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Summary

An improved high bandwidth experimental setup (1.6 GHz) was developed which enables
us to measure the inception voltage, the waveform and the apparent charge of partial
discharges in artificial voids in solid insulating materials. From the measurements we
determine the real charge involved in partial discharges (PO) in cylindrical voids in
different materials as a function of geometric parameters.
The margin between the inception voltage for internal void discharges and disturbing
external discharges has been enlarged by using oil instead of SF6 gas as the insulating
medium at the edges of the high-voltage electrode (triple-points).
Several models are used to describe and further investigate PO-mechanisms. Simplified
models describe only the amount of charge involved in the partial discharge. More
sophisticated simulation programs describe the physical discharge processes in the void.
In this work we discuss a I-dimensional discharge model with a 20 field calculation and
a 2-dimensional rotationally symmetric discharge model with a 3D-field calculation.
These models are used to obtain a better insight in the relevant mechanisms and processes
from the combination of measurements and simulation data.
A central issue of this thesis is formed by the investigation of the relevance of secondary
electron emission in PD's.
As a first introduction we have looked at the PO-current waveforms for different
materials.
The experimental studies have shown that the values for the inception voltage correspond
well with the theoretically calculated inception voltages according to the "field reduction
model" in which the critical streamer criterion was used. Values for the apparent charge
(real charge) correspond well with the theoretical values from the accumulated charge
model and the field reduction model for air filled voids.
The deviations can be due to the fact that the model does not take the surface conductivity
of the void wall into account. The I-D hydrodynamic model simulations give a good
qualitative description of the phenomena. The trends of externally measured quantities
correspond with those predicted by our models.
In contrast to the assumptions made, based on the relatively high pressure and relatively
small void geometries taken into consideration, it was concluded from the results of the
2-D hydrodynamic discharge model simulations that for small voids we have to take
diffusion into account. The 1-0 model is not fit to describe this properly.
Future work has to be focussed on a further investigation of PD-mechanisms and the
ongoing development of more accurate models. Of major importance is the development
of an "engineering model" based on the insights gained from this laboratory research for
the correlation between measured quantities and void geometry.



CONTENTS

chapter
1. INTRODUCTION

page
1

2. THEORETICAL ANALYSIS 2

2.1 Introduction 2

2.2 Coupling between void and external circuit 3
2.2.1 ABC-capacitance model
2.2.2 Energy considerations
2.2.3 Ramo-Shockley considerations
2.2.4 Field approach

2.3 Void discharge models 12
2.3.1 Accumulated charge model
2.3.2 Field reduction model
2.3.3 Dipole-model
2.3.4 Hydrodynamic model

2.4 Hydrodynamic model 22
2.4.1 1-D discharge model, with 2-D field model
2.4.2 2-D discharge model, with 3-D field model
2.4.3 Simulation time and improvements in efficiency of field calculations
2.4.4 Response of the measuring system

2.5 Some applications 28
2.5.1 Inception field and inception voltage of discharges
2.5.2 Real charge and apparent charge
2.5.3 Current waveforms i(t)

3. LITERATURE SURVEY ON PHOTO-EMISSION DATA

3.1 Gase phase photo~ionization

3.2 Photo~ionization of secondary electrons from surfaces

30

30

33



4. COMPUTER SIMULATIONS 38

4.1 I-D discharge model 38
4.1.1 Influence of different parameters on the discharge phenomena
4.1.2 Estimation of process constants by comparison of measured

and simulated current waveforms i(t)
4.1.3 Simulation of measured waveforms

4.2 2-D discharge model 47

5. THE EXPERIMENTAL SETUP 48

5.1 Ramo-shockley considerations 48

5.2 Margin between inception voltage of internal and external discharges 49

5.3 Boundary Element Method (B.E.M.) calculations 52

6. RESULTS AND DISCUSSION 53

6.1 Measured current waveforms 53

6.2 Measured apparent charge qapp and inception voltage Ville for different 57
materials and conditions

7. CONCLUSIONS AND RECOMMENDATIONS 64

Literature

Appendix 1 Fotographs of the experimental setup
Appendix 2 B.E.M. plots of: * Electrode configuration

* Field amplification at the edges of the electrodes
(equipotential Jines)

Appendix 3 Considered insulating materials
Appendix 4 Measured partial discharge currents i(t) for various materials
Appendix 5 The equipment used



1. Introduction

In electrical power systems the quality of the insulation plays a crucial role for every
component on the way from supplier to consumer (e.g. generators, high voltage
substations, transmission lines, high voltage cables and transformers). The tuning in
insulation level of the different components in relation to protective equipment is called
the insulation coordination. In the choice of insulating media the cost aspect and lifetime
are decisive criteria. Examples of insulating media are gases (air, SFrJ, liquids (oil) and
solid state materials (ceramics, synthetics).
Epoxy spacers are widely used in gas insulated substation (G.I.S) systems to support the
inner conductor mechanically. Inherent to the practical production techniques used to
make the spacers there are always contaminations (small metal particles and dust) and
voids present to some extent which cause field enhancement and can also give rise to the
occurance of partial discharges at a certain voltage.
In case of a cylindrical void the field is enhanced by a factor er (if we neglect distortion
at by edges). In case of a spherical void we can get a field strength in the void between 1
and 1.5 times the unpurturbed value of the field (dependent on the insulating material's
dielectric constant). More important however is the fact that the breakdown strength of
the gas is much lower than the breakdown strength for the solid dielectric and that this
can give rise to partial discharges in the void.
These effects shorten the lifetime of the spacers in that the dielectric is slowly
deteriorated locally which eventually can lead to failure of the component (a complete
breakdown between the inner and outer conducter). In that case the GIS-system has to be
taken out of operation for repair and replacement of components which are damaged.
Since the system is not as easily accessible as an open (air insulated) substation this takes
time which of course is money in terms of non delivered energy (in the worst case).
The same kind of production failures can occur in the production of high voltage cables,
transformers and generators. The effects on the lifetime and occurence of failures are
similar.
To develop better tests which enable us to detect defects like very small gas filled cavities
and also to get a better understanding of the processes involved (which eventually lead to
a complete breakdown) we need to study the important parameters involved in the PD.
In this work we have studied the characteristics of partial discharges in artificially
produced gas filled voids. We have verified theoretical scaling relationships derived with
the help of several models. The emphasis in this work is on the importance of photo
emission of secondary-electrons from the solid dielectric surface by considering different
insulating materials.
In the next chapter we will discuss the considered modeling concepts followed by a
discussion on photon-related data in chapter three. Computer simulations are a powerfull
tool for the study of and description of the processes governing partial discharges as will
be shown in chapter 4. Experiments and the obtained results are discussed which have led
to several new insights and are followed by conclusions and recommendations.
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2. THEORETICAL ANALYSIS·

2.1 Introduction

The measuring principle will
explanation is given.

briefly. In chapter 5 a more detailedbe explained
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Electrode geometry with cylindrical void, and typical measured PD-current
waveforms for various void heights d. Void radius rc=l mm, insulation thickness
D =1.4 mm, voltage 4 kV rms.
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Fig. 2. 1

In figure 2.1 the void geometry is shown together with some fast current measurements
on partial discharges in artificial voids in polyethylene (PE) made in earlier investigations
by Wetzer et al. l . The amplitude of the a.c.-voltage over the dielectric under test is
slowly increased until discharge activity occurs. On the considered timescale the voltage
over the dielectric is constant. The partial discharge induces charge on both the upper
electrode and the measuring electrode, which induces a current through the 50 (2

measuring impedance R. Integration of this current yields the apparent charge which is
related to the real charge in the void that corresponds to the partial discharge activity.
These are the main quantities important for the behaviour of equipment with respect to
avoidance of partial discharges.
A direct measurement of the charge involved in the partial discharge is not possible since
the void is not accessible in practice.

In the following we will first discuss the relation between quantities in the void and
quantities in the external circuit. We will present and discuss several modelling concepts
for partial discharges. Finally we will present some practical implications.

* All the media are considered homogeneous, linear and isotropic in this work.
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2.2 Coupling between void and external circuit

In this section we present the coupling between the spatial charge movement in the gas
filled void and the external current induced. Several methods are discussed, the first three
of them all yielding the same final results but based on completely different approaches.

Current (left) and
voltage (right)
induced by a
charge crossing a
gap.

Figure 2.2
(2.1)i = qE (x) _dx_ = --=qv.,--E.....;.(_xc-)

V dt V

where v=dx/dt is the velocity of the charge in the
direction of E.

A charge q crossing a gap under the influence of a (yet arbitrary) field E(x) induces a
current i in the external circuit until it reaches the other
side, see figure 2.2. The electrical energy input iVdt
supplied by the source in a time interval dt equals the
work W=qEdx done by the electric field to move the
charge over a distance dx. For the current we can write

The duration of the current pulse is equal to the
charge's transit time. When the charge q reaches the anode it's neutralized by the image
charge, which during the transit time has grown to -q, and all activity ceases.

For a homogeneous field and constant charge q the current pulse is rectangular
(see figure 2.3) and (2.1) becomes:

i= qv
d

d: gap spacing [mm]

In a homogeneous field configuration we
can observe the growth of the charge q(t),
when q is not constant and from this for
example determine the ionization
coefficient Ct. The drift velocity v is
determined from the transit time.

Figure 2.3 Current in external circuit jor a
constant charge crossing a gap
in an homogeneous field (left)
and inhomogeneous field (right).

In an inhomogeneous field the current pulse drops considerably with time for constant
charge q, see figure 2.3. Not only the field E(x) drops during the crossing, but also the
velocity v in the region of low field.
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In inhomogeneous fields the charge often crosses only part of the gap. This occurs in the
case of corona, partial discharges and for a.c. voltages were the charge transit times are
larger than the halfcycle period.
When the charge crosses the gap completely, an amount of charge also equal to q flows
through the external circuit. If the charge crosses only a part of the gap, say Xl' and
thereby traverses a voltage difference d V, a charge equal to the appaicnt chaige qa
flows through the external circuit. Integration of Equation (2.1) yields PP

q =!idt=:I!E(x)vdt=:I!E(x)dx=q IiV
app V V V

It is clear that the qapp to q ratio can be much smaller than one.
The current in the external circuit can be considered to result from the change in electric
flux towards the electrodes and the corresponding varying charge on the electrodes. This
current is, of course, influenced by the external circuit. In the extreme case that the
circuit is interrupted, no current flows at all, see figure 2.2. The moving charge still
causes a change of electric flux towards the electrodes, which is however compensated by
a displacement current aD/at. The work done by the field is now provided by the
capacitive energy

and therefore the voltage across the gap drops.

