstrate the technique of the application of a UHF sensor to detect the
different PD sources in a GIS whilst determining the limitations and potentialities
of the UHF method for the recognition of PD under DC.

1.4 Thesis Objectives 5



Chapter 2

Partial Discharge Phenomena in

GIS

The dielectric medium inside a GIS, apart from the insulating spacers, is mainly composed
of a gaseous dielectric in the form of an insulating gas. This gas contains plenty of free
electrons as a result of the ion generating processes named ionization which constantly
takes place in the gas. This ionization can be due to processes like external radiation,
collisions between thermally excited gas molecules or as a result of electron emission from
the metal surfaces of the electrical equipment to name a few.

The free electrons generated by these processes are critical for the initiation of a dis-
charge as they are accelerated in the direction of the electric field. Along this path collisions
with gas molecules occur leading to further ionization. This repetitive process leads to a
multiplication of electrons, the so-called electron avalanche which results in a transfer of
charges.

Dependent upon several conditions, two different mechanisms can lead to a discharge in
a gaseous dielectric bridging the gas gap; The Townsend-like and Streamer-like discharge
mechanisms.

The type of insulation defect combined with these discharge mechanisms result in dis-
charges in the gas, solid insulator and the gas-dielectric interface. These PDs are explained
in terms of corona, internal discharges, surface discharges and floating component initiated
discharges.

2.1 Partial Discharge Physics

2.1.1 Ionization

The atomic structure of gas atoms can be described by the atom’s model of Bohr-Rutherford
in which the electrons follow orbits of different radius named shells around the nucleus.
These shells are characterized by a set energy level and openings for orbiting electrons in
which electrons from the outer shells have higher average energy than those in inner shells.
An atom must acquire more energy in order for an electron to move from an internal to
an external shell, while energy releases in the other way around.

The energy required for an electron to move from one shell to a higher energy shell is
measured in electron-volts [eV]. For the atom to lose an electron from its outer shell, the
maximum energy must be absorbed by the atom, named the ionization energy eV;.

Ionization by collision

Tonization of unexcited atoms or molecules by electron impact is the principal mechanism
of charge production in gas discharges. The applied electric field accelerates free electrons
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in the direction of the field until a collision with a gas molecule takes place. The kinetic
energy Wy, of the accelerated electron is proportional to the mean free path A, the statistical
average distance between successive collisions which is inversely proportional to the gas
pressure p.

E
Wi =eEX xe— (2.1)
p

The collision between the electron and the atom or molecule results in an exchange of
kinetic energy. Based on the effect of the energy transfer, two types of collisions are
identifiable:

1. Elastic collision has no loss of kinetic energy. No excitation or ionization takes
place.

2. Inelastic collision happens when the gas atom or molecule absorbs enough kinetic
energy from the collision with the incident electron to become either excited or
ionized.

Excitation of an atom or molecule is only possible if the energy transferred to the atom or
molecule is at least as high as the excitation energy eV, representing the least amount of
energy necessary for moving an orbital electron to a higher energy shell. This excitation
energy differs between atoms and is in the order of a few eV. The process of excitation is
represented by eq. (2.2).

A+e— A" +e (2.2)

A represents an atom and e the incident electron with kinetic energy. The energy transfer
results in A*, the atom in excited state. This state however is unstable and the atom
reverts back to a lower stable state in less than a ps. The excited orbital electron will fall
back to a lower energy shell and energy in the form of a single quantum of radiant energy
called a photon is released represented by eq. (2.3). The photon energy is described by hv
with h the Planck’s constant and v the frequency of the radiation [11].

A" At hy (2.3)

A visualization of formula eq. (2.3) by the Bohr-Rutherford model for a hydrogen atom is
shown in fig. 2.1. In the case, that the transfer of kinetic energy is equal or higher than

n=3

Figure 2.1: Niels Bohr model of the hydrogen atom radiating a photon.

the ionization potential eV} of the atom, an orbiting electron of the atom is excited beyond
the energy levels and is liberated from the atom resulting in another free electron e and a
positive ion A1 as shown in eq. (2.4).

A+te— At +2e (2.4)

Tonization energy eV; also differs for the different gases used as insulation with for e.g.
15,5 eV for nitrogen and 12,2 eV for oxygen.

2.1 Partial Discharge Physics 7
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Photo ionization

Tonization through photons does not only occur due to the radiation emitted when excited
atoms in the insulating gas return to their ground state. External radiation in the form
of cosmic rays, x-rays and nuclear radiation also take place as most of these rays are able
to penetrate through most conventional walls [12]. These travelling photons contain an
energy content hv and in the case of collision with a gas atom this energy is transferred.
Tonization of the atom only takes place if the photon energy meets the requirement of
eq. (2.5).

hv > eV (2.5)

The resulting process of photon ionization can then be represented by eq. (2.6).
A+hv— AT e (2.6)

In the case of high-energy photons colliding with a gas atom, enough energy can be
absorbed by an orbiting electron from the inner shells to become ionized. The missing
electron will then be substituted by one of the next higher level for a more stable situation.
This substitution is accompanied by the energy release in the form of photon energy less
than the incident energy of the high-energy photon, but still able to excite or even ionize
other atoms.

Thermal ionization

Heating gas to a sufficiently high temperature results in disassociation of its molecules
into atoms. The higher temperatures also translate into more kinetic energy for the atoms
resulting in a more chaotic movement. Collisions between the gas atoms start to occur
and two processes along with it:

1. Tonization of the atom due to the kinetic energy transferred in the collision being
higher than the ionization energy eV;.

2. Excitation of the atom in the case of the collision not being energetic enough. The
energy freed when going back to the ground state is in the form of radiated photons.
Photon ionization of other atoms becomes possible.

In the case of flames and high pressure arcs, thermal ionization is the main source of
ionization.

Ionization by metastable pieces

Certain atoms like those of inert gases and some of the elements in group II of the peri-
odic table are able to achieve lifetimes of seconds for their atoms in metastable state in
comparison to lifetimes of far below ps for other atoms. The metastable state is the state
in which an orbital electron is excited to a higher energy level before reverting back to a
lower more stable energy level [12]. These states are represented by A™ and are associated
with energies eV"'. During this lifetime, these metastable atoms A™ or meta-stables can
collide with another atom B and if its energy eV™ exceeds the ionization energy eV; the
reaction as shown in eq. (2.7) may occur.

A"+ B — A+ BT +e” (2.7)

For cases with V™ < V; the reaction would only result in excitation of atom B. Higher
densities of meta-stables make collisions between them more likely to occur. Whenever the
combined metastable energy exceeds the eV, for one of the atoms, ionization of one of the
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atoms will take place. A metastable atom could also be ionized when absorbing a photon
as shown in eq. (2.8). The cumulative energy of both exceeds the ionization energy.

A"+ hy — AT + e (2.8)

As ionization by metastable interaction comes into play long after the excitation of atoms
it has been shown through research that these reactions are responsible for the long time
lags of discharges observed in certain types of gases [13].

Ionization by nuclear particles

Nuclear radiation includes the radiation of o and 5 particles, as well as photons of v rays.
The radiated photons ionize in the same way as in photo ionization, while the particles
will ionize by particle to gas atoms collision.

The ionization effects of particles heavier than electrons can be considered by applying
the principles of elastic an inelastic collisions of which the most important particles are
the protons and « particles. The direction of travel is barely influenced by the collisions
because of the heavy mass of the particles.

Electron emission from electrodes

The electrodes inside the GIS consist of a metallic lattice composed out of positive ions
in a sea of mobile valence electrons held together by a force between these electrons and
positive ions called the metallic bond. Under normal circumstances a potential barrier
keeps the valence electrons from separating from the metallic lattice. A minimum energy
called work function of the metal must be exceeded before separation from the metallic
lattice can take place. The work function lowers when the metallic surface is subjected
to a strong electric field, making it possible for such a valence electron to overcome this
energy barrier and escape through the surface of the metal. External factors that enhance
the electron emission of metallic surfaces are:

1. Low field strength also lowers the work function of the metal. The energy nec-
essary to overcome the potential barrier could be complemented by energy transfer
from colliding ions accelerated by the electric field, heating of the metal (thermionic
emission) or by bombardment of photons (photoelectric emission).

2. High field strength can decrease the barrier to such an extent that no external
source of energy is necessary for field emission.

3. Tunneling the quantum mechanical effect of an electron passing through the po-
tential barrier of the work function of the metal while lacking the necessary energy
to surpass this barrier.

Protrusion and whiskers on the metal surface can enhance the local field up to 50 times
the unaffected electric field [11]. Polishing and cleaning the equipment’s surface is thus of
utmost importance to avoid field emission as much as possible.

2.1.2 De-ionization

In the gas medium a concurring process to ionization takes place, called de-ionization. The
free electrons are captured removing fast moving charge carriers from the gas medium.
The mechanisms are described below.

2.1 Partial Discharge Physics 9
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Recombination

Negatively and positively charged particles have a chance for recombination into a more
stable form whenever in the vicinity of one another. The potential energy and the relative
kinetic energy of the recombining electron-ion or ion-ion pair is released as a quantum of
photon radiation:

At +e = A+ h (2.9)

The e~ can also be a negative ion resulting in a ion-ion pair.

The rate of recombination is directly proportional to the concentrations of the positive
(n4) and negative ions or electrons (n_). Higher pressures that lead to greater concen-
trations of the ions also result in a larger recombination rate.

Electron attachment

In gaseous state, certain neutral atoms and molecules can attach to a free electron to form
a stable negative ion. These atoms or molecules are lacking one or two electrons in their
outer shell to make this combination possible and are known as the electronegative gases.

Electronegative gases have the property of negative ion stability. A negative ion is
stable for a longer period of time because the total energy of the negative ion is even lower
than the atom in ground state.

The difference in total energy between the negative ion and the unexcited neutral atom
is the electron affinity of the atom. Upon attachment this amount of energy is released
either as photon or kinetic energy.

There are several methods of negative ion formation through attachment of which a
few are:

1. Radiative attachment: when the excess energy releases as a quantum upon attach-
ment. Such a process is also reversible resulting in

e +A A +hy (2.10)

2. Attachment through three-body collision: when the excess energy released upon at-
tachment is acquired as kinetic energy W} upon collision with a third particle.

e +A+B— A+ (B+Wy) (2.11)

3. Dissociative attachment: in the case of the excess energy upon attachment is used
within a molecule to separate into a neutral particle and a negative ion.

e +XY & (XY) "X +Y (2.12)

The negative ions created upon attachment play an important role in the partial break-
down of technically interesting gases as shall be explained later in corona discharges.

The suppression of electrons from an ionized gas by attachments is expressed by the
attachment coefficient 1. The attachment coefficient is the number of attachments pro-
duced in the path of a single electron travelling a unit distance in the direction of the

field.

De-ionization by diffusion

A non-uniform concentration of ions leads to a movement of ions from regions of higher
concentration to a region of lower concentration to achieve an equilibrium. This process
of diffusion has a de-ionizing effect in the regions of higher concentrations while at the
same time an ionizing effect in the regions of lower concentration.

10 2.1 Partial Discharge Physics



Chapter 2 Partial Discharge Phenomena in GIS

2.2 Breakdown Mechanisms in Gas

Depending on the gas pressure and the distance between electrodes, two different break-
down mechanisms are possible in a gas, namely:

1. Townsend mechanism
2. Streamer mechanism

Prior to breakdown a multiplication of electrons takes place called an avalanche which will
be discussed in more detail.

2.2.1 Pre-breakdown phenomena in gases
Townsend primary ionization coefficient «

The different types of ionization all result in free electrons in gas that especially inside
the GIS will experience an electric field. The ionizations by electron impact will become
the principal mechanism of charge production in gas discharges. Therefore the ionization
factor or first Townsend ionization coefficient, o is introduced that equals to the average
number of ionizations per cm in the field direction as a result of ionization by electron
impact. Taking into account that each ionization is a new electron, the ionization factor
can then be described by eq. (2.13) [11].

B number of electrons (2.13)
“= cm in the field direction '

The ionization factor « is proportional to the gas pressure p because the number of colli-
sions are proportional to the concentration of molecules per unit of volume. However, for
ionization to take place, the kinetic energy of an electron as shown in eq. (2.1) should also
exceed the ionization energy during collision. The mean free path A of the electron is in-
versely proportional to the molecule concentration is gas, thus also inversely proportional
to the gas pressure p.

Writing the ionization factor as a function proportional to the gas pressure results in
eq. (2.14).

i p (W) = pf () (2.14)

For many gas types this relation can be visualized according to fig. 2.2.

M
Figure 2.2: Ionization factor « as a function of pressure p [11].

At a certain pressure level the optimal ionization takes place. Below this level the
ionization factor a drops along with the number of molecules for collisions to take place.
Pressures above this level result in shorter mean free paths making the kinetic energy of
the collisions less energetic.

The de-ionization processes capture free electrons as they travel along the electric field.
Because of this, the available electrons cannot only be explained by the ionization factor,
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but must also take into account 7, the number of attachments produced in the path of a
single electron travelling a unit of distance in the field direction.

number of captures

= 2.15
g cm in the field direction ( )

The effective ionization factor @ as a result can thus be calculated according to:
a=a-—n (2.16)

Generation of electron avalanches

With only one or a few starting electrons available in the gas, accelerated in the direction
of the field is enough for creating an electron avalanche. The accelerated movement of a
starting electron ends in a collision with a gas molecule that can lead to ionization and
an extra available free electron leaving behind a positive ion. The new electron together
with the initial electron proceed along the field repeating the process of ionization. At a
distance of x along the electric field, initial starting electrons N, create an additional dN,
free electrons through ionization according to the effective ionization factor @ as shown in
eq. (2.17).

dN, = N,adz (2.17)

In a uniform field with constant @ with an initial number of electrons Ny the total
amount of free electrons at distance x from starting point along the electric field becomes:

N, = Ny exp(az) (2.18)

The number of electrons increases exponentially, and as they scatter somewhat in
sidewards direction, the avalanche increases also in thickness. Every ionization results in
a fast moving electron, but also a much slower positive gas ion.

The avalanche consists at a given moment by the fast moving electrons in the head
drifting towards the anode, while its wedge shaped tail, due to the diffusion of the electron

swarm consist of the much slower positive ions drifting slowly towards the cathode as shown
in fig. 2.3.
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Figure 2.3: Distribution of charge carriers in an avalanche and their contribution to the
applied uniform electric field Fy > E; Ey < E; E3 > E [12].

Feedback process

The avalanche finishes when the ions have entered the cathode. Avalanches by themselves
do not cause breakdown, but will only result in leakage currents in the insulating medium.
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For a breakdown to occur, the avalanche needs successor avalanches that need a feedback
process to release their starting electrons called secondary electrons. The feedback process
is initiated by secondary ionizing mechanisms as for example ionizations by secondary
ionizing agents like positive ions accelerated towards the anode, excited atoms, photons
or metastables.

The secondary ionizing agents are quantitatively presented by a coefficient defined
as the average number of secondary electrons produced. I' is called Townsend’s second
ionization coefficient and its magnitude depends on the type of gas, the electrode material
and in part also to the function of £ in the same way as we had seen for a before, but
with much smaller magnitude. From this we can calculate number of secondary electrons
produced at the cathode during the life of the first avalanche by

Noj =T'(e% — 1) Ny (2.19)

The new electrons start the second generation of avalanches subsequently followed by
another generation of avalanches resulting in a series of electron growth.

No + Nof + NoB? + NoB° + . .. (2.20)

In the case that 8 grows larger than 1 this series will grow to infinite free electrons meaning
that the gas breaks down. The condition for breakdown is thus defined by eq. (2.21).

1
ad > In(1+ f) (2.21)

Townsend second ionization coefficient T

The Townsend second coefficient I' represents a combined effect of several feedback mech-
anisms for the creation of secondary electron. To explain how this coefficient is calculated,
two feedback mechanisms are treated more in-depth.

e Feedback by positive ions occurs when the positive ions of the avalanche are
accelerated by the electric field towards the cathode. Upon collision with the cath-
ode, a secondary electron is released with probability v and has the ability to start
avalanches. A feedback mechanism in which the original Ny starting electrons leav-
ing the cathode results in Nyexp(ad) electrons reaching the anode. During this
process a formation of positive ions according to Nylexp(ad) — 1] takes place that
collide with the cathode releasing secondary electrons according to:

N = Nyvylexp(ad) — 1] (2.22)
Every secondary electron could be responsible for a new avalanche.

e Feedback by photo-effect is the result of the photons from excited atoms reaching
the cathode and releasing photo electrons. In the same way as we have defined the
ionization factor «, the factor with which an excited atom will transmit a photon 6
is:

number of released photons

length of path Ax

0= (2.23)

Not all photons are directed towards the cathode resulting in a maximum possible
amount of photons reaching the cathode (fg). And of these photons the gas will
absorb part u so that the number of photons decrease by

exp(—px) (2.24)
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moving towards the cathode. The number of collisions with the cathode finally
releases § photo electrons that can start the avalanche process again as secondary
electrons. Combining these processes together it is possible to state that with Ny
starting electrons from the cathode the number of secondary electrons by this process

is
0gé
o —p

N =N,

lexp(a — p)d — 1] (2.25)

which can be rewritten with % as v an if 4 << a to the well known:
N = Nyvylexp(ad) — 1]
Describing all the feedback mechanisms that take place in a gas in the same way and
taking into account that every mechanism experiences ionization and de-ionization pro-

cesses differently it is possible to retrieve the factor I' as a combination of these mechanisms
for which the condition for breakdown eq. (2.21) holds.

2.2.2 Townsend mechanism

The Townsend mechanism requires three stages to initiate breakdown of the insulating
gas between the electrodes:

1. Creation of a starting electron.
2. Multiplication electrons leading to an avalanche.
3. Creation of secondary electrons by a feedback process.

The Townsend mechanism has its secondary electrons released from the cathode when
ion or photon collision takes place. Avalanches starting at the cathode make their way
towards the anode.

Paschen’s law

Equation (2.21) shows the condition for breakdown as a result avalanches with a feed-
back mechanism. Rewriting results in the criterion for breakdown called the Townsend
criterion.

L —1)=1 (2.26)
Rewritten the Townsend criterion becomes:
1

The breakdown condition is thus dependent on the critical values of the Townsend’s first
and second coefficient a and I', with a a function of the electric field F = % and the gas
pressure p and I' a constant per gas type.

E
o =pf(E) (2.28)
p
Equation (2.27) can thus be rewritten to eq. (2.29).
E
p.f(—)d = constant (2.29)
p

The breakdown voltage is thus in terms of gas pressure p and electrode separation d and
the breakdown voltage Vg the same for every given value of pd so that the relation can
be written as

Voa = f(pd) (2.30)
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which is the well-known Paschen’s law. From this relation, the visual representation of
the breakdown voltages of gases as a function of pressure time distance, pd, correspond to
curves as shown in figure fig. 2.4.
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Figure 2.4: Breakdown voltage versus pressure spacing product pd for different gases [14].

The Townsend criterion does not seem to hold at high pressures and/or large electrode
distance. The Paschen’s curve must not be used for pd exceeding latm * 5mm [11] as then
another breakdown mechanism takes over.

2.2.3 Streamer mechanism

The validity of the Townsend mechanism does not hold if the pressure or distance between
electrodes is increased over 5 atm x mm. Characteristic differences take place between the
breakdowns subjected to these conditions:

e The time to breakdown is too short too have been derived from the Townsend
mechanism. Within the time of breakdown the slow moving ions cannot have reached
the cathode yet to create secondary electrons.

e The breakdown voltage is not influenced by the cathode material, thus the feed-
back by the v mechanism is not necessary for breakdown.

e The breakdown channels are sharp and narrow instead of diffuse as expected from
the Townsend mechanism.