2.2.1 ABC-capacitance model

Capacitance model.Figure 2.5PD-testing circuit.Figure 2.4

If we take the PD-testing circuit of figure 2.4 and figure 2.5 into consideration we can
derive [see Kuffel and zaengI2]:

(2.2)

in which measured charge
coupling capacitance between the high voltage electrode and the
ground electrode
capacitance of the PD test object
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Rd: damping resistor
R: three 150 {} parallel resistors in star configuration
Zo: characteristic impedance of the coaxial cable and terminating

impedance of the oscilloscope

C'C'
C =C'+ b c =C'

t a , , a

Cb+Cc

Ca ': testobject capacitance of the region outside the void
Cb': testobject capacitance of the region in series with the void
Cc': equivalent "void capacitance" (see also McAllister3!)

If we fulfil the condition Cc~ C1 the measured charge will be equal to the apparent
charge:

(for Cc > > ct>(2.2a)

This relation describes that if the coupling capacitance (which is essential in PD
measurements!) is much larger than the capacitance of the testobject the voltage source
can be considered to be decoupled. On the timescale considered the discharge current is
fully compensated by the coupling capacitance.
In theory the PD-measurement impedance could also be located in the branch of Cc in
figure 2.4, as in many of the used setups in practise. For fast time-resolved PD
measurements however it is more advantageous to directly measure in the branch of the
testobject C1 for a better sensitivity and better high-frequency response.

With the help of a capacitance representation we consider the dielectric with void shown
in figure 2.5. A yet arbitrary charge qYoid crosses capacitance Ce'. Part of this charge is
compensated for by a charge dqa = Ca'dV from capacitor Ca'. The apparent charge is
defined as the charge "lost" by the complete capacitor:

, ,
qapp =c,av=[C~+ ~bCC ,laV (2.4)

Cb+Cc

Evaluation of initial and final situation in case of PD-activity in the void yields
(see figure 2.6):

(2.5)

(2.5) in (2.4) gives the sought relationship between the external quantity qapp and the
internal quantity qyoid

(2.6)
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In case of a cylindrical void this simplifies to (see figure 2.1)

q 'dq = vo~

app D-d
1+-

f, rd
(2.7)

in which D:
d:

dielectric gap between the electrodes
void height [mm]

[mm]

Equation (2.7) will be used in chapter 6 to calculate the real charge from the measured
charge qm (which equals qapp' see formula (2.2a» out of integration of the current in the
external circuit.

Q
@

Q .Q
®8 =r::=---c ®a I,a [q

I

Some remarks on the
ABC-capacitance model:
The capacitance of the
system is not affected by
partial discharges. The
concept of capacitance
implies that the field is
Laplacian. In the
presence of space charge
the field is not
Laplacian, but a
Poissonian space charge
field.

before

Figure 2.6 Situation before and after a charge q crosses the
dielectric ill a capacitance representation.

The void surface cannot be considered an equipotential plane and the capacitance
representation has no physical meaning apart from that it consideres moving charge and
describes the relation between apparent charge and the real charge involved in the
discharge correct!y.

2.2.2 Energy considerations

With an evaluation of energy considerations we can derive the same results as above4
•

This will not be done here. We will only mention some of the relevant aspects:
Part of the energy considerations are given in §2.2 and figure 2.2. The energy balance
should include the change in electrostatic energy content and, with regard to the work
done by the field, the "real" field should be used, i.e. the field experienced by the charge
during its motion. The use of the correct approach becomes more important as q
increases, and becomes a necessity when we consider partial discharges (as in this work),
where a considerable fraction (if not all) of the charge at the surfaces of a void is
involved in the discharge.
Furthermore for more than two electrodes the energy consideration becomes too
complicated for an easy evaluation, even for homogene dielectric constant. To overcome
this we make use of a concept of Ram05 and Shockley6.

6



(2.8)

(2.9)

2.2.4 Ramo-Shockley considerations4 ,*

The application of energy considerations to the evaluation of external currents due to
moving charges becomes complicated if more than two electrodes are present, even in
case of e,= 1. We then have to consider the flux change for each individual electrode, and
the resulting change in induced charge. To solve such a problem, a concept was
developed by Ramos and Shockley6.

Out of Maxwell's equation (Gauss's law)

fD·ndA=IIIpwdV=qtot
A

Pw: real charge density [e/m3
]

and applying Green's theorem which states that, for each pair of scalar fuchtions V and 4>
in a closed volume V with boundary A

JII (W2~_~V2V)dV=! ('It ~~ -~ ~) dA

in which v and 4> are scalar functions, this concept evaluates the current flowing through
the external circuit for a multi-electrode system in which a charge q moves.

We are interested in the change of the charge on electrode A as a result of the movement
of charge q, out of (2.8)

. dqA d,t;)-
~A= dt = dtJD • ndA

A

We consider a volume V that is bounded by a closed surface through all the electrodes
and by a small (hypothetical) sphere around q. Next to the real situation we consider two
hypothetical situations; in the first one all electrodes are grounded but the charge still
moves along its real trajectory; in the second situation electrode A has its real voltage,
but the charge is taken out of the sphere, see figure 2.7.

We interpret the functions 'lr and 4> as the electrostatic potentials in situation I and 2. In
both cases the volume is free of charge and A.Uj =v2Uj =A.U2 =O. Further in situation 2
the sphere is free of charge and therefore

fVU2, sphere. ndA=O
A

Applying Green's theorem we obtain

(2.10a)

* (See e.g. also Electromagnetism 2 §III.8 syllabus nr. 5643)
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(2.1Gb)

VA

HYPOTHETICAL CASE 2HYPOTHETICAL CASE 1REAL SITUATION

Here US2 is the electrostatic potential of the sphere in situation 2, which is to be
differentiated along the real trajectory of the charge. Hence, we may evaluate the current
flowing through the lead towards electrode A by regarding the field component parallel to
the charge's trajectory in the hypothetical situation where all electrodes except A are

gr::r 0/ 0 ~
1/ /q

v

Figure 2.7

(move q over real (re~ove q)

trajectory)

Ramo-shockley evaluation jor the current iA induced in the lead to electrode A by
a charge q moving in a multi-electrode sytem.

Equation (2.10) is a generalized version of equation (2.1) and application to a two
electrode system yields equation (2.1). Note that the field E2 , used in equation (2.10) is a
vacuum field since the charge q has been removed in situation 2. This remains true if
more charges are present; we then consider spheres around each charge and add all
contributions US2q. Stationary charges contribute to qA' but do not cause a current iA . If a
dielectric with Gr ~ 1 is present between the electrodes, the Ramo-Shockley concept is
valid, but all moving charges have to be taken into account. Inside the dielectric a large
number of paired charges (dipoles) each move very little, as a result of the change of
polarization. The net result is as if an amount of charge traverses the dielectric to increase
the polarization charges at the surfaces of the dielectric to its new values. If therefore a
charge moves in a gas or in vacuum, additional charge motion is induced in a nearby
dielectric, corresponding to the change of polarization caused. We will illustrate this for
the electrode system with two dielectrics as shown in figure 2.8. Applying the Ramo
Shockley concept with the vacuum field

to all moving charges we obtain
t1qp in the second term is the polarization charge that moves from x=D=dJ +d2 to dJ
resulting from the charge q's movement from x=O to dJ• The polarization charge at the

8



interface of solid dielectric and gas is
found from Gauss's law. Because we want
the polarization charge to show up
explicitly in the equations we use the
vacuum formulation where er ¢ 1

£ofE. dA=CJ+CJp

A

In addition we use Gauss's law in the
"dielectric" formulation where
polarization charges are incorporated in
the dielectric constant

fJ3 ·fidA=CJ

A

Figure 2.8

0 CD V1

Ivacuu

Ga s::ian
0 S\lrfl!e-e d,

--7 x

Relation between a moving
charge in region J (gas) and
polarization in region two (solid
dielectric).

CJ and CJp are the surface charge densities of free charge and polarization charge.
Application of these two equations to the Gaussian surface of figure 2.8, before and after
the charge crosses the gap, yield

_ _ d 1 (l-e r)
I:1qp-qp.after- q p,betore- d +e d I:1qp

2 r 1

As a result, the apparent charge becomes

_ crd1 _ q
qapp - d +£ d q - d

2 r 1 1+_2_
Erd1

which is consistent with the outcome of the ABC-capacitance evaluation as given in
equation (2.7) and the energy considerations.

2.2.4 Field approach

We can distinguish between two types of induced charge and will use the terminology
recently adapted by Pedersen et a1 7:

The Poissonian induced charge is that component of the induced charge related to the
Poissonian field established by the space charge, i.e. in figure 2.2 the image charges on
the electrodes which are indissolubly linked to the charge qapp'

The Laplacian induced charge is that component of the induced charge related to the
Laplacian field associated with the conductor potential.
Note that when i =0 (i.e. before and after the event) these two components of the induced
charge must be equal.

9



A discharge in a void results in the deposition of charges on the void surface A. The
surface charge density a will attain such values that the field within the void will be
reduced until the discharge is quenched. From superposition the induced charge related to
the charge distribution on A can be expressed a_s7 .8 ,9,IO,1l,12,13

qapp=- f}.. .adA
A

in which A is a scalar function dependent on the position of dA only. The A function is
given by Laplace's equation

\I. (e \I},,) = 0

e: permittivity [As/Vm]

The boundary conditions are A=1 on the electrode under consideration where qapp is
induced and A=O at all other electrodes. In addition the following condition must be
fulfilled at the void walls

where A is differentiated in the direction normal to the surface, er is the relative
permittivity of the solid dielectric and 1 refers to the dielectric side of the surface element
and 2 the void side.
The potential U at any point can be expressed as U=AV in which V is the applied voltage
and therefore Laplace's equation (space charge free electrostatic field) for A can be
evaluated.
The magnitude of induced charge on electrodes can give information related to the
location and distribution of space charges in a dielectric. The electrostatic field in a void
generated by moving charges decreases rapidly with distance and can due to the presence
of charges, with equal magnitudes but opposite polarities, which are displaced relative to
one another, be represented as an electrical dipole seen from the outside of the void
(since the net charge in the void remains zero).
Through this field-theoretical approach a dipole moment Jl. relates the discharge activity in
the void and the subsequent surface charges to the Poissonian induced charge qapp on the
electrode-system. The dipole moment JJ.(t) of the charges deposited on A is given by

fl=JIOdA
A

r: radius vector locating the position of dA.

This Poissonian induced charge fJapp(t) arising from the dipole becomes

qapp ( t) = -fl (t) • 'VX (2.21)

Out of measurement of qapit) and information on the void geometry and location we can
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determine this dipole moment.
This requires knowledge of A. Due to the presence of the void direct calcution of A
becomes complicated. We can simplify the procedure by considering the value which A
would attain at a location identical to that of the void, but with the entire dielectric system
now assumed void-free. This function will be denoted as AO and its relation to A is given
by

1<k<€r(2.22)

in which Gr is the relative dielectric constant of the solid insulating material.
Since voids in insulation materials are usually close to spherical or ellipsoidal in shape the
considered transients due to discharge activity are considered for these geometries (here).
This has the advantage that we can easily derive analytical expressions for VA.
For a spherical void k is given by

(2.23)

So the relation between the Poissonian induced charge and the space charge induced
dipole-moment is given by

(2.24)

uniform field (capacitor)

The net Poissonian induced charge on the surface of the conducting electrode is strictly
proportional to the resulting dipole moment fJ.. This dipole represents the field distribution
in the bulk dielectric outside a void. For VAO we can derive

aAo 1
-=--
an D

aAO=
an

1
brln(-)
a

coaxial cylinders (cable and G.I.S.)

aAO-=----
an

concentric spheres

in which D is the gap length, r is the distance to the void from the axis or point of
symmetry, a and b are the inner and outer radii of the electrodes.

Note: with respect to partial discharge evaluation, the concept of fJ. is derived from a
multipole expansion and thus J.I. cannot be used to estimate the actual field distribution
inside the void.
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2.3 Void discharge models

In this paragraph we will give an overview of some modelling concepts for void
discharges. The models not based on the physical processes taking place in the void only
yield a description for the induced charge on the electrodes and the inception voltage, in
contrast to the hydrodynamic model which also gives time-resolved information on the
different charge species moving in the void.

2.3.1 Accumulated charge model14,15

The simplest model makes use of the comparison between the "saturated" charge
determined by measurements and the value of the charge accumulated at the void surfaces
prior to the discharges (here called "accumulated charge model").
We model the void volume as being a capacitor with gas as the insulating medium
between two circular plates.

€A 2Q=CV=-Ed=eAE=e nr E .d 0 void
(2.25)

This model only gives values for the measured charges and not for inception voltages at
which the PD-activity starts.

2.3.2 Field reduction mode1 1,14,15

This model regards the amount of charge that is needed to
reduce the void field from an inception value to an extinction
value. From the continuity of the total current density
(conduction and displacement current) we can derive for the
parallel plate capacitor configuration of figure 2.9 with two
dielectrics :

[0 I +jweoer1]E1=[O2 +jw£o£r2]E2

E1 °2+jW€O€r2

E2 0 1+jW€O€rl

in which
aj: conductivity of medium i
ej: dielectric constant of medium i
Ei : electrical field in medium i
w: frequency

Figure 2.9 Parallel
p I ate
capaCitor
with two
dielectrics

For low frequencies a/a) determines the field distribution whereas for high frequencies
e/e2 determines the field distribution. For many insulating materials 50 Hz can be
considered as high frequency, as is the case for the synthetic materials considered in this
work. The magnitude of the electrical field is determined from the voltage over the
electrodes:

12



(2.26)

If one of the dielectrics is a gas (or vacuum) €r=l. From these formulae we can derive
the relationship between the field in the gasfilled region and the external voltage V:

E = V
1 d

d +_2
1

£r2

El~ E r2 E 2
field enhancement

E t continuous

no field enhancement

Figure 2.10 Considered void geometries.

In figure 2.10 the considered cylindrical void geometries are shown. If E2 is the
homogeneous field in the bulk dielectric far from the void location we can evaluate with
the help of equation (2.26) that a void radius to height ratio larger than one yields an
enhanced field in the void. The other extreme, a void radius to height ratio smaller than
one, yields no field enhancement due to the continuity of the tangential component of the
electric field.

The inception field strength 10,l6,l7,18

The E ine expressions are derived via the streamer breakdown criterion 16, and at the higher
gas pressures (1 bar) or distances z these are identical in form to the Paschen-curve
breakdown functions. These do however not invoke the presence of electrode boundaries.
On this basis, the possible existence of a minimum value for the onset voltage cannot be
associated with the minimum voltage of the Paschen breakdown characteristic, as such a
minimum is electrode dependent.
The streamer criterion, which depends on gas processes only, gives the minimum voltage
level required to initiate a breakdown; that is the onset level VOn" An inherent assumption
of this criterion is the existence of a suitably placed initiatiory electron, such that the
value of the statistical time-lag ts is zero. In general ts > 0, and hence if the applied
voltage increases in time, the discharge will occur at a higher voltage level. This voltage
is usually referred to as the discharge inception voltage Uine, with Uine: decreasing to Uon

for ts ~ O. In this work ts is assumed to be zero, and no distinction is made between Uon

and Vine'
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The inception field E inc depends on the pressure p of the gas which is contained in the
void and on the critical avalanche length z. Since the field is parallel to the axial z-axis of
the cylindrical void the minimum value of Einc will be associated with the maximum path
length in the field directi.on (z). For a strongly electron attaching gas this results in

Einc . M E1-=[1-.--]-
P zp P

in which z: critical (maximum) path length in field direction [mm]
pressure [Pal
figure of merit of the gas16,17

limiting field (where CX-T/ =0)

Data for the dependence of M upon E/p is given by Berill et al.l? and is valid for both
unary gases and binary gas mixtures.
For SF6 gas M=0.040 bar mm=4.0 Pa m and E/p=8.86 kV/(mm bar) =88.6 V/(Pa m).

For non-attaching or weakly attaching gases (e.g. N2 gas and air):

E. B E1
~=[1+-]-

P liP p
(2.28)

in which B: a constant characteristic for the gas 18

For air B=0.86 bar mm=8.6 PaVzm Yl and E/p=2.42 kV/(mm bar) =24.2 V/(Pa m).

From these expressions we see that for an electron attaching gas

MEL
E. -E=-

Inc I zp

and for non-attaching gases

BEL
E -E=-

Inc 1 liP

(2.27a)

(2.28a)

For an attaching gas Einc-EZ is pressure independent, since E z is proportional to the
pressure.

The extinction field strength
The discharge results in a build-up of charge on the surface of the cylindrical void that
subsequently reduces the field within the void. The discharge is ultimately quenched when
the maximum value of the internal field is reduced to the extinction field.
In the work of Crichton et al10,12 it is assumed that the extinction field is equal to the
limiting value E/; i.e. the field value below which ionization growth is impossible for the
void gas pressure in question.
For air, the limiting field is given by
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E
_I =2.42kV/mm
p

(2.29)

The inception field, however, is based on critical avalanche formation, and consequently
on breakdown. In case of breakdown the field may drop to almost zero. To evaluate
which representation is the most realistic we model both situations here; the extinction
field equal to the limiting field E[ and the extinction field equal to zero. In reality the
extinction field depends on position.

f..

-. .

The charge q reducing the void field to the extinction field
can be found from (see also figure 2.6)

Q . -q+q*=CI'E ·d
I/Ie c ext

For a cylindrical void at the inception voltage we can write
for the accumulated charge at the void boundary (see
figure 2.11)

resulting in

(2.30) Figure 2.11 Field reduction
model.

£,d
F =1+------

m 2

'cD-d+D(--)
2 2's -'c

(2.31)

in which radius of the complete sample including the part that forms
the coupling capacitor Cc

For rs'$>rc (2.31) reduces to:

d
F =1+£ --

m 'D-d
(2.31a)

Experiments I indicate that for larger void radii only a small fraction of the void area is
involved in the discharge. To account for this we introduce an effective radius

r
'efl=' *[1-exp(-~)],*

(2.32)

in which reff =2.417 mm is taken. This value has been derived in earlier experiments and
will be adapted here (for the time being). What this equation describes is that for small
radii the discharge radius is equal to the void radius and at relatively large radii the
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discharge radius equals r*.
Incorporating this into equation (2.30) yields the final resulting real void charge for
cylindrical voids:

(2.33)

This model leads to a macroscopic description of the external voltage at which discharge
inception occurs, and the real charge involved in the discharge.

Apparent charge qap and inception voltage Ville

Through equation (2.7) this real charge is related to the measured charge which equals the
apparent charge.
Since the field is parallel to the z-axis the minimum value of Einc is therefore assumed to
be associated with the maximum path length in the field direction, i.e. z=d with d the
height of the cylindrical void.
If we assume Eex/=EJ we now have

d
(l+e -) B

2 ' D-d P Ezq =e 1tr B --
o e/J D d d

(1+--) P
E,d

and if we assume Eexr=O we have

and in both cases

D-d B£1V. =[1+-][P+B -]-
me E,d d p

2.3.3 Dipole-model

(2.34)

(2.35)

(2.36)

For a more extensive (though very basic) treatment on this subject we refer to an example
describing one of the classical experiments of early electrostatics: electrification by
electrostatic conduction in "Recent advances in the theory of PD-transients" by Pedersen?
The assumptions made in the dipole model are summarized below.

Assumptions:
1. Small spherical voids such that the internal field can be considered to be
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2.

3.