To explain these differences, the theory of the streamer mechanism has been indepen-
dently developed by Raether, Meek and Loeb [15, 16]. The theory is based on the idea that
the space charge formed in the avalanche starts to effect the electric field if it surpasses
the critical length.

The number of ions in an avalanche increases exponentially towards the anode. The
slow moving ions are still at the spot where they are formed when the electrons have
already vanished forming a high concentration of positive ions at the tip of the avalanche
superimposing an electric field onto the background electric field. If more than 10® ions
are present, the electric field is greatly enhanced resulting in extra ionization and creation
of photons taking place. The photo-ionization in adjacent gas atoms take place forming
avalanches in the vicinity that merge with the main channel, the streamer, that gradually
grows towards the cathode. Approaching the cathode, an intense electric field causes a
burst of secondary and emission electrons bridging the gap. A mixture of the positive gas
ions and the negative electrons form a conductive path breaking down the gas gap.

Two types of streamers can be formed when the critical concentration of ions is reached.
There is the possibility of an anode initiated streamer where the positive avalanche
reaches the anode and the residual space charges lead to enhancement of the electric field in
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such a way that extra ionization and creation of photons cause nearby positive avalanches
that combine with the streamer to bridge the gap.

The mid-gap streamer advances as an avalanche across the gas gap as seen in fig. 2.5.
The enhanced field initiates avalanches on both sides of the streamer that help bridge the

gap.

o
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Figure 2.5: Field distortion caused by space charges in an avalanche [14].

The feedback mechanism in streamers depend on secondary electrons released in close
vicinity of the streamer instead of starting electrons released at the cathode as is the case
for the feedback mechanism for the Townsend discharges.

2.3 Partial Discharges in GIS

2.3.1 Partial discharge conditions

Partial discharges are caused by the ionization processes induced by the electric field in

the insulation defect. The ionization process produces electron avalanches which do not

necessarily develop into a PD. An avalanche develops into a PD whenever the growth of

this avalanche by one of the discharge mechanisms grows enough in size to bridge the gap.

This becomes possible if the local field exceeds a critical value, E..;+. In short, whenever

the local field is below E..;; electron avalanches can occur, but will not develop into PD.
The development of PD due to a defect must satisfy two conditions:

e A starting electron is available;
e The local electric field exceeds the critical value.

The starting electrons can be supplied by external radiation or by previous discharges.
The availability of starting electrons is based on a stochastic process [17] and therefore a
time lag ¢; occurs for an avalanche to take place after the local field reaches the critical
value.

An important concept is the inception voltage U; of a PD activity defined as the
applied voltage at which repetitive PD are first observed in the test object. This voltage
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corresponds directly to an applied field, which at the defect becomes specific value of the
local field.

The defect enhances the local electric field E; with a field enhancement factor f in
comparison to an electric field where no defect is present Ey. Equation (2.31) shows this
enhancement.

E; = f-Ey (2.31)

The field enhancement factor depends in general on the relative permittivity of the
dielectric which surrounds the defect and the shape of the defect.

In the event of a discharge, the local field is subjected to a drop as expressed by
eq. (2.32),

AE = E;(t™) — E;(t1) (2.32)

with ¢~ and ¢+ the times at which the PD respectively begins and ends. The magnitude
of the PD is proportional to the drop in field as expressed by eq. (2.33) which explains
the varying discharge magnitudes for partial discharges as the time lag ¢; can lead to over-
voltages and the defect drops to a non-constant residual voltage V, before the discharge
ceases as seen in fig. 2.6.

qx AE (2.33)
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Figure 2.6: Statistical time lag ¢; causes over-voltage then breaks down to a residual
voltage V. varying the discharge magnitude ¢ for every PD [18].

2.3.2 DC electric field

The electric field in DC behaves different from AC conditions as the effect of space charges
must be taken into account. The electric field at DC voltage, Epc, across a dielectric, can
be approached according to:

Epc =E.+ Ep (2.34)

with E, the field distribution inside the dielectric according to the permittivity, while E,
is the field as the result of accumulated space charge. Applying a DC voltage across a
dielectric varies the electric field distribution within the insulation over the course of time
before reaching a stabilized state.

Immediately after switching the voltage on, the insulation is stressed in an AC manner
given by the voltage distribution according to the permittivity. This stage is named the
capacitive stage and discharges during this stage can be calculated in the same way as
for AC resulting in a value for F..

Before reaching a steady DC field a transition period takes place between ¢y and ¢ as a
result of the space charges influencing E, as shown in figure 2.7. After charge accumulation
has finished and only a steady DC field is left, a pure resistive field occurs in the resistive
stage. The field Ep¢ is determined now by the distribution of the specific conductivity
.

EDc(t > tl) =F, (2.35)
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Figure 2.7: Different field situations at DC voltage [19].

Space charges

An essential parameter in the process to determine the internal electric field is space
charge. Space charges accumulate at interfaces if a gradient exists in the conductivity o
or the permittivity e, resulting in:

vg £0 (2.36)

The space charge accumulation takes place in the insulation [20] which is calculated from:
p=ockE - VS fort - oo (2.37)
o

Depending on the characteristics of the interface two types of charges can accumulate
[21] as seen in fig. 2.8.

e Homocharge - The polarity of the space charge is the same as that of the near-
est electrode. The homo charge accumulates if the charge transport though the
electrode/insulator interface exceed the transport through the bulk of the dielectric
releasing the stress of the interface and increasing the stress in the insulator material.

e Heterocharge - The polarity of the space charge is opposite of the nearest electrode
which occurs if the bulk insulator material transports charges more easily than they
are extracted by the insulator/electrode interface. Heterocharges increase the electric
stress at the interface while releasing the stress in the insulator material.

~y I I_n_m?:éliargcl !
: |
+ (] -
o @ - | . o
P
® |
__|Heterocharge )
| ®["
i e 8 =
o— @ (%%17:‘ 0
LJ ® ]

Figure 2.8: The accumulation of homocharge and heterocharge [21].

2.3.3 Corona discharges

Corona is a PD in gas caused by extremely inhomogeneous fields. The condition for
exceeding the minimal breakdown strength is achieved locally at relatively low inception
voltages and partially breakdown the gas long before a complete breakdown can take place.
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There is no basic difference between corona at DC voltage compared to the discharges
in AC. The DC electric field during PD is in the capacitive stage and not influenced
by the space charges making it very similar to the AC field in the short time period to
breakdown.

Figure 2.9: Equivalent circuit for corona discharges with ¢ representing the gas volume to
break down [11].

The discharge process of corona depends on the location of the protrusion and the
polarity of the applied voltage. In this way corona is named positive corona if the discharge
takes place due to a protrusion at positive voltage, while for negative corona to occur, the
discharges take place near a protrusion at negative voltage. In the case of AC the corona
taking place alternates the corona mechanisms depending on the voltage applied.

Negative corona mechanism

A diffuse discharge occurs around the sharp point from which the electrons are being
pushed away leaving behind a positive space charge. At a certain distance away from the
point, the electrons attach to gas molecules of electronegative gases such as air and SFg.
These negative ions play a role in that they shield the sharp point from the electric field
shown in figure 2.10 and as a result the discharge stops.

Figure 2.10: Negative corona: Negative space charges shield sharp point [11].

The space charge drifts away and the electric stress recovers so that the discharge can
ignite again causing the recurrent behaviour of negative corona. The corona at the tip
has a rapidly and steadily pulsating mode. This is known as Trichel pulse corona. Each
current pulse corresponds to one main electron avalanche occurring in the ionization zone.
In the case of a non-electronegative gas used in the gas gap, this recurrent behaviour will
not result.

During the process of avalanche growth, some photons radiate from the core in all
directions. Photoelectrons can be produced that start more avalanches that are directed
away from the cathode. The motion of the electrons and negative ions away from the
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cathode and at the same time the positive ions toward it correspond to the corona current
pulses through the high-voltage circuit.

An increase of the applied voltage results in a higher repetition rate of the Trichel
pulses, while the discharge magnitude stays approximately constant. A transition occurs
to pulse-less discharges called ” glow” when the repetition rate increases and the discharges
cannot be distinguished from one another. Increasing the voltage further would cause pre-
breakdown streamers to appear, which could develop into a complete breakdown or spark.
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Figure 2.11: Negative rod-plane breakdown and corona characteristics in atmospheric air
[14].

In fig. 2.11 the different discharge modes are shown for varying voltage and gap length.

Positive corona mechanism

The ignition value of starting positive corona called inception wvoltage is slightly higher
than it is for negative corona. The reason for this is that positive corona develops at the
anode with no cathode in the region with high field strength. Slightly above inception
level, there exists a small volume of space at the sharp point where the field strength
becomes high enough to cause ionization by collision in the gas. As a free electron is
driven towards the sharp point by the electric field, it causes an electron avalanche. A
cloud of positive ions is left behind very near the point and form an extension to the
point at positive voltage. Under the right condition, the high field volume may suit the
formation of streamers extending from the anode called: burst-pulse streamers. Too much
of the positive space charge will begin to shield the region from the point lowering the
high electric field causing the discharges to stop as shown in fig. 2.12. The ions afterwards
drift away from the point and the region with high field strength is again in effect and the
discharges can start again.

Figure 2.12: Positive corona: Positive space charges cause periodic extinction of the dis-
charge [11].
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Increasing the voltage increases the region of high electric strength around the point.
As a result longer streamers emerge creating bigger discharges no longer extinguished by
positive space charges. A further increase of the voltage and a cloud of negative ions may
form near the anode surface such that the onset-type streamers become very frequent so
that they overlap in space and in time, the discharge takes the form of a glow covering
a significant part of the point surface. The corresponding current of this glow as it is
measured in the HV circuit is a quasi steady current.

At even higher voltages the clouds of negative ions at the anode can no longer maintain
their stability and become ruptured by long violent pre-breakdown streamers which are
measured as high-amplitude current pulses. A further raise in voltage would eventually
result in these streamers extending all the way to the cathode causing breakdown over
the whole gas gap. The different discharge mechanisms as a function of voltage and gap
length are displayed in figure 2.13.
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Figure 2.13: Positive hemispherical capped anode and plate cathode breakdown and corona
characteristics in atmospheric air [14].

Comparison of negative and positive corona

The main parameter to describe PD activity and breakdown for a sharp point is the local
field strength in which the tip is embedded. This results in inception of corona being a
function of the applied voltage. The inception voltage for negative corona is lower than
that of positive corona.

The breakdown of an electronegative gas is developed through a sequence of processes:

1. Generation of a starting electron
2. Streamer ignition at inception voltage
3. Pre-breakdown PD (streamers and arrested leaders)

4. Stepped leader propagation

Statistical time lag Positive corona (cathode directed) initiates in a shorter statistical
time lag after inception voltage application than for negative corona (anode directed).
For positive corona, the statistical delay is determined by the availability of the first
electron close to the protrusion tip within the critical volume. The electron is generated
by collisional detachment and is strongly dependent on the electric field.

Negative corona main mechanism of electron generation is determined by the field
emission from the tip of the protrusion.
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Influence of shape protrusion In negative corona the space charge present around
the tip affects the local electric field. This has an effect on the discharge magnitude of the
corona discharges. On the other hand it is noted that since positive corona is initiated by
electron avalanches away from the tip, its influence on field distortion also influences the
discharge behaviour. If the space charge in the vicinity is dominant, the tip will become
shielded and the radius of the tip no longer contributes to the local field enhancing.

Discharge stages For both polarities the first high-magnitude discharge is followed by
repetitive smaller pulses. In the pre-breakdown stage, large discharges re-strike in the same
channel of the arrested leader. The re-striking occurs more frequently in negative corona
conditions. The pre-breakdown stage of glow discharge is present for both polarities.

Shape discharges Positive streamers develop in relatively narrow channels due to the
concentrating effect on the elementary avalanches directed to the streamer’s head. Electron
avalanches emerging from the negative streamer tend to spread radially [22]. For both
polarities, the streamer radius is inversely proportional to the gas pressure.

2.3.4 Internal discharges

Internal discharges occur in the gas-filled inclusions of the solid dielectric that can range
from voids, cracks and even defects of the molecular structure, because these inclusions
have a lower breakdown strength than the solid. In the case of the permittivity of the
inclusion also being lower than that of the solid insulation, the field intensity in the cavity
is higher than in the dielectric making it the most likely region for discharge to occur
under normal working stress.

The occurrence of an internal discharge takes place if the conditions of the voltage
across the void exceeds the minimum breakdown voltage V,,;, such that the electric break-
down strength is exceeded so that a self-sustaining discharge can develop and a starting
electron is present that is either supplied by external sources or by previous discharges
to instigate an avalanche. The value of the breakdown strength is dependent on the
dimensions and contents of the void, the pressure and temperature inside.
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Figure 2.14: Voltage across a cavity in a solid dielectric [17].

The availability of starting electrons is based on a stochastic process and therefore a
time lag ¢; occurs for an avalanche to take place after the minimum breakdown voltage Vinin
has been reached. This phenomena results in fluctuations between discharge magnitudes
and time in between the discharges. The time between discharge and the voltage across
the void again reaching U; is named the recovery time t, as visible in fig. 2.14.
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A discharge results in a conductive path between the surfaces of cavity of opposite
polarity such that surface charges are deposited equalizing the voltages of these surfaces.
The potential difference over the cavity decreases drastically falling back to a residual
voltage V,. lowering the electric field and the discharge stops.

AC voltage

Partial discharges in solid insulators are the main cause of breakdown of the solid insulator
in the case of AC voltage as they cause a slow erosion of the material [11]. Cavities in
a dielectric can be represented by the equivalent circuit of a capacitive model as shown
in figure 2.15 in which ¢ represents the capacitance of the void, b the capacitance of the
spacer in series with the void and a the capacitance of everything else. With an applied
voltage over the dielectric sample a of V,, the synchronous voltage across the cavity V. is

measured according to be:
b

T bt

In the case of no time lag taken into account, a discharge takes places when V. exceeds

V. Vi (2.38)

Figure 2.15: Capacitive model of internal void [11].

the inception voltage, V. collapses to a low level residual voltage and the discharge ex-
tinguishes. The voltage across the void starts increasing again until the discharge level is
reached resulting in the recurrent behaviour of partial discharges which is clearly visible
in fig. 2.16.

Figure 2.16: Sequence of cavity breakdown under AC voltages [14].

In the case of breakdown of the void, a current flows through the spark gap rather
than through the capacitance ¢ as can be seen in fig. 2.15. The current is composed of
both i.(t) discharging capacitance ¢ and i;(¢) discharging stray capacitance b as can be
seen in fig. 2.17. The current i(t) flows through b and the test-object a. From this circuit
we can distinguish between the internal charge taking place in the void and the external
charge which is measurable on the electrode of the dielectric that has the void inside.

2.3 Partial Discharges in GIS 23



Partial Discharge Recognition of Defects in Gas Insulated Systems under DC Voltage

Figure 2.17: Transient currents flowing through capacitive model during discharge [23].

Internal charge q. is equal to the time integral of the sum of the transient currents i;(t)
and i.(t) causing the drop of voltage AV, across the capacitance of c¢. For the insulation
materials, the condition C, >> C. >> (} generally satisfies and the internal charge can
be approximated by:

Ge = AVA(Cy + C.) (2.39)

The external charge is the charge that can be measured on the outside of the dielectric and
represents the time integral of the transient current flowing through the series connection
of both capacitances of b and a and according to the capacitive divider ratio comes down
to:

Cy

i =AV, O, ~ — 2.40
4 Ca (240)
Combined with eq. (2.39) gives:
Ch Ch
i = Qe " (ec— 241
=4 Cy+ Ce ¢ Ce (241)

According to the condition of the capacitances in the sample C,. >> (C} it must be con-
cluded that the charge that is detectable at the electrodes of the test object is in fact much
smaller than the internal charge taking place:

4 << qe (2.42)

The term apparent charge to describe the measurable external charge as is noted in the
TEC60270 conventional PD detection method described fully in section 3.2.1 is proportional
to, but not equal to the amount of charge that is involved at the internal discharge [23].

DC Voltage

The discharge behaviour after the DC voltage has reached its final value is no longer
represented by the capacitive model of an internal cavity in fig. 2.14. The dielectric
currents that flows through the system have to be taken into account which is done by
extending the capacitive model for internal cavities with leakage resistances parallel to
these capacitances so the model in fig. 2.18 can be used to represent the resistive and
transition stages of the DC voltage across the cavity.

The classic abc diagram is extended with leakage resistances. A slowly growing voltage
ve over the defect occurs if these leakage resistances are linear equalling to:

R,

e=——t (1—e MV 2.43
v Rb+Rc( e 7) (2.43)

Two processes simultaneously recharge the void once a discharge has occurred as seen
in fig. 2.19. The void will be recharged by the dielectric current jp of the sample which is
represented by leakage resistance Rp. And the deposited surface charge from the discharge
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Figure 2.18: Classic abc diagram extended with leakage resistances [18].

redistributes itself resulting in a current j. across the surface resistance of the void. This
current is represented the leakage resistance R. resulting in a time constant 7 of the
recharging process given by eq. (2.44) and visible in the voltage across the cavity in
fig. 2.20.

Figure 2.19: Recharging of a cavity by the dielectric current and the distribution of surface
charges [21].

RyR.

=—F—(b 2.44
= (bt o) (244)

Whenever the voltage across the void reaches the minimum breakdown voltage u of
the defect with no time lag t; present, a breakdown takes place and charging of the void
starts over again with a time between breakdowns ¢, or the recovery time.
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Figure 2.20: Partial discharges generated by DC voltage [18].
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Comparison AC to DC

Recurrent behaviour In the case of breakdown in a cavity the voltage V. across reaches
the breakdown value and the gap breaks down. The capacitance c used in the abc diagrams
for both AC and DC voltages discharges. Physically within the gap the breakdown result
in charge transfer from one surface to the others. These charges are deposed on these
surfaces counteracting the main field and the voltage difference over the gap decreases
drastically.

In AC as the voltage rises further, the breakdown value is reached again and the partial
discharges repeat in this way until the voltage reverses. The same process starts again in
the other polarity.

In DC the applied voltage will not vary along with the main field over the gap. Af-
ter charge accumulation from PD has taken place, the local field is minimal but slowly
increases as the accumulated charges slowly disappear in the form of leakage currents.
The potential difference increases between the two surfaces and the breakdown is reached
eventually. A PD occurs and the whole process starts over again.

Initial free electron generation The free electron that initiates an avalanche inside
of a cavity might come from two sources. These sources are volume ionization or field
emission of charges near the void surface. For the very fist discharge the electric field in
the void is most likely too low for field emission, therefore the production of these starting
electrons will come from cosmic or background radiation.

Other sources of free electrons come from de-trapping electrons from shallow traps on
or near the surface of the cavity, electron injection from the electrodes, and space charges
from previous discharges that are released due to impact ionization processes.

In AC the PD in an active cavity is dominated by the surface emission of de-trappable
charges. The reversal of polarity result in these charges emitted from the cavity surface
under the influence of the electric field becoming free electrons. The effect of trapped
charges in DC result in a local lower electric field and reduce the probability of discharge.
The generation of starting electrons will be mainly from volume ionization.