4.

effectively uniform prior to the first discharge.
A partial discharge can develop when the applied field within the void
ELaplacianjield reaches the inception value Einc'

The discharge results in a build-up of charge on the surface of the spherical void
that subsequently reduces the field within the void. The discharge is ultimately
quenched when the maximum value of the internal field is reduced to the limiting
value E/; i.e. the field value below which ionization growth is impossible for the
void gas pressure in question. So the dipole-model is in fact also a field reduction
model but for spherical voids.
To simplify the analysis we will assume that the internal field remains uniform and
the entire spherical void volume is involved in the discharge process. This makes
it possible to quantify the dipole moment !-'(t) of the charge distribution in the
void.

From §2.3.3 we have

3E,
k=-

2E +1,

(2.21)

(2.22)

(2.23)

(2.24)

(2.37)

The electrostatics of ellipsoids are discussed in several advanced textbooks, e.g. in
Straton l9 . From the field expressions given there it can be shown that, under the
assumptions made above, the dipole moment of the charge distribution left behind on the
surface of an ellipsoidal void may be written as:

81t C' _ abcA(eo-e) -
-=-~[E-[1+ ']E]
~ 3A 0 2e I

Eo is the ambient field when the internal field is equal to the inception field Einc ' i.e. Eo
is the field in the idealized void-free system at a location corresponding to that of the
ellipsoidal void. Eo, Einc and E/ are all assumed to be parallel to the z-axis.
The parameter A is given by the integral

The relationship between Eo and the inception field E;nc is given by
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Introducing the dimensionless parameters

2K=-
abcA

and

we can rewrite the dipole moment as

_ K --
II =-Ve e (E. -E)t"k 0, inC I

in which

4
V=-1tabc

3

The parameters K and k are related by

Ke,
k----

(K-l)e,+l

Equation (2.37a) in (2.21) yields

K
q =--Ve e (E. -E)V>"

app k 0, I1IC I

(2.37a)

(2.38)

a,b,c: semi axes of the ellipsoidal void [m]
V: void volume [m3]

A: dummy variable
s: dummy variable
K: dummy variable
GO: dielectric constant in vacuum [As/Vm]
Gr : relative dielectric constant of the bulk insulation medium
Einc : inception field [V1m]
E\: limiting field [V1m]
k: field enhancement factor
VA: electrical field gradient
VAo: electrical field gradient at the void location in a void-free assumed dielectric
qapp: apparent charge [C]

18



In the case of a spherical void a=b=c=rc yields K=3, substitution in equation (2.38)
results in

(2.38a)

rc: void radius [m]

We assume a uniform field between the high voltage electrode and the subdivided
electrode in the proximity of the void:

V 1
Vi.. ==V(-)==-

o U D

D: gap distance [m]

So (2.38a) now becomes

(2.39)

(2.38b)

(2.27a)

Apparent charge qapp and inception voltage VUIC
With the data for inception field strengths in §2.3.2 combined with the assumptions made
in this paragraph we can now calculate the apparent charge and the inception voltage for
spherical voids according to the dipole-model.
Since the field is parallel to the z-axis the minimum value of Einc is therefore assumed to
be associated with the maximum path length in the field direction, i.e. z=2rc with rc the
radius of the spherical void.
For strongly electronegative gases (Electron attaching gas: e.g. SF6 gas):

MEL
Einc -E,== 2rJJ

2 El 1
q ==-21tE E r M-

app 0 rep D

2Er +1 M E1V. ==--[p+-]-D
uu: 3E

r
2r

c
p

p: pressure [Pal
M: figure of merit of the gas
For SF6 gas M=4.0 and E/p=88.6 V/(Pa m)
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For less electronegative gases (Electron non-attaching gas: e.g. N2 gas and air):

BEl
E. -E=--

IIIC I n;:;.
y2reP

2Er +l ,g EIV. =--[p+ -B]-D
inC 3e 2r p

r C

B: a constant characteristic for the gas
For air 8=8.6 PaVzm Vz and E/p=24.2 V/(Pa*m)

(2.28a)

(2.42)

(2.43)

Using the formulae (2.40),(2.41),(2.42) and (2.43) we can calculate the theoretical values
of qapp and Vine as a function of the different parameters.

According to Niemeyer:!o,6 we can derive the real charge involved in the discharge in the
void as a function of the void radius:

spherical void(2.44)

These formulae will be used to make a comparison between measurements made for
spherical voids and cylindrical voids

We now compare the relations found for the
real charge for spherical voids and cylindrical
voids, see figure 2.12.
(Note: in figure 2.12 the cylinders have a void
radius to height ratio of one and the insulation
thickness is 3mm)
For a spherical void we have:
(according to the dipole-model (§2.3.3»

'00,-----------------,.--,

r""""""'l 400
U
~ 330

CD 300
lJl
5 1~O

-5 200

{5 l~O

V
0::: 100

(2.44)
'0
o.l==~'=;=-=-~~----~:::=_~~~~.,.j
0.1 1 10

Void volume [mm3]

Spherical void (dipole-model)
* : Eext=E,
Cylindrical void (field reduction model)
• : Eex,=E,
o : Eex,=O
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Figure 2.12 Real charge as a function
of void volume for
spherical voids, and for
cylindrical voids with
rjd=l and D=3 mm.



For a cylindrical void we have:
(according to the field reduction model (§2.3.2))

d 2
q==1t£o(l +e r D_d)r;j..Ei1l£ -Eur)

(2.33)

Figure 2.12 indicates that the real charge for a spherical and a cylindrical void is in the
same order of magnitude*, the difference is a factor 4 to 6. The experiments described in
chapter 5 are on cylindrical voids, while voids occuring in practise are probably most
often spherical. If we keep the void radius to height ratio around one, it can be
considered that this is a good representation of the real situation of voids in practical
insulation systems.

2.3.4 Hydrodynamic model

The three models described above don't take into consideration the physical processes
specific to a void discharge, apart from charge movement, geometry aspects and
empirical data from gaseous discharges. They are all giving a description on the
macroscopic level.
The main emphasis in the EHC group is into research of the relevant processes governing
void discharges through fast time-resolved measurements on void discharges (and other
pre-breakdown processes) and the development of models describing these physical
processes occuring in the gas and interacting with the void surface.

A model based on physical processes governing a discharge has been developed at the
High-voltage and EMC group. In the following we will call this a hydrodynamic model.
A 1-D as well as a 2-D discharge model are evaluated.
In the hydrodynamic model the steamer-discharge in the void is described by a set of I-D
respectively 2-D continuity equations for the production and transport of charged
particles. This set is solved in combination with a field calculation routine which includes
the effects of space charge and surface charges. The processes considered are drift,
ionization, recombination, attachment, detachment, charge exchange, gas phase photo
ionization and photo-emission of secondary electrons from surfaces. Diffusion is at first
neglected and has later been added to the model. A more detailed description of the I-D
and 2-D hydrodynamic models is presented in the next section.

* A real comparison of field reduction model and dipole model would require the application of the
of the field reduction model on a spherical void or the application of the dipole model on a
cylindrical void. At present efforts in unifying the different approaches are undertaken.
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2.4 Hydrodynamic models

A more detailed discription of the I-D and 2-D hydrodynamic model is given below.
These have in the initial state at first been developed and tested for the description of
avalanches in gaseous media to study pre-breakdown phenomena between electrodes in
inhomogeous fields due to space charges untler d.c. voltages. The application to void
discharges has there after been undertaken. For an even more extensive and complete
description see J.T. Kennedy21.

2.4.1 1-D discharge model14,15,22

The discharge in the void is regarded as a space charge dominated electron avalanche in
atmospheric air. We represent the avalanche as a cylinder with a charge distribution that
varies only in axial direction. The discharge model consists of a set of one-dimensional
(I-D) continuity equations for the production and transport of charged particles, in
combination with a field calculation routine which includes the effects of space charge and
surface charges. The processes considered, and the corresponding coefficients and time
constants, are drift (v), ionization (ex), recombination (Epe) , attachment (TJ u and TJ s ),

detachment (Tim and Tsd)' charge exchange (Tc)' gas phase photo-ionization and photo
emission of secondary electrons from surfaces. The charged particles considered are
electrons (index e), positive ions (index p) and negative ions. We distinguish stable and
unstable negative ions (indices sn and un). The unstable ions are formed upon attachment,
and may undergo charge exchange processes. Stable negative ions are formed upon
attachment or charge exchange but are not subject to charge exchange collisions. Because
of the short discharge (avalanche) duration, the (high) atmospheric pressure of I bar and
the void dimensions diffusion is neglected in the I-D model. (Later it will be added and
turn out to be relevant.)
The partial differential equations are given by:

apt' I I Pun Psn ( ;> S-+V'.(v P )=(<<-1') -" ) V P +-+--€ P P + hat e e use e pe e p
T: ud T:sd

ap p p
~+V'(V P )='n Iv Ip -~-~;:u • un UII '1 U e e

VL T: lid 1:c

ap p p
~+V'.(V P )='n Iv Ip -~-~

;:u sn sn "s e e
Vl T:sd 'tc

(2.45)

(2.46)

(2.47)

(2.48)

Here Pi is the number density and Vi is the drift velocity vector of species i
(i = e, p, sn, un), whereas Ive I is the magnitude of the electron drift velocity. The units
are [em-I] for ex, TJ u and TJs ' [5] for Tud' Tsd and Tc and [cm3s- l ] for E e' Values for
coefficients, time constants and drift velocities are taken from Badakmi and Gallimberti
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(BG)23, with the following exceptions: ve-data are taken from Wen24 , vp-data from
Novak25 ; a-data in the E/p-range from 31 to 45 V/(cm Torr) are taken from Davies26,
outside this range BG-values are used; 'l7,t-data are taken from Wen24 except for E/p
values below 25 V/(cm Torr) where BG-values are used; the BG-values for Tud are
adjusted by a factor of two [Kline27], and are further adjusted to agree with Wen24 in the
E/p-range from 30 to 50 V/(cm Torr).

Sp!l is the source term for gas phase photo-ionization:

d

Sph(X)=~JlJ1(P Ix-~ I)Q(x-~)~(~)pe<~)ve(~)pd~
P+Pqo

(2.49)

Here x is the distance from the "cathode" side of the void, p is the pressure, and Pq is the
quenching pressure at which collisional deexcitation starts dominating over radiative
transitions. 'l' is an overall photo-ionization coefficient for which experimental curves
from Penney and Hummert28 are used, and n is the solid angle.

Q(x-~)=21t[1- ~ ]

Jr:+(x-02
(2.50)

The quenching pressure Pq is taken 10 Torr3 , and, as proposed by Kline29 , rp is set two
twice the discharge radius.

Secondary electron production from the void surface
The production of secondary electrons by ion impact plays no role on the considered
timescale. Photo-emission from dielectric surfaces (at the "cathode" side of the void)
requires an energy exceeding 5 eV (jar UV)30,3!,32,33. Sources are the different N2 and 02
molecular bands. The secondary electron production at position x=O is described by:

k d

p:C(O) =L A;Jp(x)Wj~(x)j{x)exp[-~,x]dx
j:l 0

(2.51 )

Here .6. j is the quantum efficiency for electron production, wj is the photon production
efficiency upon electronic collisions, f(x) is a geometrical factor and J1.j is the absorption
coefficient for photons of band i. The quantum efficiency values are taken from Tom3!

and Verhaart30, the other data are obtained from Badaloni23 .

Space charge field calculation
The avalanche is regarded as a cylinder of charge, its distribution varying only in axial
direction. The space charge field is two-dimensional because of the finite radius of the
cylinder. Without dielectric or metallic boundaries, the axial component of this field can
be determined with the method of disks34:
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o d~

Esp=_l_lJp(X-Ol-l- ( ]d(+ J p(x+Oll- ( ]d(
2eo -)( JCZ+r 2 0 J(2+r 2

(2.52)

p(x) is the net charge density at position x, i is the cylinder radius and h is the cylinder
(or void) height (see figure 2.13).

Figure 2.13 Geometry for
space charge field calculation,
1D hydrodynamic model

The proximity of polarization charges at the dielectric
boundaries and induced charges in the metal electrodes is
incorporated in equation (2.52) by adding appropriate
image charges. For a charge q located at position x, the
space charge field is obtained as follows: we place an
image charge behind the dielectric surface at the same
distance as the charge q is in front of it. Then we place the
image of this first image charge in the opposite dielectric
and so on. Each dielectric surface is represented by four
image charges, their magnitudes given by35:

e -1
rq =q--

1 e
r
+ 1

C~

r.....

(2.53)

Next, the dielectric image charges are replaced by two disks of uniform surface charge,
one at each side of the void, that produce the same void field as do the image charges.
The proximity of the metal boundaries is incorporated by using sets of four image charges
per electrode for the original charge q and for the two surface charges. These 12 image
charges represent the field of one single charge q in the void. The total space charge field
is obtained by integration over the void volume. The field calculation procedure was
checked to be accurate within a few percent by comparing it with F.E.M. calculations.

Boundary conditions
All charges reaching a dielectric boundary are considered permanently trapped. When a
photo-electron is emitted from a dielectric surface, a permanent positive charge is left
behind. The resulting surface charges are responsible for the quenching of the electric
field and, consequently, the current. The experiment is designed such that the external
circuit maintains a constant voltage across the electrodes on the considered time scale. A
discharge (avalanche) simulation is started with a number of electrons in the first disk at
the cathode side of the void.

Numerical procedure
The set of differential equations is solved with a flux-corrected transport (FCT) technique
similar to that introduced by Boris and Book36• The source terms are incorporated using a
two-step process37 , in which te number densities are determined twice, but the space
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charge field and the field dependent coefficients only once, in each time step D.t.

Induced current in external circuit*
The charges moving in the void induce image charges on the electrodes. These induced
charges are rigidly linked with the charges in the void. If these charges are compensated
for through an external charge by an external circuit a current flows in the external
circuit. In finding relationships between the moving charges and the induced currents
several approaches are reported in literature, either based on a capacitance representation
(§2.2.1), energy arguments (§2.2.2), Ramo-Shockley consideratios (§2.2.3), or on a more
rigorous evalution of Maxwell's equations (§2.2.4).
For a I-D discharge in a cylindrical void these approaches all yield the same result,
provided that the external circuit is such that the induced charges are compensated without
causing a voltage drop across the electrodes.
A single uniform disk of charge q moving in x-direction with velocity v, induces a
current:

i(t) = qv
D-d

d+--
E,

For multiple charges, with different velocities, we find:

J!f pvdV 1tr2 fd
i(t) = = pvdx

d+ D-d d+ D-d 0

E, £r

(2.54)

(2.55)

(2.56)

We can also derive the more general form, which is also valid for ellipsoidal voids:

i(t) =dQapp =....!..- dQ =_1 JfJpvdV
dt F dt Fq dj

q fxdx

o

in which geometrical factor which gives the relation between the real charge
and the apparent charge, determined by the void geometrie and the
dielectric constant of the insulating medium
void height at that position in the (Y,z)-plane

* Equations (2.54), (2.55) and (2.56) are only valid if we can assume that the applied voltage
across the dielectric remains constant, so the current component related to the time derivative
of the voltage is negligible.
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Figure 2.14 1-D (left) and 2-D (right) hydrodynamic model.

2.4.2 2-D model

rvoid
•

The two-dimensional (2-D) discharge model is a further developed version of the I-D
discharge model. The basics are the same. Instead of only taking axial transport into
consideration we now also incorporate radial transport and calculate a three-dimensional
(3-D) electric field distribution (see figure 2.14). In figure 2.14 rj indicates the f" disk in
radial direction.
In the 2-D model diffusion is incorporated. From further investigations, made along with
the development of the more sophisticated 2-D model it came out that we should
incorporate diffusion. In the 2-D model it also helps to flatten out numerical instabilities.

2.4.3 Calculation time and efficiency improvements in the field calculation routines

To improve efficiency the I-D discharge simulation program has been up-dated several
times during the work carried out for this thesis. The choice of the number of the gap's
subdivisions has a large influence on the simulation time. Picking a to small number of
subdivisions leads to a smaller accuracy, especially of the 2-D space charge field
calculations. For the I-D discharge simulation model an optimum gap subdivision of 100
leads to satisfying results with respect to the accuracy of the 2-D electrical field
calculations and a simulation time of 6 to 12 hours (on a 486/66 MHz personal computer).
For the 2-D discharge simulation model the choice is more limited at this stage. Taking a
gap subdivision into 20 divisions in radial-direction and 36 divisions in axial z-direction
led to a correct 3-D electrical field calculation, with minor instabilities at some of the
void regions with very low fields. The simulation time is 3 to 4 days for the 2-D
discharge model (on a 486/66 MHz PC). The stop-criterion for the I-D model is a
maximum number of steps or a maximum time being exceeded, in which the step is
adjusted as a function of electron velocity in the field direction. The criterion for the 2-D
model is a manually performed program interrupt or a maximum time being exceeded.
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2.4.4 Response of the measuring system

The measuring system is limited in bandwidth. Two factors play an important role.
Firstly, the testobject and the sensor have an RC-time determined by the measuring
impedance and the capacitance between high-voltage electrode and measuring electrode
(in case Cc~ C1). (See also chapter 5). This results in a maximum bandwidth, which
corresponds to a minimum 10%-90% risetime

(2.57)

Secondly, the measurement instrument, here a digital ocsilloscope, has a maximum
bandwidth of 2GHz (8 Gsamples/second) and minimum time between sampling points of
125 ps.
The maximum bandwidth of the complete system, for independent rise times, yields24:

If. =-=1.4GHz
max 21t"t

(2.58)

(2.59)

For current simulations including the experimental bandwidth we will use a low-bandpass
filter with~=l.4 GHz::::} r=RC=l00 ps.
At first we used r=RC=O.28 ns (fmax=570 MHz) in the simulations since this was the
bandwidth of the measuring system used at the High-voltage and EMC group in earlier
measurements. The values for Qreal (real charge) determined earlier out of the simulations
are independent of the bandwidth. Modifications in the modelling of the measurement
system's response can easily be made without having to rerun the discharge simulation
itself. (See also chapter 4.)

27



2.5 Some applications

Partial discharge inception
voltage (a more detailed
discussion is given in §4.1).

Figure 2.15

Discharge inception field / inception voltage
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2.5.1

If we have information on the void geometry
(its gas filling and location) and the
insulation system geometry we can, on the
basis of the earlier derived equations (2.27)
and (2.28) for the inception field strengths,
calculate the inception voltage. For E <Einc
discharges are also possible. We will later
see, from the results of the hydrodynamic
models, that despite this we can give a
meaningfull definition of inception field and
inception voltage (see figure 2.15). A more
detailed discussion is given in §4.1.

2.5.2 Real charge and apparent charge

Relationship between the real
charge in the void and the
external quantity qapp on the
electrodes.
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Figure 2.16

:f(r), re=O.5,1,l.5,2,2.5,3 mm,
(d,D)=(l mm,1.4 mm)
:f(d), d=O.2,0.4,O.6,O.8,1,1.2mm,
(re,D=] mm,1.4 mm)

In figure 2.16 the relation between the real 0 : f(D), D=2, 3, 4, 5, 6, 7 mm,
charge and apparent charge is shown for the (re,d) = (1 mm,1 mm)
cylindrical and spherical voids in a parallel plate electrode configuration considered in this
work (according to equations (2.7) and (2.44) respectively). It is clear that the larger the
electrode separation the smaller induced apparent charge on the electrodes will be,
whereas the real charge involved in the discharge will not change significantly for the
same void field. It is further assumed that the void is located in the center and induces an
equal but opposite charge on the electrodes.

The electrode geometry and the void
geometry are parameters required to
determine the real charge from
measurements. In practical systems we
can derive this relationship only for
simple configurations, i.e. a parallel plate
configuration (capacitor), a coaxial
configuration (cable and G.I.S.), two
parallel cylinders and two concentric
spheres. For more complex insulating
systems, like a transformer or a generator
we can make use of insight gained through
the use of concepts valid for simple
configurations.