Discharge mechanism In the internal cavity exists a critical over-voltage above the
inception level at which a critical space charge density is obtained within the cavity. Below
this critical over-voltage the Townsend mechanism is operative while above the mechanism
for streamer discharges prevails. The critical value of the over-voltage increases with
decreasing gap, increasing thickness and permittivity, and increasing ignition voltage U;
of the air gap. Also the statistical time lag 75 determines the over-voltage taking place
and with that the type of discharge mechanism in the cavity.

The discharge magnitudes of the Townsend-like discharges are linearly related to the
over-voltage while the magnitude of the streamer-like discharges are rather insensitive to
the over-voltage. The streamers increase in magnitude with an increasing gap to bridge.

Two opposing forces also influence the characteristics of the discharge in the gap by
varying the electric field in the gap. These are the:

e The ionization process in the gap enhancing the field by the positive ion space charge.

e The displacement current in the gap due to current flowing in the external circuit,
reducing the electric field in the gap.

With lower over-voltages the positive ion space charge field is outweighed by the reduction
of the electric field due to the displacement current. This results in a decrease of the size
of consecutive avalanches.
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Leakage currents Leakage currents of the charges that have been built up occur in
either the dielectric through diffusion or recombination but also through conduction along
the walls of the cavity. The conductivity plays an important role in the leakage currents
flowing and the charge decay progress.

The effect of leakage current results in dispersion of the built up charge that in the case
of AC results in less de-trappable electrons at polarity reversal and thus decreasing the
repetition rate, while for DC the faster dispersion of charges result in a smaller recovery
time for the voltage at which a discharge can occur. The resulting repetition rate increases
with increasing current leakage.

Surface condition The condition of the surface is very important to the type of dis-
charges that take place within the gap. In the case of an virgin cavity no cathode is
available within the void. No secondary electrons can be initiated by the 7 feedback
mechanism to sustain a Townsend discharge in the cavity. For breakdown of such a cavity
the voltage in AC and in DC must be increased for streamers to occur.

An aged cavity has had chemical changes in the surface due to deposition of PD by-
products and moisture. These changes result in a lower surface resistivity forming layers
that are borderline isolating and conducting. This semi-conducting layer performs as a
cathode within the cavity from which secondary electrons can be freed by the v mechanism
making Townsend discharges possible.

An aged cavity has an increased conductivity and an increase of leakage currents as the
surface charges along these conductive paths decay faster along the surface of the cavity
[24, 25].

The inception voltage is also determined by the surface condition as the first discharge
of the PD takes place without a physical cathode in the gap. A streamer discharge must
take place at a higher voltage than necessary for inception of a Townsend discharge.
This PD results in an deposition layer of charges on the surface functioning as a cathode
such that Townsend discharges are possible. Below the inception voltage of the streamer
mechanism Townsend discharges are still able to occur resulting in an extinction voltage
lower than the inception voltage.

Repetition rate The PD in a dielectric under steady state DC conditions recurs as a
result of the finite resistivity of the dielectric. A discharge event can succeed the previous
discharge with a time interval At which is the sum of the recovery time ¢, and the time lag
t; as can be seen in fig. 2.14. The discharge repetition rate n is calculated as the reciprocal
of the time interval, resulting in

1

T At

The maximum possible repetition rate is in the case of no time lag shown by fig. 2.20
resulting in

n

(2.46)

n=— (2.47)

Using the recovery time as shown in eq. (2.45) x can be chosen to represent x = “*

which also equals

voltage over sample
T = - . (2.48)
inception voltage of the sample

for which a large x follows

ty &

(2.49)

T
X
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and the repetition rate to be written as:

n =~

RERS

(2.50)

The repetition rate increases linearly to the voltage over the sample [18].

Comparing the PD repetition rate of DC to AC voltages with amplitude V,. the extinc-
tion voltage, Vi, the minimum breakdown voltage and V the voltage over the sample as
they are shown in fig. 2.14 gives for AC a repetition rate of:

Cy,dV 1

N ——— 2.51
nac Cc dt szn - ‘/r ( )
and for DC: Lo v
b
npc " ———— 2.52
b T Ce Vinin — Vi ( )
Equal repetition rates for both types of voltages occur when
awv v
—_— = — 2.53
dt T ( )
At a 50Hz signal the repetition rates will be equal if 7 = 3ms. The time constant

in practice is many orders of magnitude larger, thus higher repetition rates occur at AC
voltages than at equal DC voltage.

2.3.5 Surface discharges

The net effect of placing a solid dielectric support into a GIS is a decrease in the break-
down strength of the overall system. The dielectric interface created by the solid support
insulation representing a parallel insulation to the gas insulating medium is a very critical
part of the electrical equipment used in high voltage applications.

Discharges take place along this interface when the tangential field strength exceeds
the breakdown strength of one of the materials. Compared to internal discharges there is
no spacial limitation making it possible for discharges to bridge long distances.

At low gas pressures it is more likely to see discharges start in the gas medium, but
as the dielectric strength of the gas increases with increasing gas pressure, the likeliness
of a discharge across the surface of the insulator becomes very high. These combined
discharges are known as surface discharges.

The spacer placement in a GIS has an effect on the pre-breakdown conditions resulting
in a decrease of the breakdown voltage Upy and PDs measured at lower voltages, but also
an effect on the flash-over dynamics for the PD and successive PDs as the discharges have
already started. Pre-breakdown conditions change with the effect of the spacer on the
electric field. An intense electric field may occur along the interface. This can be due to
the spacer’s profile, defects attached to it or surface charges deposited on it [26]. Flash-
over dynamics of PD are influenced in the form of pre-energy on a surface. The surface
may increase the electron gain coefficient @. As soon as a discharge is ignited, the channel
grows more easily due to photo-ionization and or thermal ionization in the vicinity of the
surface [27].

The repetitive nature of surface discharges is explained by charge deposition taking
place on the surface along the discharge path. The charges result in a local decreased field
at the discharge location. The condition for PD seizes to exist and the PD extinguishes.
The condition for PD is once more reinstated when the deposited charges decay.

The insulation condition of the surface of the spacer can deteriorate as a result of
multiple defects. The deteriorated insulation decreases the onset voltage of discharges and
must be prevented as much as possible. In all cases the dielectric strength is influenced
by field distortions which can be grouped according to [28, 29]:
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Figure 2.21: Equivalent circuit for surface discharges with c representing the part of the
surface that flashes over [11].

e Triple junction indicates the conductor-spacer-gas junction where any poor con-
tact, i.e. a gas layer between the spacer and the conductor result in a field inten-
sification due to the difference in permittivity. Such a defect on the cathodes has
more influence on the flash-over voltage due to the supply of initial electrons for an
avalanche [30].

e Conductive particles attached to the surface of the spacer result in more deterio-
ration. Defects on the spacer make the surface irregular and the conductive particle
is a triple point defect that also decreases the distance over the spacer surface for
PD.

e Irregular dielectric surface The distortions of the field by defects become stronger
with increasing dielectric strength, therefore the effect is greater at a higher designed
stress. With spacers present, the intensifications of the triple junctions at the surface
irregularity also depend on the permittivity € of the spacer material, these become
stronger with increasing e.

e Static charges on the spacer surface change the voltage profile over the surface.
Intense electric field may occur midway at the interface as a result. The same effect
will also occur with conductive parts attached to the spacer surface. These local
accumulations of charge can supply energy to PD on their path resulting in longer
discharge paths a was emphasized in [31], but can also result in micro discharges at
the electrode surface.

Comparison AC to DC voltage

Triple point The triple point refers to the point of contact between the spacer, the
electrode and the gas. The geometry of this intersection severely affect the breakdown
characteristics [32]. An increase of electrical stress can easily result because of poor contact
creating gaps between the electrode and spacer.

The electrical stress caused in the triple point is expected to be of more importance
for starting a flash-over under time-varying fields (AC) as the triple point stress is then
enhanced by the capacitive voltage division. For DC fields, the flash-over voltage was
observed to be higher with the triple point at the cathode than it was at the anode. This
is expected to be the result of electron deposition on the spacer reducing the stress on the
cathode supporting higher fields.

Electrostatic shielding at this triple point is essential in the design to locally increase
the breakdown strength. Figure 2.22 shows such a shielding example to reduce the field
strength at the intersection of spacer to electrode.
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Outer Electrode Spqcer

Figure 2.22: Spacer and potential distribution [29].

Voltage waveform and polarity The performance of the spacer is heavily influenced
by the type of voltage across as the electric field distribution is determined by the resistivity
of the spacer and the gas for DC voltages, while for AC and impulse voltages the field is
predominantly capacitive and a capacitive division becomes important.

Charge accumulation The accumulation of space charge on the spacer is a phe-
nomenon extensively studied to show that the breakdown strength is affected both in
AC and DC, but especially at polarity reversal.

Charges on the dielectric surface can significantly affect the propagation of a surface
discharge. Charge accumulation on an insulator surface modifies the electric field distribu-
tion in the gap. As a result the initiation and propagation of discharges in the vicinity will
be influenced. Accumulation of charge on the gas-dielectric interface could occur through
the following mechanisms:

e Volume or bulk charging.
e Surface charging
e Field emission

The characterizing parameter of volume and surface charging is the charging time
constant, T = €p. The dielectric constant ¢ does not vary greatly between solid and
gas insulators, making the resistivity p the main influencing component in the charging
mechanism [33]. The volume and surface resistance on the other hand are both dependent
on the electric field and temperature, but independent of the voltage polarity. The charging
time constant is very long for DC voltage (around 15 hours) and the decay time is even
longer [34].

Charge accumulation enhances by protrusions on the metallic parts of the system
through field emission. The emitted charge migrates along the field lines depositing on
the spacer surface. Differences compared to volume and surface charging are: The charging
time is much shorter and the voltage polarity start influencing the charge distribution. As
was noted in [33] the charge accumulation become much more visible at negative polarity.

Particle contamination During operation of a GIS the spacer can be contaminated
by free conductive and non-conductive particles, water vapor and decomposed SFg by-
products [32]. Particle contamination of the surface of the spacer effect the breakdown
strength negatively, but is also different for the type of spacer geometry that has been
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used. In many cases it is noted that when conducting particles are present, these become
the dominant mechanisms of charge accumulation on the spacer.

In the case of an conductive particle inside a GIS, the Coulomb force exerted on the
particle could lift it towards sensitive areas like the high field electrode or spacer that
could lead to a reduction of the insulation strength [32]. Due to PD activity of the sharp
particle edges, there is also the possibility of charge accumulation.
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Figure 2.23: Charge phenomenon with metallic particle on spacer [35].

A conducting particle on the spacer will result in charge accumulation on the spacer
surface that reduces the breakdown strength. The behaviour of the PD varies with the
polarity of the voltage applied resulting in:

e Negative voltage applied at the conductor results in the electric field at the tips of the
particles increased. Negative discharges appears at the lower tip causing a negative
flow of charge that start to accumulate on the spacer surface as is shown in fig. 2.23a.
The particle is positively charged and positive discharges start to ignite from tip B.
Rather than depositing upon the surface, these charges will drift up towards the
electrode resulting in a predominantly negatively charged spacer due to PDs.

e Positive voltage applied will also result in negative discharges appearing at point
B before positive discharge start to occur at point A as is seen in fig. 2.23b. The
discharges at point B will be spread out more radially than before so more charge
accumulation will take place at the surface. The positive discharge at A will also
be accumulated at the surface making quite a different field distribution possible as
was the case with the negative voltage .
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2.3.6 Floating Components

Floating components within a high voltage system occur whenever a conductive component
is tied to no well defined electrical potential also known as floating. In some cases the
difference in potential between the conductor and the floating component can exceed the
breakdown value of the gas resulting in a discharge over the gas gap insulating the two. The
discharge results in a conductive path between the conductor and the floating component
generating surface charges near the discharge location equalizing the voltages such that
the potential difference disappears and the condition for discharge seizes to exist.

Introducing a conductive component in an electric field will result in the polarization of
the component as seen in fig. 2.24a. Charges are induced on the surface of the components
and as a result the voltage of the component is determined by capacitive voltage division
as fig. 2.24b shows. Unlike the model used for internal discharges where the defect itself
breaks down and is represented by capacitance ¢ in the abc model in fig. 2.15 for floating
components the regions between the defect and the conductors become the critical parts of
the system. The accumulated charge at the surface affect not only the voltage, but based
on the shape of the conductive component also the local electric field that can exceed the
breakdown strength of the gas gap.

(b) Representative capacitive
(a) Physical representation. division.

Figure 2.24: Conductive component inside a GIS.

The presence of a floating component results in a distortion of an electric field. As the
floating component has a single voltage potential, the thickness of the components results
in a bigger distortion due to the capacitive division.

A difference in the dielectric constant for the insulation between the floating component
and the conductors has an increased difference in the capacitance and the voltage across
the critical gap. An example of which is visible in fig. 2.25 where an epoxy spacer with
metallic insert supporting a conductor has an ineffective contact to the electrode.

Comparison AC to DC voltage

Recurrent behaviour In AC the potential difference in the gas gap increases or de-
creases with the applied voltage to the electrode while the voltage of the floating compo-
nent is set to a certain level within that time. Upon reaching the inception voltage the gas
gap breaks down and the floating component is equalized to the voltage of the electrode
by charge accumulating on the surface conducted through the discharge. With varying
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Figure 2.25: Epoxy spacer supporting the conductor with an ineffective connection be-
tween conductor and spacer insert [36].

voltage the PDs repeat in the same manner until polarity reversal takes place and the
same process ignites with different polarity. The accumulated charges barely decay in the
time between the discharges.

The constant voltage of applied DC should result in a potential difference over the gas
gap that exceeds the ignition voltage before a PD can take place. A charge transfer takes
places that deposits charges on the surface of the floating component negating the main
electric field. The field strength between the component and the electrode drops drastically
and the discharge extinguishes. As the accumulated surface charges slowly decay in the
form of leakage current, the field increases until exceeding the breakdown strength of
the gas gap and discharges again. Taking this into consideration the capacitive model of
fig. 2.25 can be extended with leakage resistances to take the leakage current into account.

Initial free electron generation The starting electron necessary for initiating dis-
charges are more abundant than is the case for internal discharges. The starting electron
comes either from within the gas volume or the electrodes through field emission or ra-
diation. The time lag 75 is much smaller and a sequence of breakdown should be quite
similar to fig. 2.16 for AC, while for DC like in fig. 2.20. The very small time lag results in
a negligible over-voltage and the charge magnitude of sequential PD should be very close
together.

2.4 Insulating Gases

Insulating gases are dielectric materials in gaseous state that have a major role to play
in the insulation of the GIS. The main purpose of such a gas is to prevent or rapidly
quench electric discharges. This is done with gases that have affinity for electrons (electro-
negativity). Electronegative gases in essence capture free electrons turning them into
negative ions through a multiple of ways [14]. The electron attachment is a competing
phenomenon with ionization and if large enough can prevent the condition for breakdown
to be reached inside the gas.

Of the electronegative gases, SFg, even though it is a green house gas, is the most
widely used due to the following properties: it is incombustible, it is not poisonous, it has
no colour and odour and it is not aggressive towards the electrical components. However
high temperatures caused by electrical discharges do cause the creation of aggressive and
poisonous by-products [32, 37]. Besides the attachment of electrons to ions, SFg has the
advantage over air that the heavier weight and larger diameter of the molecules reduces
the mean free path A of the electrons in a field and resists them from getting enough energy
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to ionize other molecules by collision. The mobility of the ions is lower and the possibility
of recombination of them is increased while at the same time decreasing the formation of

charged particles in space.
The processes unfavourable to the growth of a discharge channel in the insulating gas

of SFg can be described as:

attachment

SFs+ e
SFs+e
SFs+e
SFs* + SFs~
SFst +e

N
SFy~™ + F
SFs* + ¢

recombination
25 Fg

SFg

attachment

collision

recombination

SFg can withstand higher electrical stress as a result and in homogeneous electric fields,
the electrical strength of SFg can be around 3.0 times that of air at the same pressure
[38].
For comparison of the insulating gases the ionization coefficient from the Townsend
formula can be calculated per gas in the form of:
> _ Ae_E%P
p
With constant A the saturation coefficient and B the inelastic collision barrier as
collected from several experimental results for different gases by Heylen [39] as shown in

table 2.1.

(2.54)

Gas Alem™Torr=Y | B [Y/emTorr] | £/, [V /emTorr] Author
CO (20°C) 4.6 182 32 - 120 Teich and Sangi
SFg (20°C) 13.63 298 90 - 400 Bhalla and Craggs
50 940 400 - 1500 Teich and Sangi
Air (20°C) 3.5 200 25 - 60 Prasad
8.1 249 37 - 143 Masch

Table 2.1: Townsend primary ionization constants [39]
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Chapter 3

Measurement Setup and Detection
Systems

3.1 Measurement Setup

3.1.1 Test Object

The test object to be investigated in the experiments consists of defects placed inside a
section of a 380 kV single phase GIS. This was done to simulate the conditions of PD
inside of an operating GIS.

The GIS construction is as follows: an aluminium conductor with a length of 510 mm
and a radius of 35 mm is enclosed by a metallic enclosure with an inner radius of 150 mm.
The enclosure is directly connected to the ground and on the inside coated with a thin
non-conductive layer. The conductor is connected to the HV source through a bushing
filled with nitrogen at 4 bar.

The inside of the GIS presents a coaxial system resulting in field distribution described
by:

E(r) = v (3.1)

r1n Tout

Tin

with 74, the radius of the enclosure, 7, the radius of the inner conductor and E(r) with
Tout > T > T4y the electric field that varies with radius. The equation shows that the field
strength near the HV electrode can be significantly higher than near the enclosure as a
result of the coaxial system.

3.1.2 High Voltage Circuit

In this research a comparison is made between the PDs of different defects while enduring
AC and DC stresses. To accomplish this a HVAC and a HVDC source are used.

HVAC circuit

The HVAC circuit as is shown in figure 3.1 consists of a HV source in the form of a 200
kVA single phase oil-insulated transformer. The primary voltage is manually controlled
through a regulating transformer connected to the grid based on a HV reading measured
by a voltage divider on the connected in parallel to the test object C, and the coupling
capacitor Cy,.

The oil transformer is operated in resonance. This is done by tuning a resonance
coil at the primary side of the HV transformer to achieve resonance condition with the
capacitances at the HV side of the circuit.
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Figure 3.1: HVAC electric scheme.

To protect the voltage source in the case of a breakdown of the test object, two pro-
tection devices have been installed into the circuit. The first device trips when current
peaks are detected at the HV side. The primary winding of the LV side of the transformer
is short-circuited de-energizing the HV side. The short-circuit current flowing in the pri-
mary circuit is limited by the tunable inductance. In this way the test object will never
suffer high stresses for too long a period of time and at the same time the transformers
are protected as well.

HVDC circuit

The HVDC used for the measurements in the HV laboratory was supplied by a Heinzinger
PNC 1000000 high-precision power supply.

It operates by rectifying the AC grid voltage that afterwards is converted to a 30 kHz
AC voltage that feeds the transformer to generate a HV. On the HV side the voltage is
multiplied and rectified by a multi-stage cascade converter. The ripple on the resulting
voltage is reduced by a HV-filter. On the output side both the current and voltage are
measured continuously to compare to the input settings of the user. A feedback loop to
the Pulse Width Modulation (PWM) control keeps the voltage and current the same as
in the settings. The supply can produce a voltage up to 100kV in both polarities simply
by inverting the rectifier box.

The output of the HVDC power supply is connected to another capacitance C'jjte, of
25.5nF to suppress the HF noise produced by the DC source. Between the filter capacitance
C'titter and the coupling capacitance Cy, a water resistor of 2 M) is fitted to reduce the
current that could flow in the eventuality of a breakdown as visible in figure 3.3. At the
end of the circuit the test object C, is connected via the bushing.