The relation between the apparent charge
at the electrodes and the real charge in the
void is dependent on the insulation system
geometry.
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So for a cylindrical void between parallel plates we have:

qvoid
qapp= D-d

1+-
erd

(2.7)

and for a spherical void between parallel plates we have:

_ 3 Dqapp
q -----

void 2e +1 r
r c

(spherical void)(2.44)

2.5.3 Current waveforms i(t)
lim(q(Cl] • lim(6Q(tl]

t • co e ~ aD>

Vr

Charge in partial discharge transient
related to the induced current derived
for concepts related to the dipole-model
(jor RC=T).
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Figure 2.17

In relation to the waveshape of
discharge currents related to the
temporal movement of charges in
the void discharge we can conclude
the following for the models
discussed in this chapter:
The ABC-capacitance model and the
field reduction model yield no
current waveforms. A consideration
of the charge related to the induced
currents through dipole-moments is
given in figure 2.177 .

Here the influence of the type of
measuring concept for Qapp is
considered based on the implication of practically always present bandwidth limitations,
e.g. an RC-time constant.
The I-D and 2-D hydrodynamic model clearly yield specific discharge current
waveforms. These even enable evaluation of the contribution of the different charge
species to be taken into account.

Evaluation
The relation between the real charge involved in a partial discharge and the apparent
charge induced on the electrodes was extensively discussed in §2.2. The practicle
implication is that with the derived equations (2.7) and (2.44) we can evaluate this
relation. In practise the measured charge and the voltage at which the discharge occurs
are often taken as a parameter giving an indication of the insulation quality. That this is
not necessarely so has been indicated in figure 2.16 where the relation between real and
apparent charge is evaluated for different void geometries.
In the next chapter we will go into more details of the processes governing a void
discharge. Special attention is given to secondary electron emission since there is a great
lack of understanding of the impact of this process on void discharges. This is done
through a discussion on data obtained from a literature survey.
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3. LITERATURE SURVEY ON PHOTO-EMISSION DATA

In this chapter we will discuss photon-related data. In §2.4 it was stated that, in the
hydrodynamic models, we incorporate a source term Sph for gas phase photo-ionization
and p/ec (0) for photo-emission of secondary electrons from surfaces.
Secondary emission is considered to be of great importance to the discharge behaviour
because it provides a feedback which enables a single avalanche to grow out into a (void)
breakdown23 ,38. We will now first discuss gas phase photo-ionization and thereafter
indicate some of the problems encountered in collecting adequate data to describe the
processes involved in secondary electron production from the void surface. For a more
detailed description of the other physical processes involved in partial discharges
(including those given in §2.4.1) see e.g. Devins38 •

Possibilities of making measurements on photo-emission quantum yields
For photo-emission of secondary electrons the energy of the photons should at least equal
the workfunction of the material(s). If this is not so than the chance upon photo-emission
of secondary electrons becomes negligible, whereas for photon energies higher than the
workfunction the chance upon electron emission increases exponentialy. This means that
for high energy photons a significant number of electrons can be released.

Equation (3.1) relates photon energy E in
eV to the emitted wavelength A in nm
upon release of such a photon from an
excited state atom:

e
E==hv ==h-

A

Infrared

I I I

o
• 11 I I

Visible Ultraviolet

I I I I I I I I I I r I • E R (eV)
234

I I A(~ml

0.5 0.35

A == he he
E E(eV)q

(3.1) Figure 3.1 Illustration of the relation
between photon energies and
corresponding wavelengthr9

•

The higher the photon energies the smaller the wavelengths. Infrared corresponds to long
wavelengths and small photon energies, whereas UV-light corresponds to short
wavelengths and large photon energies.

3.1 Gas phase photo-ionization23

The spectrum emitted during avalanche formation in air is mainly the band spectrum of
N2 molecules. The main component of the nitrogen spectrum emitted in air is the second
positive system40,41. The transitions between the lowest vibrational levels of the upper and
lower states, correspond to 11.05 eV and 7.35 eV respectively. Excitation energy losses
and the photodetachment process (which is a source for electrons) are based on data of
this system. The radiation emitted during the avalanche development in air is partially
absorbed by the gas-molecules and partially by the negative oxygen ions present in the
gas.
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A second system, however, the relatively weak Birge-Hopfield system, is believed to be
responsible for the photoionization process. The lower state is the ground state while the
lowest vibrational level of the upper state occurs at 12.8 eV. The bands of this system
appear to be in the far UV region.
Photo-ionization in air can only occur in the presence of photons of energies higher than
the ionization threshold Wi'
For 0z molecules Wj =12.08 eV and for Nz molecules Wj =15.58 eV.
The processes which lead to photo-ionization can involve different molecules and can be
very complex. The different processes to be considered are
1. Excitation of Nz molecules to energies in the range 12.08 eV - 15.58 eV and

subsequent photo-ionization of 02 molecules.
2. Excitation of Nz molecules to energies higher than 15.58 eV and subsequent

photo-ionization of 0z and N2 molecules.
3. Excitation of 02 molecules to energies higher than 12.08 eV and subsequent

photo-ionization of 02 molecules.
The processes 2 and 3 involve the excitation of the gas molecules to levels higher than the
ionization threshold (super excited state), while process 1 only needs excitation of the Nz
molecules to the higher levels below the ionization threshold.
It is believed that process 1 is the most probable in air discharges, because of the relative
low energies of electron swarms, while the processes 2 and 3 are necessarily believed to
occur in pure gases.
The wavelengths of the most intense UV-radiation emitted by N2 molecules in proces I
are Ai= 103.3, 101.2, 98.5, 95.0, 91.0, 89.0 nm which correspond to photon energies
(see equation (3.1)) of hll=12.02, 12.28, 12.61, 13.08,13.65,13.96 eV.
Its energy hllj corresponds to the above mentioned energy of the oxygen positive ion in
the ground state at different vibrational levels so that the secondary electrons will be
generated with about zero kinetic energy.

Process I is the most important photo-ionization process which occurs in air discharges
and can be represented through the following series of reactions:
Excitation:

(3.2a)

Deexcitation

(3.2b)

Photo-ionization

(3.2c)

(Note: the expressions between brackets give the specific atomic states)

Process 2 has a threshold at very high electron energy and is therefore believed to give a
very small contribution to the production of photo-electrons. The radiation of this type
has a very high absorption coefficient and will therefore interact with the gas molecules
only within a very small region around the source.
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The radiation in process 3 is emitted by the oxygen atom (0/ or OIl) and its excitation is
of the dissociative type. The wavelengths of the most intense lines are
Aj= /02.8, 99.0, 87.9, 83.3 nm which correspond to photon energies (see equation (3.1»
of hv=12.08, 12.55, 14.13, 14.91 eV.
Process 3 can be represented through the following series of reactions:
Excitation:

(3.3a)

Deexcitation

(3.3b)

Photo-ionization

(3.3c)

other transitions in process 3 are: 3d3D _ 2p3p
3~P -+ 2p3p
3p4 4p _ 2p3 4S

The contribution of process 3 is only small but not negligible with respect to process 123 •

At high pressure (1 bar) the ionizing radiation can be strongly reduced by electronic
deactivation phenomena. In work by Badaloni and Gallimberti23 it is concluded from a
comparison between direct measurement of the gas phase photo-ionization28 ,43,44 and the
more important gas photo-ionization processes considered and described above that the
latter values are accurate enough for the purpose of discharge models. These values have
been adapted in our I-D and 2-D hydrodynamic models.

For the gas phase photo-ionization in the hydrodynamic model in §2.4 the values for the
considered photons of band i have the values given in this chapter and are denoted
h(1).. h(10).

32



3.2 Photo-emission of secondary electrons from surfaces

We will define photo-emission of secondary electrons 'Y here as the quantum yield, i.e. as
the average number of released electrons per incident photon of energy hv and wavelength
>..

Direct measurement of secondary electron emission from surfaces for different materials
is the simplest way to obtain adequate data on this process. The workfunction for most
metals is typically in the order of 4-5 eV. This enables direct measurement with
reasonable means. With a N2-laser (>'=337 nm, hv=3.68 eV) for example we can assess
the quantum-efficiency for various conductors (if as a first approximation we assume that
the quantum-efficiency remains in the same order of magnitude for different wavelengths
in the UV region).
Another option is the use of the relatively extensively documented data on electron
emission from metal surfaces due to the application in vacuumtubes (the available data is
restricted to materials used in those applications).

Insulators are characterised by a large bandgap (in the order of 9-10 ell) and have a high
workfunction. This makes direct measurements more troublesome. This is caused by the
fact that we now need to use far more expensive equipment and a more complex
experimental setup. One could think of an excimer laser as an example. Through the type
of gas filling we can now tune the wavelength of the UV-source for discrete wavelengths
over a wide range of the UV region.
In the work by Verhaart and Verhage30 for example an excimer laser was used emitting
between 10/4 and 3*10/5 photons in pulses with a duration of about 15 l1S (FWHM). Four
different wavelengths could be produced
N2 >'=33711m, hv=3.68 eV
KrF >'=248 11m, hv=5.0 eV
ArF >'=193 11m, hv=6.4 eV
F2 >'=157 nm, hv=7.8 eV
Another possibility, which was also used in the work by Verhaart and Verhage30 , is the
use of a low-pressure discharge source (Damany Source) which produces photons
continuously. With a gasfilling of Argon or Helium respectively photons were emitted in
two strong doublets
Al >'=105 11m, hv=ll. 7 eV
All >'=92.611m, hv=13.3 eV
HeI >'=58.4 nm, hv=21.1 eV
Hell >'=30.4 11m, hv=40.5 eV
The required wavelenths were selected through a 30 em vacuum UV monochromator.
A third possibility is the use of frequency-doubling crystals in which the frequency of the
emitted light is doubled and the wavelength divided by two.

In all these cases it is of major importance to perform the experiments on far UV
secondary emission in vacuum or at least in an oxygen free environment. The radiation
emitted by the source is otherwise partially absorbed by the gas-molecules and partially
by the negative oxygen ions present in the gas: under the infuence of UV several
reactions are triggered in which 02 molecules form several oxygen radicals and ozon.
At the High Voltage and EMC group we do not have any of the above described sources
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to our disposal in the required ranges of the UV spectrum to perform measurements on
photo-emission of insulators, therefore only data obtained from a literature survey on
secondary electron production from dielectric surfaces has been used.

o

o unfilled epoxy
o quartz-filled epoxy
Do teflon-PTFE

Secundary emission coefficient.