3.2 Partial Discharge Detection

The PD inside a GIS result in a fast rising charge displacement that can be measured
electrically by two methods. These are the measurements according to the:

e Conventional method - IEC 60270
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Figure 3.2: Simplified diagram Heinzinger PNC 1000000 DC source [40].

e Non-conventional method - VHF/UHF

The conventional method is based on the measurement of the current pulse that flows
through the circuit. The non-conventional method which is based on the measurement of
the EM waves that are excited by the very rapid PD. These signals propagate inside the
GIS structure from the PD location towards a transducer with frequencies that can range
up to more than 3 GHz.

3.2.1 IEC 60270 - Conventional Detection Method

The conventional method of detection of PD according to the IEC 60270 standard [41] is
based on the measurement of the apparent charge. The apparent charge measured has a
smaller magnitude and does not have a strict linear relationship to that of the real discharge
as is shown for the calculation of charge in section 2.3.4, but a direct measurement is not
physically possible. The apparent charge is still of great use for condition assessment of
the test object by detecting the occurrence of a discharge taking place and differences in
magnitude of the measured apparent charge also correspond to differences in magnitude
of the PD in the test object.

Coupling mode

The main components of PD measurement circuit according to the conventional method
are the test object C,, the coupling capacitor Cy, the coupling device CD for connecting to
the measurement instrument, and a noise filter Z. According to the IEC standard, there
are two basic coupling modes depending on the connection of the CD in the circuit.

The CD in series with the test object as is shown in fig. 3.4 has the advantage of the
stray capacitances of the HV side increasing the overall value of C. Higher sensitivity in
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Figure 3.3: HVDC electric scheme.

the measurement [14] is achieved. In the case of breakdown of the test object however, a
high current will flow through Z,,i that could result in damage of CD.

00 I b MmI

Figure 3.4: Basic coupling device in series with test object C, [14].

The arrangement of CD in parallel with C, as shown in figure 3.5 is more commonly
used and has also been used in the HV laboratory as breakdown of the test object was a
real possibility. In many cases changing the ground connection is also not a possibility for
the test object making the parallel connection more practical.

&

Zy; 1 CD EZZZ222I M

Figure 3.5: Basic coupling mode in parallel with test object C, [14].

The function of the coupling capacitor C} connected in parallel to C, is to create a
discharge loop in which the high transient current of the PD flows. An additional noise
filter Z suppresses noise generated at the HV side.

The choice of coupling capacitor C} has to fulfil a few requirements for accurate PD

measurements [42]:

1. PD free up to the highest test voltage level.
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2. Low inductance in order to transmit the high frequency PD signals without exci-
tation of disturbing oscillations that effect the current waveform.

3. Sufficiently high capacitance C} to minimize the effect of stray capacitances of
the measuring circuit on the reduction of PD magnitude transferred to the coupling
device.

4. Good sensitivity achieved by the relation g—’; > (.1

The value for the coupling capacitor used in the laboratory was 1 nC.

Coupling Device (CD)

The coupling device transfers the electric current to a usable voltage signal for the mea-
surement instrument to detect. The CD is a very important part of the measuring circuit
as it influences the PD pulse shape. The coupling devices used in the HV laboratory in
combination with the conventional detection circuit are:

e Quadrupole
e High Frequency Current Transformer (HFCT)

The Haefely quadrupole serves to separate the high frequency current of the partial
discharge signals from the power frequency current of the capacitor, but can also suppress
the high frequency noise picked up by the measuring circuit. With an internal circuit as is
shown in fig. 3.6 a resonant parallel circuit is created with a transfer impedance specifically
high for the frequencies of interest acting as a bandpass filter to the incoming signals.

h

A LE T vt — W

Figure 3.6: Resonant parallel circuit connected to measuring device.

Another method of measuring the high frequency PD currents is with a HFCT sensor
clamped around the ground wire in the loop formed by C}y with the test object. Inductive
sensors are galvanic isolated from the circuit and have a large bandwidth compared to the
quadrupole operating over a bandwidth of 30 kHz - 30 MHz (IEC 60270 compliant) and 1
MHz - 60 MHz (WB detection). In the same way as the quadrupole, the power frequency
current is also suppressed.

Charge evaluation

The sensors convert the high frequency PD current to a measurable voltage for the measur-
ing instrument. This voltage waveform is dependent on the transfer function of the sensor
used. It is possible to do a charge evaluation of the PD signal within a specified bandwidth.
The method according to the IEC 60270 standard is to evaluate within a narrow band or
a wide band by passing the measured signal through an IEC filter. The resulting peak
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Figure 3.7: Schematic of a HFCT measuring an impulse current [43].

value is proportional to the apparent charge of the discharge. The bandwidth specified for
these filters are:

Wideband:
30kHz < f1 < 100kH z (3.2a)
fo < 500kH 2 (3.2b)
100kHz < Af < 400kH z (3.2¢)
Narrowband:
9kHz < Af <30kHz (3.3a)
50kHz < fr, <1MHz (3.3b)

For the wide band method the outer limits of the bandpass filter are f; and fo with
a frequency range A f specified. The second type of IEC filter is a narrow bandpass filter
that uses a very narrow bandwidth compared to the wide band method of Af with a
mid-frequency of f,,,. Between the two filters there is a difference in the pulse resolution
time, the shortest time possible between consecutive pulses. The pulse resolution time
is inversely proportional to Af [41] with times for the wide-band method of less than
10 ps and for the narrow band exceeding 80 ps. The method used in the laboratory for
measurements on the GIS is the wide-band method.

Calibration

The measurement of the apparent charge g, is carried out through the reading of the tran-
sient voltage appearing across the test object terminals. With the techniques previously
explained a reading R; proportional to g, is retrieved by the measuring instrument. The
calibration procedure allows to express R; in terms of pC. A known charge qq is injected
in the test object terminals causing a reading of Ry in the detector. The scale factor is
determined by:

40
Sp=— 3.4
"= R (3.4)
A reading for the apparent charge as a function of R; can be calculated by:
R;
o =9¢R; =qo— 3.5
Ga = Sy O R, (3.5)
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Figure 3.8: Major components of common PD measuring circuits [42].

3.2.2 Ultra High Frequency (UHF) - Non-conventional Detection Method
Electromagnetic radiation

The PD is basically an acceleration and deceleration of charged particles by the electric
field. This movement causes time-varying electric and magnetic fields travelling outwards
from the position of these charges known as electromagnetic radiation.

To demonstrate the excitation of EM radiation, Gauss’s law and Ampere’s law are used.
The magnitude of the electric field is calculated by the Gauss’s law for electricity as shown
in eq. (3.6) which states that the charge enclosed by a Gaussian surface is proportional to
the closed surface integral of the volume enclosing field lines of the charges as the electric
field point radially outwards from the charge.

v E="2 (3.6)

€0

The magnetic field component of the electromagnetic radiation is generated due to
Ampere’s law seen in eq. (3.7). The movement of the charge result in a magnetic field.
The fields of a moving particle are visualized in fig. 3.9.

VxB=uJ (3.7)

Figure 3.9: Electric and magnetic field of a moving charge particle Q [44].

3.2 Partial Discharge Detection 41



Partial Discharge Recognition of Defects in Gas Insulated Systems under DC Voltage

The EM radiation is picked up by a sensor a distance away from the source. Figure 3.10
shows the case of a single charge as the source of the radial continuous field lines at rest
at point A. Upon accelerating to point B, the electric field lines will update within a
discrete time. The information related to the new position propagates as a wave pulse
that gradually updates the field lines. The distortion of the field lines due to transmission
of information is called a kink. The energy from the force that accelerates the charge is
partly expended to propagate the kink in the field.
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Figure 3.10: Electric field line distortion (kink) due to charged particle acceleration [45].

In the kink region the electric field is composed of two components with E; the trans-
verse component of the electric field and F, the radial Coulomb field. According to the
Poynting vector S=ExH representing the direction of propagation and power of an
EM wave that has a radial direction transferring energy away from the charge only the
transverse component of the electric field is responsible for radiation as visible in fig. 3.11.
The relation between the two components of the electric field in the kink region as seen
in fig. 3.11 is shown in eq. (3.8).
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Figure 3.11: The components of the electric field at an arbitrary angle 6 caused by an
accelerated charge towards point A continuing to point C with constant velocity [46].
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E, ovtsinf atsinf arsinf
E. At ¢ 2 (3.8)

With E, = - and N the number of charges it is possible to describe the tangential field

€0
as:
Ngq asinf

=
dmey C3r

(3.9)

From eq. (3.9) it can be concluded that the emitted radiation from a PD is proportional
to:

e The changes of the PD current pulse: faster acceleration a of the electrons (i.e.
steeper current pulse), or the larger number of charges N in the discharge (i.e. the
larger pulse amplitude) result in a higher amplitude of the radiated field.

e The inverse of the distance r to the transducer.

e The angle of observation #: The radiated electric field is maximum along the line
perpendicular to the accelerated charge of the PD.

The transient EM signals emitted by a PD propagate in the GIS which acts as a
low loss transmission wave-guide between the inner and outer conductor. Depending on
the geometry different boundary conditions are imposed upon the waves that interfere
the electromagnetic fields resulting in different modes of propagation that still fulfil the
Maxwell’s boundary conditions. These are:

e The transverse electromagnetic modes (TEM), that have no electric and magnetic
field in the direction of propagation.

e The transverse electric modes (TE) with no electric field in the direction of propa-
gation.

e The transverse magnetic modes (TM), which have no magnetic field in the direction
of propagation.

The TE and TM are referred to as the higher order propagation modes and only
propagate in the wave-guide when the frequencies of the waves exceed a certain cut-off
frequency f.. Below this level these propagation modes are rapidly attenuated.

UHF detection system

The main concept of the RF PD measuring technique is that PD pulses, due to their short
duration and rise times in the nanosecond regime, generate electromagnetic radiation at
various frequencies within the range of the RF spectrum. The generated EM radiation
then propagates from the defect along the wave-guide and is picked up by the proper RF
coupling electrodes.

The three modes of electromagnetic coupling used in detection of PD signals are:

1. Capacitive coupling: The voltage across the capacitance between the detecting cir-
cuit and the PD source can be measured with high impedance equipment.

2. Inductive coupling: The mutual inductance between the source and the detection
circuit result in the current induced in the detection circuit by the magnetic field.

3. Radiated coupling: The type of coupling in which an electric current is induced in
the detection circuit by electromagnetic radiation produced by the EM source.
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The receiver sensor functions by extracting power from the field in the vicinity and
delivering it to a load or terminating impedance. The electrical characteristics of the sensor
are constant within a certain frequency range depending on the design. The bandwidth
of the sensor is described by its transfer impedance that results in a frequency response
for every PD signal to be measured by the detection unit.

The sensors used in the GIS for detecting RF signals are divided into internal and
external sensors. The internal sensors are mounted in slots in low field regions at power
frequency. The internal sensor is specifically designed to not enhance the electric field
in the region resulting in designs of aluminium disc antennas. The external sensors are
mounted in the dielectric windows of the GIS that create openings in the metal enclosure
that permit the propagation of the EM wave outside the coaxial wave-guide structure of
the GIS.

The internal sensors have higher sensitivity and are less subjected to external noise
compared to the external sensors. The measurements of RF signals that have been done
in the HV laboratory of the TU Delft have only been carried out with an internal antenna
as the sensitivity of that type is maximal.

3.2.3 The PD current pulse

During a PD, Electrons initially at rest are accelerated and decelerated rapidly by the
electric field resulting in a short current pulse [47, 17]. The high mobility of the electrons
lead to very fast rise times into the nanosecond range, while the ionic components show
rise times of some hundred of nanoseconds [47]. The spectral energy of pulses of short
duration reach up to the UHF frequencies of the spectrum. The shorter the PD current
pulses the more spectral energy appears at higher frequencies [48].

To show the effect of the pulse duration on the frequency dependent emitted elec-
tromagnetic energy a Gauss type model for the PD current pulse can be used defined
according to the mathematical expression eq. (3.10) [43].

m

i(t)=a-t"- et (3.10)

Parameters a, b, n and m define the pulse shape characteristics from the rise time to
the decay time.

T T T
Townsend discharge: fisetime = 10 ns, decay fime = 100 s
. —— Streamer discharge: risetime = 0.2 ns, decaytime = 1 ns

Figure 3.12: Representations of PD current pulses as a result of the Townsend and
Streamer mechanism.

The physical conditions at the defect resulting in the PD are responsible for the dura-
tion and the characteristics of the PD current pulses. The physical parameters that define
these conditions can range from the electric field, temperature, physical properties of the
surface in vicinity of the defect etc. The PD mechanism also has an effect on the shape of
the PD current pulse. The characteristics of these pulses are:
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e Townsend-like discharges: The formation of the discharges is a slow process with
rise times as long as several tens of nanoseconds and the duration can last several
hundreds of nanoseconds [17].

e Streamer-like discharges: Discharges with a steep front (decades of picoseconds)and
a short duration (approximately a nanosecond).

Based on the above information a representative PD current pulse can be built as shown
in fig. 3.12. The normalized frequency spectrum of these pulses displayed in fig. 3.13 show
that the maximum frequencies differ greatly from one another and that the frequencies of
the Townsend PD will not be detected in the Very High Frequency (VHF)/UHF range as
the frequency range is starting at 30 MHz.

Spectral magnitude
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Figure 3.13: Normalized spectra of Gaussian PD current pulses.

In the VHF/UHF range it is expected that the following discharges can be detected
[46]:

e high electrical stresses (surface and positive corona discharge).
e discharges in gases at high pressure (e.g. gas bubbles in oil).

e in virgin cavities.

3.3 Detection Units

3.3.1 Techimp PDBasell

The Techimp PDBasell is a digital detection unit with 4 PD input channels with a sam-
pling rate of 200 M.S/s and a dynamic range of 75 dB.

Galvanic separation between the acquisition unit and the user is accomplished via a
fibre optic decoupling system.

For every channel the PDBasell is able to display the signals in three different band-
width modes. These are:

e IEC 60270, 30 kHz - 400 kHz;
e WB (Wide band), 16 kHz - 48 MHz;
e WB + HPF (High Pass Filter), 2.5 MHz - 48 MHz;

The user can connect to the PDBasell via analysis software that enables the visual-
ization of each pulse waveform acquired as shown in figure 3.15a. The pulse spectrum
is derived by the Fast Fourier Transform (FFT) over the pulse waveform. These plots
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Figure 3.14: Techimp PDBasell acquisition unit.

are both used for the creation of the T-F map that plots each acquired pulse based on
the equivalent time-length and equivalent frequency as shown in 3.15d. Every recorded
pulse is also displayed in a phase resolved pattern resulting in a Phase Resolved Partial
Discharge (PRPD) pattern that is very useful for defect recognition in AC applications.
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Figure 3.15: Different visualizations of PD pulses.

The PRPD pattern used to display multiple discharges displays these based on PD
magnitude and phase of occurrence. The intensity of multiple discharges is represented by
a colour scale as displayed in fig. 3.16 with black corresponding to an intensity of a single
discharge, while blue to 40 or more pulses.

The accompanying software for the PDbasell is specifically designed for PD detec-
tion in AC applications. DC analysis of the PD captured by the PDBasell was done in
MATLAB with the extracted pulse waveform data in combination with the discharge time.
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1 3 4 6 b 21 26 40

Figure 3.16: Techimp PDBasell intensity scale.

3.3.2 Agilent E4403B

The Agilent E4403B is a Spectrum Analyser (SA) with a working frequency range from
9 kHz to 3 GHz. The SA can display the spectrum over the whole frequency span in
full span mode but also in a tunable narrower span. Using the narrowest span to use as
Resolution Bandwidth (RBW) over a certain frequency is named the zero-span mode.

The fundamentals of SA operation are described in detail in chapter A. Terms con-
cerning the SA used in this section are explained in-depth in appendix A.

The SA was only used in combination with the UHF antenna. The high frequency
content of the signals measured by this sensor are lost by the limited bandwidth of the
PDBasell. The internal antenna is connected to the SA via a low losses coaxial cable. The
signal is amplified by a pre-amplifier for further processing. The pre-amplifier has a flat 30
dB gain over the frequency range of interest which for our measurement is up to 3 GHz.
The responses of the amplifiers used are shown in appendix B.

Figure 3.17: Agilent E4403B spectrum analyzer.

The SA is a digital device with a finite amount of sampling points. The frequency
spectrum is calculated by averaging the frequency content of the input signals within the
sweep time. In the ideal case the input signals should be stable and continuous within the
time of a sweep, but partial discharges have short impulses and have a stochastic nature.
For optimal detection of PD depending on the type of PD measured the research of S.
Meijer [4] has shown that the following parameters must be changed accordingly:

e Sweep Time (ST)
e Total time of measurement

e Time domain settings

Sweep time

The time required for the local oscillator to scan the signal across the desired span of
frequencies within the RBW is called the ST.

The full spectrum of impulse signals are difficult for a SA to acquire. This because
of the low rate of occurrence of these signals and that RBW filter of the SA is made up
of electronic circuits that require a discrete time to charge and discharge. Decreasing the
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frequency span will result in greater accuracy but at a loss of the frequency spectrum mea-
sured. Increasing the ST taking into account that the average of the spectrum is displayed
yields a better result. An investigation into the influence of the ST on the detection of
impulse signals on a HP8590L SA has been done in further research of Meijer[49].

Total time of measurement

The stochastic nature of PDs results in many variations of the captured frequency spectrum
during each ST. Averaging multiple sweeps of discharge activity diminishes the stochastic
nature. The recurring frequencies will become more important while single disturbances
less.

Time domain settings

The SA can also be employed for time domain analysis of PD. Measuring in zero-span
mode within the frequency content of PDs it becomes possible to obtain phase resolved
patterns in AC or time resolved patterns in DC.

3.3.3 Tektronix DP0O7354C

The Tektronix DPO7354C is a digital oscilloscope with 4 input channels that can be
recorded simultaneously. The signal waveforms are sampled with a sampling rate of up to
40 GS/s with bandwidth modes of 3.5 GHz, 2.5 GHz, 1 GHz and 500 MHz.

The specifications of this oscilloscope make it an ideal detection system for capturing
the fast transient nature of the UHF waveform accurately. By applying a trigger level
above the noise level initial separation of noise from the PD waveforms becomes possible.

Figure 3.18: Tektronix DPO7354C Oscilloscope.

For PD analysis in DC the time domain information of discharges is important. The
FastFrame™segmented memory acquisition mode with a capture rate of more than 310.000
wfm/s result in accurate waveforms with no loss of time information. The trigger level
forces the oscilloscope to only capture waveforms of pertinence making it possible for
patterns of discharges with a low repetition rate to be captured over a large amount of
time.

Further processing is necessary with MATLAB, but with the waveform of each dis-
charge distinguishing between different sources is easier and the frequency spectrum per
signal can be derived which was not possible with the spectrum analyser.

In contrary to the other detection devices, the multiple channels of the oscilloscope
allows simultaneous capture of signals from different sensors.
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3.4 Noise

The measurement of PD can be influenced by disturbances that can either modify, interfere
or suppress. These disturbances can be externally generated known as Electromagnetic
Interference (EMI) or internally generated referred to as noise.

Sources of EMI are numerous, ranging from information sent intentionally over fre-
quency bands (e.g. mobile telephony, radio transmission) to the switching action of power
electronic instrumentation.

The dimension of the measuring circuit affects the coupling with external interferences.
The large dimension of the measurement set-up used yields the larger disturbances induced
by magnetically coupled interferences.

Noise in the circuit can originate from many different sources. Based on the nature of
the noise source it is possible to differentiate between two types of noise:

e Differential-mode noise, in which the source of noise is located in series with the
circuit.

e Common-mode noise, the noise source being external to the measurement circuit
but still injects noise signals via a parallel circuit created by stray capacitances.

Reducing the effect of disturbances in the HV lab was possible to an extent by doing
the experiments in a cage shielding from external disturbances. Disturbances were however
also originating from inside the cage. The electronic circuitry used within or the connection
to the AC grid can result in disturbances flowing through the ground loop increasing
the noise level. It is advisable to keep the ground loops to an absolute minimum and
in this case it was achieved by powering the detection components through insulating
transformers. The insulating transformer is equipped with a shield between the primary
and secondary windings as shown in fig. 3.19. This reduces the stray capacitances that
cause high frequency disturbances. Improved performance have also been noticed by
connecting the transformers in series.

ground *—1
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Figure 3.19: Electric circuit of the insulating transformer.

The HV laboratory is the ideal location to suppress external noise and EMI to the
highest extent, but nevertheless the measurements were not disturbance-free. Measure-
ments in the field are much more influenced by disturbances, and separation of noise by
filtering based on extracted features as seen section 4.2 becomes more important.
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Partial Discharge Analysis

The detection and recognition of PD is chosen as a fundamental tool for the equipment risk
and condition assessment. The monitoring of PDs can be done in multiple domains with
a multitude of sensors. The PD monitoring behind application can however be simplified
to a monitoring scheme as seen in fig. 4.1.

PD Monitoring System

Feature Pattern

PD occur Sensing : 3 oot antl
) 5 Extraction Classification
= Transformer = Electrical ; * De-noising / * Faults type
= Cable = Acoustical + Analysis of PD + Source & Location
* Rotating Machine * Chemical * Feature vector = Decising marking
= GIS = Optica extraction

Figure 4.1: General PD monitoring scheme [3].

Detection and acquisition of PDs consists of sensing the PD occurrence through in-
stalled sensors and saving the measurements. The recognition system extracts charac-
teristic features from the measured data for comparison to the characteristic features of
know defects. Classification of the measured data ensues resulting in the recognition of
the defect responsible for PD.

4.1 PD features

The data measured from PD activity varies according to the detection system used. De-
pending on the type and bandwidth of the sensor and the methods used for data collection
of the PD detection system, the PD data can vary greatly. The collection of this type of
data using minimal signal analysis is the first step in the recognition of defects is named
direct data.

For AC, the Cigré Task Force 15.03.08 had been established for the creation of a
“standard data format for GIS PD software applications”. HVDC has not been the object
of a similar study, but using this research as a reference, a list of direct data based on the
method of detection is presented in table 4.1.

Certain characteristic features can be extracted from the collection of PD direct data
to aid in the recognition and classification of PD source types. This data is very dependent
upon the feature extraction techniques used for deriving from the direct data. As a result
this list of derived data is non-exhaustive and a selection of possible extractable features
divided into the signal information available for feature extraction is shown in table 4.2.
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Direct data
Signal Waveform i(t), time resolved PD waveform
gi, apparent charge

Signal Amplitude Qmaz, discharge maximum
Qmin, discharge minimum
Qmean, discharge mean
Wy, integrated energy value

Signal Sequence N, number of discharge
T;, time of discharge occurrence

Signal Spectrum A, amplitude
f, frequency

Table 4.1: List of data directly measured by detection systems.

4.2 Feature Extraction

This thesis researches the classification of PD based on several characteristic features and
the recognition of defects in DC is based on the analysis of the pulse waveform and the
pulse sequence.

4.2.1 Pulse waveform analysis
Pulse-shape parameters

The pulse shape of a PD is heavily influenced by the mechanism and the magnitude of
the discharge. Also the location of the discharge and the sensor used for detection vary
the shape of the pulse.

With the use of this information it becomes clear that certain wave-shape parameters
should have a correlation to the parameters influencing the PD behaviour making them
of interest to be extracted from the pulse.

A selection of the waveform parameters of interest are shown in fig. 4.2 and are:

e t,, the rise time of the pulse that indicates the fast behaviour of the PD.
e Pk, the peak value of the pulse. The polarity of the signal is also within this data.

e t4, the decay time of the waveform. The tail of the waveform can give information
about charge magnitude, but also about the geometry of the circuit.

TF - map

The pulse shapes within a given measurement are heavily affected by the nature and
location of the PD source. Based on this assumption a technique was developed to separate
the acquired signals in clusters which are homogeneous with respect to their pulse shape.

Each waveform is synthesized by means of two quantities. The derived quantities
are the equivalent time-length (T) and equivalent bandwidth (W) of the waveform. The
definition of these quantities is described by Montanari et al. in [50] and expressed by
eq. (4.1) and eq. (4.3).
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Derived data

Time-based N, repetition rate
At, inter-time of discharges
H(At), inter-time distribution
Atpin, minimum inter-time
At oz, Maximum inter-time
Atpean, mean inter-time

Discharge power Agq, difference ¢; and ¢;_1
H(q), magnitude distribution
Waveform T, equivalent time-length

F'| equivalent bandwidth
t,, rise time
tq, decay time
Pk, maximum peak
Pkpin, minimum peak
S, polarity of the signal
Frequency Spectrum M P, measured power
AP, average power
Pkpar, maximum peak
Pkpin, minimum peak
Npeak, number of peaks

Table 4.2: Derived data based on feature extraction of signal information.

72 =" (4.1)

K is the number of samples used for the digital representation of the waveform, ¢; the
time associated with the i-th sample, s; the signal amplitude corresponding to the i-th
sample in time domain and tg, an average weighted time of all the waveforms within the
measurement as calculated in eq. (4.2).

K
> ti-si(ti)?
to = i:1K (4.2)
; Si(ti)z

1

In eq. (4.3) f; is the i-th sample frequency while X;(f) is the i-th component of the
signal, obtained through the FFT.

K
;ff | Xe(fi)?

w2 = (4.3)

K
;!Xt(fi)\Q

Each pulse can be represented as a single point in a two dimensional map called the
classification map. The pulses originating from identical sources form clusters within this
map making it possible to separate different PDs and external disturbance sources from
one another by applying fuzzy clustering algorithms [51].
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Figure 4.2: Derived data of pulse waveform.

4.2.2 Pulse sequence analysis

The pulse sequence analysis looks into the relationship of the discharge and the preceding
and succeeding discharges. Measurement of PD in the pulse sequence result in the basic
quantities: discharge magnitude ¢; and the time of discharge occurrence ¢;. An analysis
with these quantities at the base results in recognition graphs specific to insulation defects.

The time/lag recovery model

The occurrence of PD causes accumulation of charge near the discharge location resulting
in a drop of the local field strength. If the local field strength drops below the minimal
breakdown field strength E,,.;,, the discharge extinguishes. As was seen in fig. 2.14 and
explained in section 2.3.4, the local electric field reaches the minimum breakdown field
again in a recovery time tg, but the discharge occurs if a starting electron is available
after a time lag t;. This time lag results in an excess field AE which is proportional to
the discharge magnitude g. This information can be used to form the principles of the
discharge model developed by Fromm [19] as shown in the eq. (4.4) and eq. (4.5) with the
charge as a function of the time lag and the recovery time as a function of the charge.

q=fi(tr) (4.4)

tr = fa(q) (4.5)

The discharge occurrence at ¢; has a time lag t;; and affects the recovery time tg;.
Using the basic quantities acquired there cannot clearly be differentiated between the time
lag and the recovery time. The deduced quantities used are, the time between the discharge
at ¢; and it predecessor is At,..;) and the time between the discharge and successor is
At gyee(sy of which the relation to the time lag and recovery time is shown respectively in
equations (4.6), (4.7).

Atpre(i) = tR,i—l + tL,i (46)

AZL/suc(i) = tR,i + tL,i+l (47)

4.2 Feature Extraction 53



Partial Discharge Recognition of Defects in Gas Insulated Systems under DC Voltage

The range of amplitude is discretized in a number of intervals and for each element
¢; of an interval the time to previous discharge Atp..;) and the time to successive dis-
charge Atg,(;) is calculated. The time to previous and successive discharges are averaged
separately from each other. to calculate a mean time to previous At and successive dis-
charge Aty as is shown in eq. (4.8) and eq. (4.9). Plotting these parameters to discharge
level produces recognition graphs in which the effect of time/lag recovery can be seen.

n

— 1
Atpre = E Z(tR,ifl + tL,i) (48)
i=1
1 n
Atsue = D (tri+triv1) (4.9)
i=1

The memory effect

The PD behaviour can also be affected by what is known as the memory effect. This
effect is shown in the relation of the magnitude of the discharge to the magnitude of
the successive discharge. Classification can be made on the graphs showing the relation
between the magnitude of a discharge level q and the average magnitude of the successive
discharge. The graphs can show whether the magnitude of discharges are independent of
previous discharges or if there exist a positive or negative correlation between successive
discharges.

The range of amplitude is discretized in a number of intervals and for each element ¢, of
an interval the successive time wise discharge ¢4, , exists. The successive discharges of each
interval are averaged and a mean successive discharge is calculated for every discretized
level of discharge magnitude as seen in eq. (4.10) with n the number of discharges within
a interval.

1 n
ﬁ Z qti.i,-l = qsuc (410)
i=1
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Experimental Results 1I: DC
recognition of PD defects

For this research defects have been created to simulate the PD sources of internal discharge,
surface discharges and discharges due to floating components. These defects have been
measured in AC and DC in the TU Delft HV laboratory. The result of these measurements
is presented in this chapter along with a discussion focusing on the discharge physics
followed by a comparison between AC and DC.

The measurements of the PDs for both AC and DC have been done through the
calibrated conventional IEC method of PD detection with the quadrupole as seen in sec-
tion 3.2.1. In parallel to the calibrated measurements, a HFCT sensor has also been used
for acquiring the time resolved waveforms of the PD. This has been done to verify the
polarity of the PD pulse and for better separation of noise signals via the TF-map.

The PD measurements in AC are presented in PRPD patterns. Research on the
behaviour of the types of PD in AC based on the PRPD patterns will be used to determine
the validity of the defects created to simulate the different types of PD.

The discharge magnitude ¢ and the time interval between successive discharges At are
the basic parameters for PD detection in DC in this experiment. The PDs are represented
by repetition rate (V /) and recognition graphs showing the discharge-probability density.
More intricate ways of presenting the PD data comes from knowledge of the physical
discharge processes taking place for every PD and realizing that a discharge in DC is a
space charge phenomena. The inception of PD is governed by the presence of an initial
electron and by the electric field exceeding a threshold field for PD inception.

PDs can be affected by the discharge preceding them. This is the memory effect [52] of
PDs which influences the charge magnitude and the time a discharge occurs. The presence
of this effect affects the basic parameters revealed in the correlation of magnitude of the
charge ¢ and the average magnitude of the previous charge g,,.. In the same way, the
time in between the discharges results in recognition plots based on the charge ¢ and
the average time to previous discharge At,... or the average time to successive discharge
Atguee. Recognition plots using these parameters are presented for each type of PD to
determine whether this method can be used for classification of the defect in DC.

5.1 Floating Components

To simulate the discharges of floating components inside the GIS a conductive metallic part
was suspended from the inner conductor by a fishing line to become electrically floating
as depicted in fig. 5.1.

The metallic part has a smooth surface so the electric field is not locally enhanced by
protrusions. The part does however have a length of 40 mm in the direction of the electric
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Figure 5.1: The metallic component suspended from the inner conductor by fishing line.

field resulting in a field distortion as the voltage of the whole component is considered
equal.

The insulating gases used during this experiment are humid air at 1 bar and a more
realistic gas formulation for the GIS of SFg at 1.1 bar.

The distance of the metallic component is taken in reference to the inner conductor
and is always chosen closer to the inner than the outer conductor. The reason for this is
that the discharges are as a result of the electric field and are more likely to occur near
the inner conductor at lower voltages as was stated in section 3.1.1.

5.1.1 AC Voltage

The trends of the discharge magnitude and the repetition rate per voltage period of the
discharges for both air and SFg are shown fig. 5.2. The PDs are as a result of the potential
difference between the conductor and the floating component exceeding the breakdown
strength. A discharge occurs in the high field region during which a charge transfer takes
place between the conductor and the electrically floating particle. The transfer of charge
reduces the local electric field and the PDs stops as the voltage difference AV decreases
below inception level.

Figure 5.2 shows an increasing repetition rate as a result of a voltage increase for both
gases. Within a voltage cycle, the difference in voltage between the floating component
and conductor increases faster resulting in more discharges. The charge magnitude as
seen in fig. 5.2a and fig. 5.2b show a constant discharge level for varying voltages. This
discharge level is determined for a big part by the breakdown strength of the gas gap and
is for SFg larger than for air.

With this type of defect it was noticed that there was no difference between the in-
ception and extinguishing level. For this defect the voltage difference between the floating
component and the electrode needs to exceed the breakdown strength of the region result-
ing in an inception voltage that has a single discharge in the positive half of the waveform
and also one in the negative half of the waveform. A comparison of the inception voltages
with varying distance of the floating component to the electrode and the type of gas is
shown in table 5.1.

The discharge pulses of the floating component ignite in the leading quadrants of the
positive and negative half cycles of the voltage wave visible in fig. 5.3. At these points
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Figure 5.2: Trends of the 95% discharge magnitude and 50 Hz repetition rate at different
voltage levels.

d=4mm | d = Tmm

Inception Vs [kV]

1.0 bar air 20 45
Inception Vs [kV]
1.1 bar SFy 51 56

Table 5.1: Comparison of the inception voltages of floating components discharges for
different gas formulations and distances to electrode.

the difference in potential exceeds the breakdown strength first resulting in discharges of
similar magnitude.

In the case of the gap being symmetrical and no time lag present, the discharges would
occur at the same point on the phase of the voltage, but as we clearly see in figure 5.3b, this
is not the case for this defect. A characteristic curved pattern is visible in which discharges
occurring at high voltages on one polarity result in a discharge at a lower voltage at the
other polarity and vice versa.

The application of higher voltages lead to more repetitions per cycle while the discharge
magnitude stays constant as can be seen in figure 5.4a. The pattern as a result of a
progressive advance or retard of the point of discharge on the cycle is still visible.

The PRPD patterns of the floating component at different voltage levels are shown in
table 5.2. The discharges of positive and negative polarity as a result of the AC voltage
waveform have been analysed separately from on another. The magnitudes of the PDs is
constant for different voltages. Looking at the intensity of the PRPD pattern, the 1st and
3rd quadrant of the voltage waveform are the most likely times for discharges to occur.
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Figure 5.3: Cycles of PD from a floating component at 20kV in 1.0 bar air.
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Figure 5.4: Cycles of PD from a floating component at 70kV in 1.1 bar SFg.
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Experimental Results I: DC recognition of PD defects

Table 5.2: Phase-resolved partial discharge patterns for a floating component in 1 bar air

with distance of 4 mm from inner conductor.

Discharge data

PRPD pattern

Pos Neg
cycle cycle
Qmaz [PC] 8139 | 7769
Qmean [PC] 7679 | 7214
Qmin [PC] 6906 | 6659
Repetition rate [V /] | 52.819 | 55.211
Vims [kV] 20
Pos Neg
cycle cycle
Qmaz [PC] 8139 | 7646
Qmean [PC] 7512 | 7176
Qmin [PC] 6906 | 6659
Repetition rate [V /,] | 58.943 | 60.534
Vims [kV] 25
Pos Neg
cycle cycle
Qmaz [PC] 7646 8506
Qmean [PC] 7270 7238
Qmin [PC] 6782 6659
Repetition rate [V /,] | 107.931 | 106.256
Vims [kV] 30
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5.1.2 DC Voltage

Within the voltage range of the DC source no PDs were detected while the GIS was
filled with SFg gas. The following measurements were accomplished in air at atmospheric
pressure. Taking into account that the DC voltage range is limited, it was decided to
suspend the floating component 4 mm from the inner conductor for the DC measurements.

5.1 Floating Components
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Negative DC voltage

The application of negative voltage resulted in discharges measured around 50 kV. These
started initially with a very low discharge magnitude and a very low repetition rate as
shown in table 5.3. As the applied voltage increased, the discharge magnitude increased
exponentially along with the repetition rate of the discharges.

Voltage [kV] | Qmin [PC] | Qmaz [PC] | Qmazos%[PC] | Repetition rate [V /4]
-50 27 164 164 0.009
-58 34 6507 5140 2.168
-60 24 50317 40808 206.109
-65 22 12898 6194 7350.379

Table 5.3: Discharge magnitudes of floating components in 1.0 bar at different negative
DC voltage levels. Detection by means of quadrupole calibrated according to IEC 60270.

The trend plot in fig. 5.5 shows a drop in charge magnitude increasing the voltage
beyond 60 kV. This is due to the limited power the DC power supply can deliver. The
feedback system of the power supply will try to reaching the set voltage level, but as the
amount of necessary injected power increases with increasing PDs, the voltage setting is
never reached and even drops below 60 kV which has an effect on the charge magnitude.
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Voltage [kV]

Figure 5.5: Trend lines of the 95% discharge magnitude and repetition rate at different
negative DC voltage levels 1.0 bar air.

The time resolved pattern of the floating component PD at 58 kV in fig. 5.6 shows
two distinct discharge levels. The PDs are classified as discharges with a magnitude below
2000 pC and above 4000 pC.

The PD originates at the inner conductor and makes its way to the floating component.
A charge transfer occurs affecting the surface charge of the discharge surfaces. The electric
field in the gas gap drops below the critical level and the discharge extinguishes.

It was noticed that the transfer of charge is not achieved by a single discharge, but
accomplished through a rush of partial discharges within a small amount of time called
discharge trains. The many discharges in a sequence can be identified as the vertical lines
visible in fig. 5.6.

Figure 5.7 zooms in on a single discharge train. Two levels of discharge magnitude are
clearly visible. The discharge trains start with a discharge of high magnitude and continue
alternating between discharges of high and low magnitude until the discharge train stops.

The DC recognition graphs result in valuable information for recognizing PDs of float-
ing components in DC. The magnitude distribution in fig. 5.8b clearly shows the two
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Figure 5.6: Time-resolved PD pattern of floating component at —58kV in 1.0 bar air.

different magnitudes of discharges taking place and that those of low magnitude are more
numerous.

The plots of the mean successive discharge magnitude as shown in fig. 5.8a show the
sequence of these discharges in more detail. Three areas of discharge magnitudes become
are of interest:

e 0 - 1000 pC, the successive discharges are in an average magnitude of higher than
2000 pC indicating that these discharges are frequently succeeded by a discharge of
the high magnitude.

e 1000 - 2000 pC, sees an average discharge magnitude of around the same discharge
magnitude which indicates that these discharges are succeeded by similar discharges.

e above 4000 pC, are the discharges of high magnitude. The average successive magni-
tude clearly shows that these are most likely followed by the discharges of the lower
discharge magnitude. One point is the exception showing a high average discharge
magnitude succeeding a discharge of 6500 pC. This however is a very rare occurrence
as seen in the discharge magnitude distribution.

Information concerning the time between the discharges can be gathered from fig. 5.8¢c
and fig. 5.8d. The mean time to preceding discharge plot in fig. 5.8c shows high average
times for values between 4800 pC and 6000 pC. This is an indication of discharge trains
starting with discharges of these magnitudes. The higher time in between the discharges
allow for longer DC charging that result in increased PD magnitudes.