10-
7
1

10-B-__~__~-~-_.............-
o 10 20 30 40

photon energy (eV)
Figure 3.2 Photo-emission of secondary
electrons from dielectric surfaces as a function of
incident photon energio.

Imaterial "Y I
unfilled epoxy 6*1(}7

quartz-filled epoxy 5*1(}7

PTFE (teflon) 1.5*1(}6

(3.2)QY= 13 *10-I2exp(.l!:!-)
0.58

in which QY: quantum yield
[electrons per photon]
hv: photon energy[eV]

At 1..=337 nm, hv=3.68 eV, this is the
wavelength of an N2 laser, no photo
emission from insulating materials is
measurable. The quantum yield increases
exponentialy and saturates for values
exceeding 13 eV. The quantum yield's
saturation value is 0.3 at 40.5 eV.
(See figure 3.2). This distribution has
been used in the I-D and 2-D
hydrodynamic discharge model
simulations described in chapter 4. Photo
emission of secondary electrons from the
void surface 'Y in the
hydrodynamic model in §2.4 (there Table 3.1
denoted as ..1i) has been calculated
according to equation (3.2) at the
values for the considered photons of
band i produced by the discharge in
air and given in §3.1 there denoted as
h(1).. h(10).

In a broad study on insulator flashover in
SF6 gas performed at KEMA30 the photo
emission of electrons from surfaces has
been measured for several photon-energies
and three different materials. From this an
empiric formula has been derived for
hv5.13 eV

In the following we will give several tables with measured quantum yields for different
materials at one photon energy in each case. These are measured in different ways and
may easily deviate by several orders of magnitude. Minimum and maximum values are
indicated by < 'Y <. These tables serve as a check on the, until now most complete, data
by Verhaart and Verhage30• A.--....

5 10- 1
..,
o

.J:::
Q.

L. 10-2
G.>
Q.

Table 3.1 gives secondary emISSIon
coefficients for uncharged surfaces at
a wavelength A = 185 nm30.
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Secundary emlSSlOn coefficients for
different insulation media.

hl/=6. 7 eV < "I <
UV185 nm

Cu 9.5*](J7 1.4*1(J5

Al 6.8*1(J7 1*1(J5

pertinax 1.6*1(J8 2.4*1(J7

PVC 2.7*](J9 4*](J8

PE 8*1(J10 1.2*](J8

PMMA 2.4*](J9 3.6*1(J8

glass 1.6*1(J8 2.4*1(J7

PC 3.8*1(J8 5.6*1(J7

In a thesis by R.M.L. Frenken45 the Table 3.2
photo-emission coefficient for
secondary electrons 'Y is calculated
from measurements for a 2.5 cm2

copper plate. These serve as a
reference for his measurements on
dielectrics.
9.5*10-7 < 'Y < 1.4*](}5 for copper.
For these experiments a discharge
lamp was used, its most intense
spectral lines occurring around
>"=254 nm and >"=185 nm. It was
concluded that only the spectral
component >.. = 185 nm was
responsible for releasing electrons
from the materials under test. From
measured current values for different
materials we can estimate the 'Y for
various materials, see table 3.2. For
example from a measured current for
PE 1 = 3 pA and Cu I = 3.5 nA we have for PE 'Y=3/3500*-Ycu=8*Jo- lO

- 1.2*10-8

Table 3.3 shows lower and upper limits and averaged values for photo-emission of
electrons for several material surfaces at >"=254 nm. These photo-emission coefficients
for secondary electrons 'Yare derived from measured photo-emission currents by Saeki
and Gosh046 . In these experiments a discharge lamp was used with a maximum intensity
at the spectral line around A=254 nm. From measured current values for different
materials we can again estimate the 'Y for various materials. From a UV-intensity at the
surface of 360 J.1.Wlcm 2 at A=254 nm, which corresponds to a photon energy of hv=4.89
eV, and for a surface of A=34.2 cm2 we get for the power P=360*J0-6 *34.2=12.3 mW
equivalent to 1.57*1d6 photons/second.
Then from a measured current for Cu 1=3.5*10-10 A (equivalent to 2.2*](1 electrons) we
have 'Y=2.2*lif/l.57*ld 6 =J.4*J0-7

•

In a similar way we can calculate the values for 'Y given in table 3.4 from measured data
by Enloe and Gilgenbach47 . For these experiments a rare gas excimer laser was operated
with KrF (A=248 nm), delivering a maximum of 1 J over 60 ns with a 24 ns FWHM.

Measured data by Yumoto and Sakai3:! shows that photo-emission currents of electrons for
PETP and PS are ten times as high as those for PE and PP. In these experiments a
deuterium discharge lamp was used with a maximum intensity at the spectral line around
>"=254 nm and maximum measured photo-emission currents oceuring around >"=193 nm.

Evaluation
A comparison between figure 3.2 together with table 3.1 with the obtained values for 'Y
calculated from other data in literature which are given in the tables 3.2, 3.3 and 3.4 all
agree rather well. This supports the set of data used in the hydrodynamic discharge
models and further validates the outcome of the simulations in this work.
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It can further be seen from figure 3.2 that the use of data for secondary electron
production from the void surface based on data measured for one photon energy is
unjustified.
In the next chapter we will look at the partial discharges simulated with the I-D and 2-D
hydrodynamic models.

Table 3.3 Secundary emission coefficient for various materials at one wavelength.

hp=4.89 eV < 'Y <
UV254 nm

stainless steel 2.1*1(}7 2.4*1(}7 2.8*10-7

sheet Zn 2.0*1(}7 2.4*1(}7 2.7*10-7

Cu 1.4*1(}9

Al 1.2*1(}7

brass 1.1*1(}7

glass epoxy resin 6.7*1(}8 1.5*1(}7 2.3*1(}7

bakelite 8.7*1(}8 1.2*1(}7 1.8*10-7

ceramics 3.2*1(}8 4.0*10-8 5.2*10-8

acetal resin (delrin) 2.0*1(}8 4.0*1(}8 4.8*1(}8

glas.y 2.4*J(}8 3*[(}8 4.6*10-8

PC 1.6*J(}8 2*1(}8 3.8*10-8

PVC (translucent) 8*1(}9 1*J(}8 2.4*10-8

acrylic resin (transparent) 4*J(}9 9.9*1(}9 2.4*10-8

PVC (white) 4*1(}9 9.9*J(}9 2.0*1(}8
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Table 3.4 Secondary emission coefficient for various materials at one wavelength
(for different incident bundel energies).

material Derived Derived
from table /47 from figure S7

hll=5 eV electron 'Y 'Y 'Y
UV248nm emission (50mJI (lOOmJI

InCIl) 2.4cm2) 2.4cm2)

PE 4.1 2./*1(J8 1.2*1(J6 9*1(J7

PS 4.1 2.1*1(J8 1.2*1(J6 9*1(J7

acrylic 4.1 2.1*1(J8 1.44*1(J6 1. 14*1(J6

nylon 4.5 2.3*J(J8 1.44*1(J6 J.08*1(J6

acetal 6.5 3.3*1(J8 1.44*1(J6 9.6*1(J7

PTFE 7.5 3.8*/(J8 1. 39*1(J6 1.14*1(J6

PVC 7.5 3.8*1(J8 1. 39*1(J6 1. 14*J(J6
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4. SIMULATIONS

4.1 1-D discharge model

4.1.1 Influence of different parameters on the discharge phenomena

band.idlh corrected

simlJoled

2.51 1.5
lime [ns]

Simulated partial discharge
current for a 0.2 mm void height
and an 1.4 mm insulator
thickness (the discharge radius is
0.2 mm).

0.5

Simulated waveform HEVP= 1
Vinc=7.1 kV d=O.2mm D=1.4mm q=7.58pC

5

ot--~"'------=~-:::=--I

45,------------, ,-----------,

40

35
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C 20.
t 15
~
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Figure 4.1

Some of the results presented in this
chapter have already been discussed in
other publications14•15 . In figure 4.1 a
simulated current waveform is given
together with the current in which the
response of the measurement system is
incorporated as described in §2.4.4.
In figure 4.2 the E-field between the
surfaces in the direction of the applied
field is shown (from "cathode" to
"anode") for six moments in time during
the partial discharge. In figure 4.3 the
distributions of the particles incorporated
in the hydrodynamic model are shown for
the same six moments in time. The
considered particles are electrons, positive
ions and stable and unstable negative ions
(see §2.4.1).
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Figure 4.2 E-field distribution in the void
during the progress of the
discharge.
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Threshold field and saturation charge
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Figure 4.5 Real charge versus Laplacian field prior to the discharge, for two void geometries,
and differem numbers of initial electrons. Values for the inception field according
to the field reduction model (§2.3.2) in which the critical streamer criterium is
used are shown. The drawn line (l) represents the charge accumulated at the void
boundary prior to the discharge (§2.3.1), the dashed lines (2) follow from the field
reduction model (§2.3.2).

With the I-D simulation program we investigate the influence of the various input
parameters on the externally measurable quantities.
The simulation program makes use of input values for the geometry, the applied voltage
(and thereby the applied field), and many other process parameters. By running many
simulations we have investigated what the influence of each of these parameters is, if we
keep the others at default values. As much as possible these default values have been
based on the known data from literature. For the remaining values we take educated
guesses. We will try to find simple physical arguments to explain the observed trends.