Below 1000 pC, average times are also calculated that are exceeding the times measured
within the discharge trains. This is a contribution as is visible in fig. 5.6 of single discharges
taking place in between these discharge trains.

The plot of the mean time to successive discharge in fig. 5.8d shows low average times
for discharges of above 4000 pC. These PDs are followed within short succession by another
discharge.

Magnitude levels below 2000 pC have high average times. These discharges are most
likely at the end of a discharge train or are single discharges. The time to another single
discharge or discharge train results in the high average time.
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Figure 5.7: Time-resolved pattern of rush of floating component PD activity at —58kV in

1.0 bar air as shown in fig. 5.6.

The recognition plots follow the same behaviour for the higher voltages. The repetition

rate of the discharge trains increases and as the voltage increases the clear separation of
high and low magnitude discharges disappears gradually.
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Figure 5.8: DC recognition plots for discharges of a floating component at —58kV in 1.0
bar air.

Positive DC voltage

Measurements of the floating component with positive DC voltage applied were inconclu-
sive for DC PD recognition. The reason being that extremely large discharges were mea-
sured that could not be attenuated enough to prevent clipping of the measuring instrument
and resulted in inaccurate captures of discharges. These high discharges coincided with
loud cracking sounds audible outside the GIS.

The inception voltage of these discharges is around 55 kV and a time resolved discharge
pattern shows a few of these discharge trains igniting at an applied voltage of 55 kV in
fig. 5.9. The sensor used was the HFCT sensor and based on the waveforms some of the
captured points were removed from the plot. With these modifications the plot still shows
discharge trains and also a double layer of PD magnitudes as was seen under negative DC
stress.
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Figure 5.9: Time-resolved PD pattern of floating component at 55kV in 1.0 bar air.

5.1.3 Discussion

The inception levels for PDs in DC are much higher than for AC. The trends of the in-
creasing voltages for AC have shown a constant magnitude for the PDs for both polarities.
The repetition rate did increase with increasing voltages for AC, which was also the case
for the PDs in DC. Unlike the PDs of AC, the magnitude of the discharges in DC did
increase very fast with increasing voltages.

The information of the DC recognition plots is dominated by the discharge trains.
In DC, the conditions for PD are much less apparent resulting in higher charge build-up
before PDs take place. The charge deposited by the discharges affect the local electric field
and disrupt the condition for PD. A discharge train results and for the case of a floating
component in negative DC at a distance of 4 mm from the inner conductor a double layer
of discharges emerges as seen in fig. 5.7. The electron avalanches leave behind a cloud of
positive ions. Driven by the electric field this cloud will move toward the cathode locally
distorting the field as explained in section 2.2.3 seen in fig. 2.5. A local field exceeding
the breakdown value can result in the gas gap breaking down as explained for corona
discharges in section 2.3.3. The shielding effect reduces and the next discharge again
bridges the gap between the conductor and the floating component.

Measurements of a floating component with a distance of 7 mm have shown a decreased
effect of the cloud of positive ions as seen in the time-resolved pattern of the discharges
shown fig. 5.10a. The discharges increase with the distance along with the positive ions.
The time of travel however increases for the ions and within that time recombination and
diffusion of the ions occur decreasing the distortion of the positive ion cloud local electric
field.

The vertical resolution of the PD detector when capturing signals in the nano Coulomb
range made it difficult to separate the discharge of low magnitude from possible noise
signals. There was however an increase measured in low magnitude PD activity during
the discharge trains. This hints that there is still double level of discharges albeit much
smaller as the PDs did not exceed 500 pC.
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Figure 5.10: Floating component PD activity at —70kV in 1.0 bar asr.

5.2 Internal Discharges

The simulation of internal discharges within a spacer have been achieved by connecting
an epoxy spherical void sample to the inner and outer conductor of the GIS as seen in
fig. 5.11a. The sample consists of two round shaped stainless steel electrodes (of pseudo-
Rogowski profile) cast into epoxy to have an even distribution of electric field lines in the
centre of them. In between the electrodes, an air cavity is found in the epoxy which is the
defect to measure.

The air cavity results in a higher electric field within the air bubble as a result of
the lower permittivity than the adjacent epoxy region. The local electric field within
the sample is not dependent on the type of gas in the GIS and the inception voltage of
the internal discharges was sufficiently low, thus all the measurements have been done in
air at atmospheric pressure. Furthermore it must be noted that the sample used in the
laboratory had been used in the past for many experiments and thus considered to have
a very aged cavity that is assumed to behave different from a virgin cavity.

5.2.1 AC Voltage

The inception voltage of the defect under AC is 6.3 kV and internal discharges were mea-
sured ranging up to a few nC. Upon lowering the voltage it was noticed that the discharges
disappeared at an extinguishing voltage of 5.5 kV. The trends of the measurements at
different voltage levels are displayed in fig. 5.12. Because of the size of the cavity and the
discharges of great magnitude being measured it was decided to not stress the sample to
a great extent. The voltages levels have been chosen quite close to one another and look-
ing at the repetition rate no great differences are measured. However, the 95% discharge
magnitude behaves rather differently than expected. As seen in the trend the magnitude
of the discharges initially increases with the voltage applied from 7 kV to 9 kV, but before
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(a) The internal cavity sample connected to (b) Close-up of the internal cavity.
the inner and outer GIS conductor.

Figure 5.11: The epoxy spherical void components used for simulating internal discharges.

reaching 11 kV the magnitude drops. These differences are also noticed in the PRPD
patterns with their parameters separated for negative and positive voltage in table 5.4.

As was shown in section 2.3.4 the occurrence of PD within the cavity relies on two
basic conditions. That the electric field within the cavity has reached the inception field,
but also that an initial electron is available to start a discharge mechanism. For polymer
type insulation materials there is an inherent shortage of these electrons thus a time lag
occurs in which the voltage increases further across the void before a starting electron
is available. The resulting PRPD patterns shows discharges taking place over the whole
phase where the voltage across the cavity exceeds the inception level. As seen in all the
patterns the maximum amplitude in phase of the discharges follow the voltage waveform.
This is due to over-voltages of the spherical cavity introduced by the time lag.

In the PRPD waveform at 9 kV, the discharges are occurring very grouped at higher
magnitudes than measured at 11 kV. Despite this, the repetition rate of the PDs at 11 kV
is higher. This could be to an increase of initial free electrons as a result of field emission
from the cavity surface. The void accumulates de-trappable charges from the previous
PD along the surface. The change in polarity results in an electric field that forces the
charge into the cavity becoming a starting electron. This type of electron generation also
explains the phase of the grouping of the discharge as seen in the PRPD patterns of the
9 kV and 11 kV voltage levels.
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Figure 5.12: Trend lines of the 95% discharge magnitude and 50 Hz repetition rate at
different voltage levels of spherical cavity sample.

Table 5.4: Phase-resolved partial discharge patterns for internal discharges in spherical
cavity sample.

Discharge data PRPD pattern

Partial Discharge Pattern

1,76E+4
Pos | Neg L00E+4|
cycle | cycle g
S00E+3| ¢
Qmaa [PC] 10442 | 8793 5|
@mean [PC] 8231 | 6146 £ 000E+0/;
Qmin [PC] 1099 | 687 £+500E+3
Repetition rate [V /] | 47.816 | 62.616 -1,00E+4 ,‘ ,
Vims [kV] NS
TR
0 90 180 270 360
Phase [Deal
Partial Discharge Pattern
1,76E+4
Pos | Neg 1008+4
cycle | cycle g
S00E+3| ¢
Qmaz [PC] 14425 | 14288 | 5 |
Qmean [PC] 11826 | 11749 £ O00E0
Qmin [PC] 1923 | 3435 E-500E+3
Repetition rate [N/s] 45.22 | 44.902 -1,00E+4 _‘ ,
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-1,76E+4— ———
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Continued on next page
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Table 5.4 — Continued from previous page

Discharge data PRPD pattern

Partial Discharge Pattern

1,76E+4
Pos Neg 100E+4| '
cycle | cycle 5 00E+3
Qmaz [PC] 12630 | 11540 | 277
Qmean [PC] 10047 | 9555 3 00080
Qmin [PC] 2885 | 1374 E-500E3.
Repetition rate [V /,] | 50.591 | 51.881 -1,00E+4 5 _‘ J_
Vims [kV] 11 S \_/
-1'76E+ 1 L T
0 90 180 270 360
Phase [Deal

5.2.2 DC Voltage
Negative DC voltage

The inception voltage for PDs inside the cavity of the epoxy sample is —24 kV. This is
the same level at which the PDs extinguish.

An increase in voltage sees an increase in the discharge magnitude and also a slight
rise in the repetition rate as is visible in table 5.5. The trend lines of the 95% discharge
magnitude and the repetition rate are displayed in fig. 5.13.

Voltage [kV] | Qmin [PC] | Qmaz [PC] | Qmazos[PC] | Repetition rate [V /]
-24 17 75 75 0.071
-28 15 742 304 0.132
-32 7 914 023 0.112
-36 10 1096 568 0.151

Table 5.5: Discharge magnitudes of a spherical cavity sample at different negative DC
voltage levels. Detection by means of quadrupole calibrated according to IEC 60270.

The time resolved pattern in fig. 5.14 shows a concentration of discharges at low dis-
charge magnitudes but also a large scatter in the magnitude. The aged cavity walls of the
void are expected to have a higher surface conductivity as a result of carbonization and
chemical changes.

In cavities the low availability of starting electrons also influences the repetition rate
and the time to build-up charge. The discharge magnitude distribution in fig. 5.15b shows
the low probability of the high discharges, the PDs that haven’t been influenced by the
charge decay.

The characteristic graph between the mean successive discharge magnitude to the dis-
charge magnitude shown in fig. 5.15ashows no correlation between the parameters. For
the PDs in this cavity, the magnitude is largely independent of the previous PD that has
taken place. A high discharge results in a bigger transfer of charge and with it a bigger
accumulation of charge that influences the time to next PD by an increase in time lag.
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Figure 5.13: Trend lines of the 95% discharge magnitude and repetition rate at negative
DC voltage levels for a spherical cavity sample.

For this type of defect however the magnitude of the discharge again seems independent
to the time preceding the PD as is visible in fig. 5.15¢ in the same way that the magnitude
of the discharge seems independent of the time to the next PD in fig. 5.15d. This is as a
result of the charge decay greatly influencing the charge accumulation taking place inside
the cavity resulting in recognition plots that differ from those of virgin cavities where the

charge decay is less.
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Figure 5.14: Time-resolved pattern of discharges in a spherical cavity sample at —30kV.
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Figure 5.15: DC recognition plots for discharges of a spherical cavity sample at —30kV.

Positive DC voltage

For positive DC voltage, the inception and extinguishing voltage are both 17 kV. These
internal discharges behave in the same manner as in the case of negative applied voltage
with an upward trend in the discharge magnitude and also a slight rise in the repetition
rate as is visible from the data in table 5.6 and fig. 5.16.

Voltage [kV] | Qmin [PC] | Qmaz [PC] | Qmazos[PC] | Repetition rate [V /]
17 2 132 95 0.052
19 5 104 101 0.083
23 3 269 143 0.067
25 3 304 175 0.086
30 4 595 234 0.151

Table 5.6: Discharge magnitudes of a spherical cavity sample at different positive DC
voltage levels. Detection by means of quadrupole calibrated according to IEC 60270.

Looking at the time resolved pattern of the discharges as shown in fig. 5.17 and the
discharge magnitude distribution in fig. 5.18b it becomes visible that the PDs are con-
centrated at low discharge magnitudes with the number PDs decreasing with the PD
magnitude.

As was also seen for negative DC, there seems to be no correlation between the dis-
charge magnitude and the mean successive discharge magnitude as portrayed in fig. 5.18a.

Research by Fromm [19] on cavities has shown that the PD magnitude in cavities is
determined by the time lag.
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Figure 5.16: Trend lines of the 95% discharge magnitude and repetition rate at positive
DC voltage levels for a spherical cavity sample.

The recognition graphs in average time to previous and successive discharge to the
discharge magnitude in fig. 5.18c and fig. 5.18d for the PD magnitude below < 400pC
show a positive correlation to the time. An increase in the time lag At,,. leads to a higher
electric field at discharge resulting in an increased magnitude of the PD. The magnitude
of a PD is also related to the charge transfer and thus the deposited charge on the surface.
For the successor PD this results in an increase in the time Atgyec.
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Figure 5.17: Time-resolved pattern of discharges in a spherical cavity sample at 30kV.
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Figure 5.18: DC recognition plots for discharges in a spherical cavity sample at 30kV.

5.2.3 Discussion

The inception voltage of the internal discharges under DC voltage of 17 kV is slightly
higher than that of AC with an inception voltage of 14 kV (peak). In theory it is quite
possible that discharges in DC also take place at voltages as low as the AC inception
voltage because the initial free electrons from both is due to either cosmic or background
radiation. However, in DC the recovery time ¢, between the discharges near infinity as
calculated by equation (2.45). Charge decay also has a greater effect on the accumulated
charge in DC than in AC resulting in a lowered electric field that results in higher inception
voltages necessary for discharges to occur.

The magnitude of the discharges in AC are very high in comparison to the discharges
in DC. The discharge magnitudes in AC being many times larger than discharges in DC
at even twice the peak value. This phenomenon is explained considering the role of space
charge generated by the electron avalanche reducing the field in the ionization volume
and the discharge magnitude in DC. As the charge slowly builds up, the time lag t1 to
discharge results in only a small excessive field AFE. The polarity reversal of AC results in
an enhancement of the ionisation coefficient by metastable species generated by previous
discharges.

Looking at the DC recognition graphs of both DC polarities there is no correlation
between the magnitude of the discharge ¢ and that of the successive discharge ... The
relatively long time lags make t; the most contributing factor to the PD magnitude [19].
This is visible in the Ktmec — q relation for the internal discharges in positive DC voltage
as shown in fig. 5.18c. Up to 400 pC there is a positive correlation. For the discharges
above 600 pC this relation no longer holds. This is due to a different discharge mechanism
taking over. Time resolved measurements have shown that both Townsend en Streamer
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discharge take place. The Streamer discharges have a higher discharge magnitude and
are recognized as the discharges measured above 600 pC. The PDs due to the Streamer
mechanism have very narrow discharge channels and unlike the Townsend discharges do
not result in the complete discharging of the void. The characteristic discharge parameters
mean time lag #; and the mean recovery time ¢, retrieved from the DC voltage model for
cavities become invalid as the model is not valid for streamer discharges.

The relation Atgy.. — q shows the same positive correlation for the internal discharges
in positive DC voltage as shown in fig. 5.18d. The supposed streamer discharges exceeding
the 400 pC do not lead to higher times to the next discharge. For Townsend discharges
the higher discharge magnitudes result in bigger recovery times before a discharge is again
possible. The Streamer mechanism leads to part of the cavity to discharge and as a result
a successive discharge can ignite within a short time at another part of the surface what
is known as multiple site discharging.

The PD inter-times recognition graphs for the internal discharges in DC negative volt-
age have no clear information within them. The difference between measurements in the
polarities could possibly be due to a change in the condition of the cavity surface used
as the cathode. Conduction over the surface is affected and with that the charge decay
and charge accumulation. The recognition graphs do not take into account these complex
phenomena making aged cavities difficult to recognize based on these plots.

5.3 Surface Discharges

Surface discharges are achieved over the surface of a cylindrical polymer type rod wedged
between the inner and outer conductor of the GIS as seen in fig. 5.19a.

To avoid discharges other than surface discharges, good electrical conduction is neces-
sary between the conductors and spacer. Electrical connection to the inner conductor is
created by metallic tape connected via the top of the spacer extended to the surface on
the side of the spacer. The effective distance between the conductors over the spacer is 85
mm.

The effect of a conductive particle on the surface of the spacer is also investigated. An
aluminium particle tied to the middle of the spacer by fishing line as shown in fig. 5.19b is
used to simulate the case of a free moving particle that has attached itself to the spacer.

The insulating gas used during the measurements of surface discharges over the spacer
were humid air at 1 bar and a more realistic gas formulation of 1.1 bar SFg.

5.3.1 AC Voltage

The inception levels for surface discharges measured in AC for different gas formulations
are shown in table 5.7. The electro-negative S Fy increases the breakdown strength result-
ing in higher voltages necessary to achieve discharges.

1.0 bar air [kV] | 1.1 bar SFs [kV]
Inception Vs [kV] 25 40

Table 5.7: Comparison of the inception voltage for surface discharges over cylindrical
spacer using different gas formulations.

The trends of the discharge magnitude and the repetition rate for both air and SFg
show an interesting course. There is an upward trend for both the charge magnitude and
the repetition rate of the PDs per cycle for increasing voltages with air as insulating gas
as shown in fig. 5.20a. The increased magnitude of the discharges at a higher voltage is a
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(b) Metallic particle on
spacer.

(a) Cylindrical spacer wedged between inner and
outer conductor of GIS.

Figure 5.19: The cylindrical spacer and components used for simulating surface discharges.

result of the increased electric field extending the discharge region. Longer paths over the
surface of the spacer are bridged by the PD.

The PD also deposits charge that can result in more free electrons for discharges over
the same surface. The repetition rate increases as the inception field recovers faster and
more times within a cycle with increasing applied voltage.

A decreasing trend is seen in fig. 5.20b for the discharge magnitude of the surface
discharges taking place in SFs. However, the repetition rate of the PDs is increasing
for increasing voltages. The electronegative gas increases the inception voltage as the
breakdown strength enhances. At the same time the charge magnitude of the discharges
decreases with applied voltage in comparison to the PDs in air. The electronegative gas
recombines with the accumulated space charge resulting in negative ions reducing the local
electric field and with it the propagation of the discharges over the surface. The shorter
paths result in lower magnitude of the discharges. The reduced charge magnitude trend
in SFg with increasing voltage could be as a result of the increase in discharges per cycle.
The increased surface charge deposited will result in more electron attachment of SFg
molecules shielding the regions of high electric field.

The PRPD patterns of the surface discharges at multiple voltage levels in air are shown
in table 5.8. When the electric field at the surface of the electrode exceeds the breakdown
strength of gas, ionisation of air near the surface of the electrode occurs. With increased
applied voltage, the number of electron ionizations increases and the avalanche can grow
longer along the spacer surface. The positive applied voltage sees a faster increase in the
discharge magnitude. The PDs originate from the outer conductor which is extended by
an extruded metal connection as visible in fig. 5.19a and fig. 5.19b. This interface affects
the discharges as a triple point.

A triple point results in more electrons readily available from which avalanches develop.
The electric field builds up along the path of the electron avalanche increasing the range of
the surface discharges. The discharges at negative voltage extinguish along a shorter path
over the surface resulting in smaller charge magnitudes. The build-up of surface charge
can take place after a shorter time period increasing the repetition rate.
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Figure 5.20: Trends of the 95% discharge magnitude and 50 Hz repetition rate at different

AC voltage levels.

Table 5.8: Phase-resolved partial discharge patterns for surface discharges over cylindrical

spacer in 1 bar air.

Discharge data

PRPD pattern

Partial Discharge Pattern
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Table 5.8 — Continued from previous page

Discharge data

PRPD pattern

Pos Neg

cycle cycle
Qmaz [PC] 203 757
Qmean [PC] 24 83
Repetition rate [V /,] | 2028.115 | 621.853
Vims [kV] 35

1,00E+3
150E+2|  /
S00E+2|
% 250E+2|
$.1116-13
£
E-2,50E+2
L=
-5,00E+2
7,50E+2
~1,00E+ 3

Partial Discharge Pattern

180
Phase [Deg]

|
0 270 360

In SFy as seen in table 5.9, the PRPD patterns of surface discharges at positive and

negative voltage cycles become very symmetrical with only small variances in the charge
magnitude and the repetition rate.

Table 5.9: Phase-resolved partial discharge patterns for surface discharges over cylindrical

spacer in 1.1 bar SFg.

Discharge data

PRPD pattern
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Table 5.9 — Continued from previous page

Discharge data

PRPD pattern

Pos Neg

cycle cycle
Qmaz [PC] 87 84
Qmean [pc] 60 65
Qmin [PC] 39 39
Repetition rate [V / ] | 57.990 | 51.852
Vims [kV] 50
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Qmin [PC] 32 29
Repetition rate [V/,] | 95.512 | 82.095
Vims [KV] 60

Pos Neg

cycle cycle
Qmaz [PC] 92 74
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5.3.2 DC Voltage

No surface discharges are measured over the spacer within the voltage range of the DC
source with the GIS filled with SFg gas. The following results are all from measurements
done in air at atmospheric pressure.
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Negative DC voltage

The inception of surface discharges with the application of negative DC voltage starts at
—53.7 kV. The discharges start with a relatively high repetition rate which increases with
the voltage. This is visible in the upward trend for the repetition rates seen in table 5.10.
There is also an upward trend for the charge magnitude with increasing voltage. This
trend keeps on till the applied voltage reaches —67 kV. The DC power supply is not able
to deliver the necessary power and the voltage lowers to —62 kV.

Voltage [kV] | Qmin [PC] | Qmaz [PC] | Qmazos[PC] | Repetition rate [V /]
-53 9 46 30 194.379
-63 8 61 54 282.952
-67 8 112 47 4104.238

Table 5.10: Discharge magnitudes and repetition rate surface discharges over cylindri-
cal spacer at increasing negative DC voltage levels. Detection by means of quadrupole
calibrated according to IEC 60270.

Decreasing the voltage from this state results in a downward trend for both the dis-
charge magnitude and the repetition rate as seen from the data table 5.11. The trend lines
displayed in fig. 5.21 show linear relation with the applied voltage. The same relationship
holds for increasing voltage.

Voltage [kV] | Qmin [PC] | Qmaz [PC] | Qmazos%[PC] | Repetition rate [V /4]
-67 7 185 124 11867.361
-60 18 149 61 3350.125
-57 20 78 42 223.101
-54 15 143 37 80.123
-50 9 35 32 0.749

Table 5.11: Discharge magnitudes and repetition rate surface discharges over cylindri-
cal spacer at decreasing negative DC voltage levels. Detection by means of quadrupole
calibrated according to IEC 60270.

A difference is spotted in the magnitude and the repetition rate of the PDs occurring
at similar voltage levels but approached by either increasing or decreasing the voltage
level. This is of interest as it shows that the surface changes temporarily due to previous
discharges. The net effect for this spacer result in higher repetition rates and longer
paths for the discharges resulting in higher discharge magnitudes. The change in surface
condition also results in a lower extinction voltage as the surface discharges extinguish at
50 kV.

A time resolved PD pattern of the surface discharges before reaching the flash-over
voltage is shown in fig. 5.22. The surface discharges display an erratic pattern that changes
in time.

A discharge level in between 30 and 60 pC is visible in which most of the surface
discharges take place. This is seen in the discharge magnitude distribution in fig. 5.23b.
This differs from the surface discharges seen after flash-over at a voltage level of 60 kV of
which the time resolved pattern is shown in fig. 5.24. The magnitude distribution shown
in fig. 5.25b reveals a concentration of the discharges around the same level as was seen
for the surface discharges before flash-over but also higher magnitude PDs occurring at a
lesser frequency.
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Figure 5.21: Trend lines of the 95% discharge magnitude and repetition rate at decreasing
negative DC voltage levels for surface discharges over a cylindrical spacer.

The differences between the two cases of surface discharges based on the rest of the
recognition graphs is very small. A positive correlation is seen for both in the dis-
charge magnitude and the mean successive discharge magnitude as shown in fig. 5.23a
and fig. 5.25a.

Longer discharges result in successive PDs of higher magnitude. The large discharges
result in more charge deposited on the surface extended over a wider area. These charges
could result in a field opposing the applied one, but also in electrons that are more easily
freed to extend the discharge path.

The DC-recognition graphs based on the inter-times for both before and after flash-
over shows the effect of discharge trains. An overlap of these graphs to the magnitude
distribution shows higher times to preceding and successive discharges for the discharge
levels of the PDs in between 30 and 55 pC pre flash-over in fig. 5.23¢ and fig. 5.23d and
post flash-over in between 20 and 40 pC in fig. 5.25¢ and fig. 5.25d.

This can be interpreted as the discharges occurring normally at a certain stable dis-
charge level. The time between these discharges is relatively high. Then discharge trains
occur with a large variations in discharge magnitude. The times between these PDs is
very small.
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Figure 5.22: Time-resolved pattern of surface discharge before flash-over at 63kV.
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Figure 5.23: DC recognition plots for surface discharges before flash-over at 63kV.
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Figure 5.24: Time-resolved pattern of surface discharge after flash-over at 60kV.
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Figure 5.25: DC recognition plots for surface discharges after flash-over at 60kV.
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Positive DC voltage

The inception voltage of the surface PD for positive applied DC voltage starts at 53 kV.
Increasing the voltage increases the charge magnitude and the repetition rate as can be
seen in table 5.12. Compared to the discharges seen at negative applied voltage, the
repetition rate is low, but the charge magnitude is very high. This is as a result of the PD
originating from the triple point. An abundance of free electrons result in longer discharge
paths resulting in bigger discharges and longer recovery times for the next discharge.

Voltage [kV] | Qmin [PC] | Qmaz [PC] | Qmazos[PC] | Repetition rate [V /]
53 9 223 110 0.544
58 117 1483 1365 1.621
63 27 2953 2105 6.176

Table 5.12: Discharge magnitudes and repetition rate surface discharges over cylindri-
cal spacer at increasing positive DC voltage levels. Detection by means of quadrupole
calibrated according to IEC 60270.

The voltage was increased up to 63 kV showing a linear increase for both the charge
magnitude and the repetition rate. After a period of time a flash-over occurred at this
voltage level.

The DC power supply is not able to deliver the necessary power and reduces to a
stable output of 60 kV. Reducing the voltage from this state has led to trends as seen in
table 5.13.

Voltage [kV] | Qmin [PC] | Qmaz [PC] | @mazos%[PC] | Repetition rate [N /s)
63 11 3867 820 916.704
60 11 2354 1506 172.801
57 23 1836 871 1649.772

Table 5.13: Discharge magnitudes and repetition rate surface discharges over cylindri-
cal spacer at decreasing positive DC voltage levels. Detection by means of quadrupole
calibrated according to IEC 60270.

The surface PD extinguishes at 55 kV, a voltage level higher than its inception voltage.
This is opposite of what was measured for the PDs resulting from negative DC. The
discharges due to the triple point at this voltage level are numerous with high magnitudes
resulting in deposited charge on the surface that reduce the electric field. The condition
for PD locally seizes to exist and the PDs extinguish.

The time-resolved PD pattern of the surface discharges at 57 kV after flash-over has
taken place is shown in fig. 5.26. It displays a very erratic pattern for the discharges
changing continuously in time. The majority of the PDs have a discharge magnitude
between 300 and 600 pC. Throughout the time-resolved pattern a continuous discharge
level is seen between 800 and 1000 pC with discharge trains introducing discharges with
magnitudes from 0 to 1600 pC.

Focusing on such a discharge train in fig. 5.27 reveals a high concentration of discharges
between 300 and 600 pC accompanied with discharges above 1100 pC.

The recognition graph of the discharge magnitude and the mean successive discharge
shows a positive correlation between the discharges between the discharge magnitude of
300 - 1100 pC. The relation does not hold for discharges exceeding 1100 pC.

The DC-recognition graphs based on the inter-times reveal the discharge trains again.
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Figure 5.26: Time-resolved pattern of surface discharge after flash-over at 57kV.
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Figure 5.27: Time-resolved pattern of PD discharge train at 57kV.

The higher average times for both to the successive and previous discharge shows the
discharges between 600 and 1100 pC occurring with a lower repetition rate than the
discharges as a result of the discharge trains.
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Figure 5.28: DC recognition plots for surface discharges after flash-over at 57kV.
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5.3.3 Discussion

The voltage level for inception of surface discharges is many times lower for AC 35 kV
(peak) than for DC with 53 kV. The polarity reversal of the voltage releases starting
electrons far easier from the interface or triple point than the constant electric field.

For discharges in AC and DC it was seen that the discharge repetition rate and the
PD magnitude are positively correlated with the test voltage. A higher voltage increases
the electric field. The discharge area expands as the electric field increases and a larger
number of possible discharge paths become available increasing the repetition rate. The
higher electric field also increase the discharge path and the discharged volume increasing
the PD magnitude.

In both AC and DC, the effect of the triple point greatly affects the PDs. An increase
in magnitude is visible for both as more electrons are injected. In DC this injection leads
to very big discharges covering longer distances before extinguishing. As a result the
breakdown of the total spacer occurs at lower voltages.

The surface discharge is very dependent on the local electric field. The electric field is
refracted due to locally dependent factors that range from the surface roughness, conduc-
tivity variances etc. Charge deposited by previous PDs also affect the local electric field
leading to field distortions along the discharge path. These charges could lead to shielding
of the defect source, but deposited electrons could also result in increasing the discharge
paths when freed as starting electrons. With SFg as gas medium these deposited charges
will become negative ions and the shielding effects will increase. Discharge paths vary
depending on the distortions encountered. The length of the discharges vary and with it
the discharge magnitude.

The PD magnitude and the repetition rate of surface discharges are changing over
time. This is presumably due to the charging effect of the surface. The interface becomes
progressively charged with time and the electric field at this location decreases. This was
seen in the extinction of the discharges at voltages where the PD activity slowly ceases.

There is a memory effect between the successive surface discharges as seen in the
relation of the magnitude of the discharge ¢ and that of the successive discharge g,
The deposited electrons on the surface are not deeply trapped and are freed leading to
more starting electrons for the surface PD. In SFy these deposited electrons will have the
reverse effect as they recombine in negative ions reducing the electric field. The same is
also the case for too much electrons deposited as was seen for DC positive.

The recognition graphs of the discharges based on the inter-times have shown little
correlation between the times between the discharges and the charge magnitude. The
charge magnitude is too dependent on the path of the discharge. This path is determined
by local surface parameters resulting in multiple discharge paths when possible. The
discharges thus become independent of one another.

The surface condition was also influenced by attaching a conductive particle to the
surface of the spacer. In DC this particle resulted in an increased breakdown strength
for both polarities. The inception voltage of the surface discharges increased to 70 kV
and the voltage where flash-over occurs increased to 80 kV. This increase in breakdown
strength was also noticed in [33] and is possibly due to surface charging of the spacer near
the tips of the particle influencing the flash-over mechanism. Prior to flash-over no corona
discharges are measured as the surface charging results in a decreased local electric field.
Surface discharges occurred in a similar fashion as was measured for smooth spacers and
once the obstacle of surface charging is overcome, the PD propagate over paths through
the metallic particle can be seen in by the paths over the surface in fig. 5.19b. The path
through the metallic particle has the lowest breakdown strength as the particle is charged
with each discharge increasing the local field to the opposite conductor.
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Experimental Results II: RF PD
calibration in IS

6.1 Introduction

In chapter 5 of this thesis the recognition of PD defects stressed by DC has been studied.

The charge magnitude of the discharge is an important parameter as it relates to the
transfer and the distribution of charges on and around the defect source. The condition
for the occurrence of PD is affected and a pattern emerges.

The TIEC 60270 detection method used in the previous chapter had the advantage
of calibrated measurements resulting in a measurement of the apparent charge directly
related to the discharge magnitude. The major drawback of this method is in the use for
on-line monitoring. The configuration necessary results in taking the GIS out of service.
Furthermore, only the slowly damped response to fast PD activity [53] is measured which
results in a loss of the information on the discharge mechanism. The UHF technique
described in section 3.2.2 uses a coupling sensor to measure the EM waves induced by
PD current pulses. The measurement is a non-contact technique and has high sensitivity
for discharges propagating inside the GIS tank making it an ideal alternative for on-line
monitoring of PD inside the GIS.

The waveforms of the PD can not be calibrated in a similar fashion as the IEC method
but previous studies have shown a possible relationship between the two measuring prin-
ciples and results of [54] indicate that there might be a relationship between RF energy
and apparent charge with a dependence on the nature of the defect and its mechanism.

The measured RF energy is not only dependent on factors related to the PD behaviour
itself but also on the frequency response of the RF detection equipment that is used. The
references [55, 56] specify that the measured RF energy is dependent on the characteristics
of the detecting RF sensor, but also dependent on the resonances within the GIS due to
propagation effect of reflection, dispersion and attenuation.

The output level of the RF PD measuring system is determined by several factors such
as:

1. The type of PD (i.e. the electric stress caused by the defect’s type and geometry)
2. The frequency response of the RF sensor
3. The effect of the HV equipment structure in terms of:

e the loss of information about the discharge process itself with increasing dis-
tance between sensor and PD origin,

e the increasing impact of pulse propagation path on PD waveform,
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e the superposition between different signals, e.g. multiple PD sources, crosstalk,
external interferences.

A graphic representation of these factors influencing the measured output is shown in
fig. 6.1.
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Figure 6.1: PD detection sensitivity affected by different factors [46].

Using this information an investigation into the relationship between RF signals picked
up through RF detection and the apparent charge quantity of different types of PD defects
with the intention of calibrated RF measurements is done in this chapter.

6.2 PD Measurement

6.2.1 Acquirement of data

The measurement of PD is achieved through the IEC 60270 and the UHF technique for DC
voltages. The UHF antenna, HFCT and Quadrupole sensors simultaneously measure the
PD and the waveforms of the same PD event are captured using the Tektronix DPO7354C
digital oscilloscope.

The HFCT sensor has shown a high Signal-to-Noise Ratio (SNR) and this waveform
is used to trigger the capture of the PD waveforms. Using digital wideband filtering
according to IEC 60270 specifications of the Quadrupole signals resulted in peak values
from which the apparent charge quantity is calculated. The UHF waveforms are processed
further in the time and frequency domain for characteristic parameters to compare to the
apparent charge quantity. The pulse spectrum is determined through the FFT of the pulse
waveform smoothed to show a frequency spectrum with a 1 MHz RBW.

For proper comparison between the RF signals and the apparent charge quantity the
recorded waveforms of both the UHF antenna and the Quadrupole sensors must show
no distortion. A selection of waveforms for further analysis is made through separation
via the TF-map of the Quadrupole signals followed by the same procedure of the UHF
waveforms. This selection resulted in an exclusion of the waveforms showing multiple
discharges within the captured window, distortions, EMI and internal noise signals.

The measured waveforms originate from the PD sources used in the same set-up for the
experiments of chapter 5. The insulating gas for all the measurements is air at atmospheric
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pressure.

6.2.2 Tools for quantitative data analysis

The wave shape of the acquired RF PD signals can be differentiated into two types based
on the discharge mechanism. The fast Streamer and the slower Townsend discharge wave-
forms as seen in fig. 6.2a are identified. The emitted RF radiation excites the GIS into
resonance at frequencies of up to 1.2 GHz. The shape of the original PD pulses are heavily
influenced by these resonances and other factors and the resulting pulse spectra as visi-
ble in fig. 6.2b show little resemblance to the simulations of section 3.2.3 except for the
Streamer discharges with more energy content in the higher frequencies.
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Figure 6.2: RF signals and spectra of Streamer and Townsend discharges in internal cavity.

Due to the complex resonant nature of RF PD pulses, the peak amplitude often used
to correlate the RF signal to the apparent charge is an inadequate quantification of the
signal strength in the GIS. A quantity taking into account all the points on the trace of
the captured waveform is the RF energy and thus better suited. The RF energy is the
discrete-time integral of the pulse waveform which is calculated according to eq. (6.1) with
V; the energy at sample point i, At the time between samples and R the load impedance
of the measuring system.

Err = N ZZ: Vi (6.1)

The pulse spectra for the different discharge mechanisms shows a non-linear distribu-
tion over frequency band. The Egrp is the energy over the whole frequency range, but by
filtering in frequency bands the effect of the complex resonances can either be excluded or
included. The bandwidths decided upon for RF - apparent charge correlation are:

e 0.8 —3 MHz
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4 —7 MHz

1 — 30 MHz

40 — 50 MHz

60 — 100 MHz

300 — 3000 MHz

For statistical verification of the reliability of the regression equations of the correlation
graphs between the different parameters and the apparent charge quantity, regression
analysis was applied to all data to determine the regression of the dataset quantitatively.
A regression coefficient is calculated ranging between 0 and 1. The greater the value of
this coefficient the better the correlation is between the supposed independent variables.
The formula is as follows:

s D

, SSR 2@ )

R =220 =5 (6.2)
;(yz‘—?)z

with y; the observed values, § the mean value of y;, 4 the regression value, SSR the
regression sum of squares and SS7T the total sum of squares indicating the total dispersion
between all observed values an their mean values.

6.3 Results and discussion

6.3.1 Floating component discharges

The discharges of the floating components are identified as Streamer discharges for all
captured waveforms. The high amplitude PDs have been measured without amplification.
The flat response of the High Frequency (HF) amplifier should not result in distortion of
the signals measured with the amplifier and can thus be readily compared to the signals
measured without an amplifier.

5 Floating component waveform
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Figure 6.3: RF signal and frequency spectrum produced by a floating component discharge.

In this configuration not all discharges are picked up with the UHF antenna. The high
magnitude discharges of the double layer discussed in section 5.1 are picked up with peak
values in volt range. The lower magnitude discharges however are not visible in the same
scale.

The discharges measured by the UHF antenna as seen in fig. 6.3 are plotted against
the apparent charge of the discharge resulting in the relationship plots of fig. 6.4.

The linear regression of both the waveform and spectrum parameters to the apparent
charge and the square of the apparent charge in the case of the energy are shown in
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quantity.

table 6.1. Within the range of the discharge magnitude the waveform parameters show

little relation to the apparent charge.

This relation is found within certain frequency

bands as these show much better regression. The parameters showing good regression to
the apparent charge quantity are coloured in red as seen in table 6.1.

Frequency band Streamer
(MHz) R m  [V/pC]
0.8—-3 0.4524 0.0017
4-7 0.8036  0.0022
1-30 0.8960 0.0014
40 — 50 0.9441 0.0153
60 — 100 0.8510 0.0085
300 — 3000 0.3577 0.0012

Waveform parameter Streamer

R m
Vieak 0.5448 4.363le=* [V, /pC]
Vip 0.5245 0.0010 [V,p/PC]
Energy 0.4674 4.3850e~'7  [J/pC]

(a) Spectrum parameters.

(b) Waveform parameters.

Table 6.1: Value of regression coefficient R and slope m of regression line for floating
component discharges.
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6.3.2 Negative corona

The negative corona discharges comprised of PDs of the streamer type of which one is
displayed in fig. 6.5. The discharges differed little from one another and this was also
noticeable in the RF waveforms and frequency spectra. In comparison to the floating

component discharges, the distribution of frequency content in the lower frequencies is
much higher.

Negative corona discharge waveform
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Figure 6.5: RF signal and frequency spectrum produced by negative corona.
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Figure 6.6: Relationship between RF signal negative corona and apparent charge quantity.

The waveform parameters show a good relation to the apparent charge quantity within
the discharge range. The same is seen in the spectrum parameters for the higher frequen-
cies as can be seen in fig. 6.6 and in table 6.2.
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Frequency band Streamer

(MHz) R m_ [mV/pC] Waveform parameter Streamer

=1
2.8 -3 0.0163 5.72;16 R m
-7 0.7271 " 0.0446 Vieak 0.8182 9.8720e~*  [mV,/pC]
1—-30 0.8150 0.0167
B Vop 0.8738 0.0017 (mV,,/pC]

40 =50 0-9350°0.0759 Ener 0.8669 1.2218¢~16  [J/pC]
60 — 100 0.8882 0.0238 &Y i i P
300 — 3000 0.5677 0.0012 (b) Waveform parameters.

(a) Spectrum parameters.

Table 6.2: Value of regression coefficient R and slope m of regression line for negative
corona discharges.

6.3.3 Positive corona

The positive corona discharge waveforms show a lot of variation in the wave-shape to one
another and has little frequency content above 300 MHz.
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Figure 6.7: RF signal and frequency spectrum produced by positive corona.

The relationship graphs of the waveform and spectrum parameters to the apparent
charge quantity show little correlation. This difference between the negative and positive
corona is possibly due to the starting point of the PD. The PDs in negative corona
originate at the needle protrusion while these of the positive corona start in the high field
region near and propagating towards the needle tip. The propagation path differs along
with the angle of observation to the UHF antenna and with it the manner in which the
PD is picked up.
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Frequency band Streamer
(MHz) R m  [mV/pC]

0.8-3 0.5891 0.0042

4-7 0.8471 0.0273

1-30 0.4674 0.0070

40 — 50 0.4134 0.0098

60 — 100 0.0728 4.3308¢~4

300 — 3000 0.0623  1.3066e°

(a) Spectrum parameters.

Waveform parameter Streamer

R m
Vipeak 0.3427 6.6820e°  [mV,/pC]
Vip 0.3306 1.0200e~*  [mV,,/pC]
Energy 0.4942  6.4054e~ 18 [J/pC]

(b) Waveform parameters.

Table 6.3: Value of regression coefficient R and slope m of regression line for positive

corona.
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6.3.4 Internal discharges

Two types of PD take place in the cavity sample. These are the Streamer type discharges
as shown in fig. 6.9 and the Townsend type discharges displayed in fig. 6.10.
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Figure 6.9: RF Streamer discharge signal and frequency spectrum produced by internal
discharges.
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Figure 6.10: RF Townsend discharge signal and frequency spectrum produced by internal
discharges.

The frequency distribution of the two types of discharges shows that the Townsend
discharges have their frequency content distributed over much lower frequencies than the
Streamer discharges.

Separate analysis of the types of discharges show that the relationship of the charac-
teristic parameters to the apparent charge quantity is heavily dependent on the discharge
mechanism as visible in the relationship plots of fig. 6.11.

The linear regression coefficient of both the waveform and spectrum parameters to the
apparent charge shown in table 6.4 show that in the spectrum parameters the mean of the
lower frequency regions for Townsend discharges show the highest regression while for the
Streamer discharges the higher frequency regions yields better result.

The analysis plots also shows that the apparent discharge magnitudes of the Townsend
discharges exceed that of the Streamer discharges.

94 6.3 Results and discussion



Chapter 6 Experimental Results II: RF PD calibration in GIS

o
w
o

~

<
o

o
w

o Streamer
° Townsend

o

N

o
T

o
N
Energy [J]

©
o
T

Vpeak - peak [mV]

°

o

=

53}
T

o Streamer
©  Townsend

. . . . . . . . .
0 500 1000 1500 2000 0 1 2 3 4 5
Apparent charge quantity [pC]

0

Square of apparent charge quantity [pCz] x 10°

(a) Peak-peak value relative to apparent charge (b) Energy relative to square of apparent charge

quantity. quantity.
601 25¢
—50F >
) L
£ £
o) £
T 40 =
~ 3 15¢
< °
g 30F N
S 5 o Streamer
S g 10r o Townsend
5201 2
pes &
3 o Streamer s 5
=0t / ° o Townsend 2 °r
0 \ . . . ) 0 , . . . . )
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 3000
Apparent charge quantity [pC] Apparent charge quantity [pC]

(¢) Mean frequency band 4—7 MHz to apparent (d) Mean frequency band 40 — 50 MHz to ap-
charge quantity. parent charge quantity.

Figure 6.11: Relationship between RF signal internal discharges and apparent charge
quantity.

Frequency band Townsend Streamer
(MHz) R m  [mV/pC] R m  [mV/pC]
0.8—-3 0.9622 0.0048 0.5103 0.0018
4-7 0.9505 0.0271 0.9874 0.0393
1-30 0.8807 0.0076 0.8559 0.0145
40 — 50 0.6429 0.0085 0.8642 0.0788
60 — 100 0.7371 0.0015 0.7528 0.0304
300 — 3000 0.6855 3.3998¢~° 0.7258 1.4360e*
(a) Spectrum parameters.
Waveform parameter Townsend Streamer
R m R m
Vieak: 0.8214 6.3880e>  [mV,/pC] 0.7831 6.917le~* [mV,/pC]
Vop 0.8291 1.2533¢™*  [mV,,/pC] 0.7259 0.0011 (mV,,,/pC]
Energy 0.9037  6.7242¢718  [J/pC] 0.8967 9.6938¢~ 17 [J/pC]

(b) Waveform parameters.

Table 6.4: Value of regression coefficient R and slope m of regression line for internal
discharges.
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6.3.5 Surface discharges

Similar to the discharges of positive corona, the wave-shapes of the surface discharges show
a lot of variation. The surface discharges excite resonances in very high frequencies as seen
in fig. 6.12. The frequency distribution of the surface discharges is very different from the
previous discharges. The insertion of a spacer in GIS does change the inner structure and
as a result the changes in resonances.
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Figure 6.12: RF signal and frequency spectrum produced by a surface discharge.

The relationship graphs of the waveform and spectrum parameters to the apparent
charge quantity show little correlation. The surface discharges have the possibility to
propagate in all directions over the surface resulting in different angle of observations for
successive discharges. The PDs are picked up differently by the UHF antenna and as seen
for the waveform parameters the regression drops drastically. This is also the case for the

frequency characteristics of the surface discharges although to a lesser effect as can be seen
in fig. 6.13.

Frequency band

(MHZ) ft mn [mV/ pC] Waveform parameter
0.8—3 0.4760 9.3301e* R m
A= 0.6670 - 0.1010 Vieak 0.1956 8.741le=®  [mV,/pC]
1-30 0.6329 0.6033 _4

Vop 0.2536 1.9624e mVp,/pCj

40 =50 0.2925 - 0.0065 Ener 0.3446 1.1850e~'7  [J/pC]
60 — 100 0.2906  0.0020 &y : : P
300 — 3000 0.2746 3.4231e™4 (b) Waveform parameters.

(a) Spectrum parameters.

Table 6.5: Value of regression coefficient R and slope m of regression line for surface
discharges.
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Figure 6.13: Relationship between RF signal surface discharges and apparent charge quan-
tity.

6.3.6 Discussion

The results of the experiments with the combined RF and apparent charge measurements
show for almost all tested defects a linear relation of one of the waveform or spectrum
parameter to the apparent charge. A selection based on the regression coefficient R (see
table 6.7) result in the parameters that have shown an adequate linear relationship to the
apparent charge. The corresponding slopes of the regression lines m are bundled together
in table 6.6 for comparison of the defects to one another. Table 6.6 shows no correlation
between the slopes of the different insulation defect for the corresponding RF parameters.
This indicates that the linear relationship for each type of defect is unique and as a result
the RF signals cannot be calibrated using the exact same calibration procedure.

The differences in the regression curves are as a result of a multitude of variations in
the defect sources. During the experiments, factors such as the dimension of the chamber,
location of the defect and the response of the measurement system are kept constant as
much as possible. The insulation defects themselves have resulted in variations of:

1. Type of PD phenomenon. The different insulation defects have resulted PD
phenomena with varying RF waveforms. Discharge types such as the Townsend
or Streamer mechanism have shown different energy distribution in the frequency
spectrum as seen for internal discharges in section 6.3.4. The resonances are also
affected by the discharge magnitude. The frequency distribution varies along with
the discharge magnitude, such that linear relationships to RF parameters might not
hold over large magnitude variations.
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2. Angle of observation. The orientation of the discharge to the antenna greatly
affects the picked up RF waveform. The effect of it can be seen the sections 6.3.3
and 6.3.5 for positive corona and surface discharges. For both defects, the discharge
paths vary per discharge and thus also the RF waveform. As a result no convincing
regression lines could be fitted over the dataset of these type of insulation defects.
The angle of observation is thus a major drawback for the RF measurement for
defects experiencing varying discharge paths.

The differences between the different insulation defects in the RF parameter regression
curves create a potentiality in isolating and differentiating individual PD sources within
data. An example of which is seen in the correlation graphs of the internal discharge in
fig. 6.11. The graphs show a good separation for the different PD mechanisms for the RF
parameters. This is also the case for multiple insulation defects in the same dataset as
seen in fig. 6.14. The plots can be based on RF parameters plotted against the charge
magnitude. The RF parameters

Mean spectrum [1-30 MHz]
Mean spectrum [1-30 MHz]

i P I EERa HES Positive Corona
10 ' B R R TR T ©  Positive Corona 10 *  Negative Corona
U CERRNTUUNH % Negative Corona H ¢ W ] © Surface Discharges
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Apparent charge quantity [pC] Energy [J]

(a) Mean frequency band 1 —30 MHz to appar- (b) Mean frequency band 1 — 30 MHz to RF
ent charge quantity. energy.

Figure 6.14: Separation of PD sources based on RF parameters.

The quantification of the charge magnitude for certain RF parameters make defect
recognition for insulation defects using DC recognition graphs possible. With prior knowl-
edge of useful RF parameters, a time resolved discharge pattern with quantifiable charge
magnitude data using only the UHF antenna can be retrieved from the RF waveforms
originating from negative corona. This is seen in fig. 6.15. The visual tools such as the
DC recognition plots in fig. 6.16 can help aid in the identification of the insulation defect
as was discussed in chapter 5.
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Figure 6.15: Time-resolved PD pattern of negative corona.
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Floating component

Negative corona

Positive corona

Internal discharges

Spectrum parameters Streamer Streamer Streamer Townsend  Streamer
Frequency band (MHz) m [V/pC] m [mV /pC] m [mV /pC] m [mV /pC]
0.8—-3 0.0048
4-7 0.0022 0.0273 0.0271 0.0393
1-30 0.0014 0.0167 0.0076 0.0145
40 — 50 0.0153 0.0759 0.0788
60 — 100 0.0085 0.0238
300 — 3000

Floating component

Negative corona

Positive corona

Internal discharges

Waveform parameters Streamer Streamer Streamer Townsend  Streamer

Vieak 9.8720e~*  [mV,/pC] 6.3880e > [mV,/pC]
Vip 0.0017 [mV,,/pC] 1.2533¢~4 [mV,,/pC]
Energy 1.2218¢716  [J/pC] 6.7242¢718  9.6938¢~17 [J/pC]

Table 6.6: Selection of regression line slopes m of RF parameters to the apparent charge for multiple insulation defects.



Floating component

Negative corona

Positive corona

Internal discharges

Surface discharges

Spectrum parameters Streamer Streamer Streamer Townsend  Streamer Streamer

Frequency band (MHz)

0.8-3 0.4524 0.0163 0.5891 0.9622 0.5103 0.4760
4-7 0.8036 0.7271 0.8471 0.9505 0.9874 0.6670
1-30 0.8960 0.8150 0.4674 0.8807 0.8559 0.6329
40 — 50 0.9441 0.9350 0.4134 0.6429 0.8642 0.2925
60 — 100 0.8510 0.8882 0.0728 0.7371 0.7528 0.2906
300 — 3000 0.3577 0.5677 0.0623 0.6855 0.7258 0.2746

Floating component

Negative corona

Positive corona

Internal discharges

Surface discharges

Waveform parameters Streamer Streamer Streamer Townsend  Streamer Streamer
Vpeak 0.5448 0.8182 0.3427 0.8214 0.7831 0.1956
Vop 0.5245 0.8738 0.3306 0.8291 0.7259 0.2536
Energy 0.4674 0.8669 0.4942 0.9037 0.8967 0.3446

Table 6.7: Regression coefficients R of RF parameters to the apparent charge for multiple insulation defects.



Chapter 7

Conclusions and
Recommendations

The object of this thesis was to obtain diagnostic information from DC GISs using electrical
PD detection methods. The thesis research was accomplished using several test techniques,
experimental set-ups and analysis in the time and frequency domain. The results of the
PD measurements concerning DC recognition of PD sources and the comparison of RF
parameters to the apparent charge quantity are discussed in section 7.1. In section 7.2,
recommendations regarding further research into DC PD monitoring of GIS are presented.

7.1 Conclusions

7.1.1 Recognition of PD under DC

Calibrated PD measurements were performed using the IEC method for the discharge
types: floating component discharges, corona, internal discharges and surface discharges.
The experimental set-ups for the defect types are validated by analysing the PRPD pat-
terns in AC.

In DC the time-resolved pattern yields the parameters charge magnitude ¢ and the
time of discharge occurrence t;. Using these parameters, the characteristic graphs ¢syece — ¢,
Atprece — ¢, Atsuce — g and the distribution of g are derived. These graphs are visual tools
for understanding the PD sequence of the PD source. Additionally the repetition rate of
the discharges and the memory effect or the lack of spotted in the discharge sequence are
used to detect the insulation defects of floating component, needle protrusion, internal
cavity and surface discharges.

The pulse sequence analysis of time-resolved PD patterns is not able to differentiate
multiple defects or separate noise signals. To achieve better performance, separation of PD
data based on the PD source should be undertaken prior to using this analysis. Separation
and identification of PD sources using RF parameters as shown in fig. 6.11 and fig. 6.14
show possibilities using only RF sensors.

7.1.2 RF method

The research into the relationship between parameters of the RF waveform and the ap-
parent charge quantity shows that the captured RF waveform is dependent upon several
factors among which the resonances, location of the defect with respect to the antenna
and the PD source.

Quantification of the charge magnitude is achieved for the defect types floating com-
ponent, negative corona and internal discharges with a multitude of RF parameters. The
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parameters that have shown promise are the RF energy and energy content between certain
frequency bands.

The steepness of the PD pulse influences both the frequency content and the en-
ergy content of the frequency spectrum. This variation result in differences measured for
different discharge mechanisms and discharge magnitudes for the same RF parameters
preventing direct comparison to different insulation defects.

A limitation was discovered for this method concerning the orientation of the PDs to
the sensors. This limitation obscures the linear relationship for RF parameters to the
apparent charge for positive corona and surface discharges.

The relationship of RF parameters to the apparent charge quantity can aid in noise
separation, recognition and discrimination of multiple defects.

7.2 Recommendations for future research

The experiments performed in this research project are an initial step towards establishing
a PD monitoring system for DC GIS. Further research is necessary and could focus on:

e The severity of PD sources on HVDC equipment. The PDs in DC have a different
repetitive nature and varying sequential charge magnitudes. As a result the accept-
able PD levels for AC might not suffice and the criticality of PD in DC must be
researched to determine acceptable levels.

e The effect of insulating gases. The results of all the experiments have been achieved
with air as insulating medium. The electro-negative gas S Fg will affect the discharge
mechanism, the PD pulse and the discharge magnitude that will change the RF
waveform completely. The electro negative gas will also see to a change in the
memory effect of PDs resulting in possible different DC recognition graphs.

e The experimental results using the RF method have taken place with a fixed distance
to the UHF antenna. Research should be carried out into varying distances between
PD source and sensor and the effect it has on the RF signal and the relationship of
the RF signal parameters to the apparent charge quantity.

e PD source localization techniques. Usage of multiple sensors and time of arrival
techniques can determine the PD source location which can have the added function
of multiple PD source identification. The location of the PD source can also possibly
predict the insulation defect.
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Appendix A

Spectrum Analyser Fundamentals

Amplitude
(power)

Time domain \
Frequency Domain

Measurements
Measurements

Figure A.1: Time and frequency domain of a signal[57].

Two types of SA are differentiated between determined by the method used to obtain
a signal spectrum:

e Super heterodyne Swept-Tuned SA uses a Local Oscillator (LO) and a mixer
to shift the preprocessed measuring signal to an Intermediate Frequency (IF).

e Fast Fourier Transformation (FFT) SA digitizes the time domain and applies
digital signal processing techniques to decompose the signal into sinusoidal signals
of different frequencies.

The block diagram in fig. A.2 describes the process of spectrum analysis of an input
signal by the super heterodyne swept styled SA. The signal passes through an input
attenuator and followed by a low pass filter. The signal is then mixed with a sinus from
the LO outputting a signal that is composed of the frequencies of the two original, their
harmonics and the sum and differences of these frequencies. The signal is passed through
a bandpass filter with a bandwidth called the RBW used as a window to detect and pass
only the wanted frequencies. A ramp generator sweeps the LO frequency through the span
of desired frequencies that are displayed in windows of RBW bandwidth on the screen.

The x-axis on the display is linearly calibrated in frequencies and adjusted by setting
the central frequency and then the span at the right and left of the central frequency. The
y-axis shows the amplitude of the signal either in volts (linear scale) or in dB (logarithmic
scale).
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Figure A.2: Spectrum Analyser block diagram [57].

The IF filter is a circuit that needs a finite time to charge and discharge to detect the
amplitude of the signal. The processing of the signal cannot be achieved too fast or a
loss of signal would result. For this, the ST, the time in which the RBW window passes
through the span of signals, is taken into account. The minimum ST is thus dependent
on the span and the RBW as shown by:

_ k(span)
ST = REW? (A1)

Detection Modes

The signal is displayed in a number of discrete points or bins on the screen. Each of
these points represents the information over a frequency range (RBW) by a certain time
interval. Each of these intervals or bins contain data from both a time and span frame of
which the relation is:

span

tracepoints—1

e Time bin width: Tracepoints—1

e Frequency bin width:

Within these bins the data can be represented according to six detection modes which
are:

e Sample detection modes that saves the instantaneous amplitude in the center of
each bin good for showing the fluctuations within a bin.

e Positive peak only looking at the maximum within the bin.

e Negative peak in the same way as positive peak, but looking at the minimum in
the bin.

e Normal detection mode shows the positive peak in the odd-numbered buckets and
for the even-numbered buckets the negative peaks. These peaks are the minimum
or maximum of not only the bucket measured but also the bucket before to ensure
no peak is missed.

e Average is the detection mode that averages the trace point within a bin and
displays the single average.

e Quasi-peak detection by detecting the charge rate of a signal and thus also result
in information on the repetition rate within a bin.
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Sensitivity

The measurement of a low-level signal is hindered by the noise generated by the SA itself.
The noise is amplified by the several amplification stages and displayed and known as the
Displayed Average Noise Level (DANL).

The input attenuator, the mixer, the amplifiers and other internal circuit elements
produce noise that add up to the overall system noise. The additional noise has a constant
amplitude over the span and gets amplified at the IF gain stage before reaching the IF
filter. The noise power level that is passed through the filter is dependent on the RBW
and it is seen that for continuous wave signals the best SNR is achieved by narrowing the
RBW to a minimum, while for pulse signals the contrary holds true and a better SNR is
achieved with larger bandwidth.
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Appendix B

Amplifier response
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Figure B.1: Frequency response of HF amplifier III.
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Figure B.2: Frequency response of HF amplifier IV.
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