Figure 4.4 shows simulated partial discharge current waveforms for four values of the
Laplacian field in the void prior to discharge activity. Figure 4.5 shows the real charge
as a function of the Laplacian field in the void prior to the discharge for two void
geometries considered here. The real charge is determined by integration of the simulated
discharge current. In this figure the inception fields according to the field reduction model
of §2.3.2 are shown in which the critical streamer criterium was used. These occur at
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considerably lower field strengths than those found for the I-D simulation model (as
defined in figure 4.5).
For field strengths lower than E ine (small) avalanches occur in which the charge strongly
increases with applied field (Qexexp(C*E) until, as a result of field quenching, saturation
is reached at a well defined threshold field. Upon reaching Eine the total void discharges
(with a discharge radius ~ O. 2mm) , and the charge only increases moderately with field.
(In the following the charge value at the threshold field will be designated as the
"saturated charge" Qsal)' For higher field strengths, however, the current waveform
changes: the avalanches grow out into a complete discharge in a smaller time span which
is larger in current amplitude and smaller in width (QexE). (See figure 4.7)
From figure 4.5 we can also conclude that for a larger number of start-electrons in the
region were V < Vine the growth of the subsequent avalanches advances faster and involves
more charge, whereas the inception field strength stays the same (as does the saturation
charge for E"?:.Eine , see also figure 4.8.
The values according to the accumulated charge model (dashed line) described in §2.3.1
and the field reduction model (drawn lines) described in §2.3.2 are used for comparison
and seem to be of the same order of magnitude as the saturated charge values Qsalllralion

obtained with the ID-model (§2.4.1).
The field enhancement factor at the void location is larger for the void with a Imm height
and a 3mm insulator thickness,. This results in a low inception field strength value.

With the results obtained above we can now give a better definition for the inception
voltage:
The inception voltage is now here defined as the externally applied voltage at which
saturation in charge is observed.
The value of the saturation charge is clearly distinguishable; at voltages below Vine the
charge increases exponentially with the applied voltage V (so not practically measurable
below Vine), whereas for V> Vine the charge increases linearly (ex V).
For V> Vine the surface is damaged by complex chemical reactions and is rapidly
deteriorated. This leads to a shortened lifetime through ageing and in the end to the
crossing of the complete dielectric (i.e. breakdown) between the electrodes (conductors),
partly by treeing. In GIS-spacers, synthetic high-voltage cables (XLPE, PE, PVC) and
(molded resin) transformers in practical energy systems this leads to component failure.
We distinguish three stages:
1st V~ Vine Very low field strengths. Very small avalanches (not measurable).
2nd V"?:. Vine (inception field) Multiple outgrowing avalanches caused by

secondary emission. Seperate avalanche stages are in general not
seen nor measurable because of diffusion (see also §4.2 Preliminary
results of the 2-D simulations).
(Measurable as partial discharges.)

3rd V~ Vine Chemical reactions on the surface of the void, treeing, accelerated
aging and shortened life time, (after some time leading to)
breakdown (inception field). ~ Failure of the component.
(Measurable as very short discharges with high current amplitudes.)
Pre-breakdown and (possibly) breakdown measurable. See for
example the at the High Voltage and EMC Group (EHC) done
research on avalanches in gases by Verhaart48 , Wen24 and
Kennedy21).
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The discharge radius
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In figure 4.6 the ratio of the saturated charge
determined from simulations with the
hydrodynamic model to the void charge
associated with the void geometry as a
function of the discharge radius is
considered.
If we assume that the saturation charge
involved is of the same order as the charge
accumulatedf at the void boundaries, then
50 p.m ~ rdiscJzar8e ~5()() p.m.
From practical considerations and earlier Figure 4.6
investigations! it can be concluded that the
discharge radius ~ 2mm, whereas from
(optical) corona-research at the Eindhoven
University of Technology's Energy Systems
Group by Creyghton49 it was concluded that
(for corona discharges over a length of several
centimenters) the discharge radius z O.2 mm.
Therefore we will adapt as default value:
Discharge radius =0.2 mm for rYoid~0.2 mm

=ryoid for rYOid<0.2 mm

10

Evaluation oj variation oj the
discharge radius to obtain a
realistic deJault value Jor the
discharge radius in the I-D
hydrodynamic model.

Number of start electrons

Figure 4.7 shows that the previously defined "saturation charge" saturates above a certain
number (here 50) of start electrons. From other simulations for different geometries the
number at which saturation occured came out to be geometry dependent, as might be
expected since a larger number of electrons in the initial stage favoures a faster avalanche
growth. Figure 4.8 shows the time in which the discharge current reaches its maximum
amplitude. From this we can see that a larger the number of start electrons results in a
shorter growth time.
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Secondary emission

'Ydielectric;

*

gas phase photo-ionization is incorporated, no emission from
surfaces
gas phase photo-ionization and 3.5 eV emission (low photon-energy)
as in the case of metal surfaces50

gas phase photo-ionization and photo-emission of secondary
electrons from dielectric surfaces at high photon energies are both
incorporated. The distribution for quantum-yield values as a
function of incident photon energy are taken from Verhaart and
Verhage30

The corresponding current waveforms are shown in figure 4.9.
In practice situation 2 does not exist because as stated earlier one of the inherent
properties which make a material an insulator is the high bandgap (> 5e V) and
workfunction.
Taking high energy photo-emission (> 5 eV) into account reduces the number of
secondary generations in the avalanche before breakdown.

*

To assess the influence of gas phase photo-ionization and photo-ionization of secondary
electrons from surfaces we simulated partial discharges at inception voltage for three
situations:
* 'Y = 0;

When we assume one value for the quantum-yield for secondary-electrons and vary this
value, we obtain similar simulated current waveforms as the ones shown in figure 4.9
where only gas phase photo-ionization was taken into account and the one in which gas
phase photo-ionization and photo-ionization of secondary electrons from the dielectric
void surface was taken into account.
With larger 'Y the number of distinguishable subsequent generations becomes smaller. The
risetime of the partial discharge increases with increasing 'Y.
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Figure 4.9 Simulated waveforms for the same void as in figure 4.4 at a Laplacian void field
9.8 kV/mm. Each plot shows the current simulated with and without a 570 MHz
filter to accoul1t for the finite bandwidth of the measuring equipment.
Left: 110 secondary photo-electron emission;
Middle: emission data jor metallic surjace5°;
Right: emission datajor dielectric surjace30.
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The change in the measurable PD-current waveforms is not distinguishable due to the
previously limited banwidth (570 MHz) and relatively large timeconstant of the
measurement circuit (0.6 ns). With the improved bandwidth (1.4 GHz) and therefore
smaller time constant (253 ps) we shQuld be able to distinguish differences between
materials with 'Y that differ orders of magnitude.
For 'Y ~ (h(1) .. h(10)) =1(f5 the influence of photo-emission of secondary-electrons release.d
from dielectric surfaces becomes negligible since the simulated
PO-current waveforms for these values are the same as in the case in which we only take
gas phase photo-ionization into account.

Extinction field

Determination of the extinction field would require excessive calculation times and has
not been performed.

Geometry and dimensions

Figure 4.10 shows the relation between the externally measurable quantIties apparent
charge and applied voltage for four void geometries. The inception voltages according to
the definition given above can be extracted from figure 4.10. The obtained threshold
voltage and apparent charge are shown in figure 4.11 for varying void geometries. From
this it can be seen, that the apparent charge increases with void height, but that the
inception voltage decreases for decreasing void heights for void heigths smaller than
1 mm and increases for increasing void heights exceeding 1 mm. It is therefore not
feasible at this stage to determine all geometry parameters from the experiment.
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Threshold voltage and saturation charge versus void height. Considered radii:
0.1 mm, 0.25 mm, 0.5 mm and 1 mm, insulation thickness: 3 mm.

: I-D hydrodynamic model (square is saturated charge)
: accumulated charge model
: field reduction model

The saturation charge is compared with the charge accumulated at the void boundaries
prior to the discharge (§2.3.1). The charge and inception voltage are also compared with
the outcomes of the field reduction model (§2.3.2). The I-D hydrodynamic model
suggests that a threshold field higher than the usually quoted inception field (based on the
critical avalanche length) is required for void breakdown. Depending on the void
geometry, the saturation charge as predicted by the I-D hydrodynamic model may be
lower or higher than the charge predicted by the accumulated charge model and the field
reduction model.
In figure 4.12 an overview is given of the I-D hydrodynamic model simulations, obtained
so far, showing the influences of different parameters on the discharge phenomena.
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Figure 4.12 Overview of the outcome of the various lD hydrodynamic model simulations for
two considered geometries.' (d,D) = (1 mm,3 mm) and (d,D)=(O.2 mm,l.4 mm).

• : 1D hydrodynamic model (emission data for dielectric surface)
• .' lD hydrodynamic model (emission data for metallic surface), 1 initial electron
x .' lD hydrodynamic model (emission datafor metallic surface), 100 initial electrons
o .' I-D hydrodynamic model (no secondary photo-electron emissionjrom the surface)
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4.1.2 Estimation of process constants by comparison of measured and simulated
current waveforms i(t)

We concluded that photo-emission of secondary electrons from the void surfaces is only
relevant for quantum-yields -y> (h(lj ..h(lOjj=la5

• Since, according to the data from the
literature survey in chapter 3, most insulators do only have such qU<lntum-yields for
photon energies exceeding 10 eV the differences between the measured phenomena should
not depend very strongly on the type of synthetic insulator under test, because only in the
range between 10 eV and 13 eV we could have differences of orders of magnitudes for the
quantum-yields. Above 13 eV the quantum yield saturates to a value in the order of 0.3.

4.1.3 Simulation of measured current waveforms

We have simulated two partial discharge
current waveforms which will be compared
with measured ones for the corresponding
geometries (figures 4.1 and 4.13). In the
figures 4.14 and 4.15 these partial discharge
currents are plotted for a 1.4 GHz setup
bandwidth (see also §2.4.4).
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Figure 4.14 Partial discharge in figure 4.1
for a 1.4 GHz setup
bandwidth, for a relatively
large void.

Figure 4.14 Partial discharge in figure
4.13 for a 1.4 GHz setup
bandwidth, for a relatively
small void.
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4.2 2-D discha."ge model

The I-D hydrodynamic model only consideres axial transport and cannot account for
radial expansion and may thereby overestimate the space charge field. Preliminary results
of simulation with the hydrodynamic 2-D model briefly described in §2.4.2 for a
cylindrical void in a cylindrical insulator with both axial-axes in the direction of the
applied field are shown in figure 4.16. As for the already mentioned reasons in §2.4.2
this model also incorporates diffusion. The considered geometry is identical to the one
considered in figure 4.1. The found threshold field of 7.6 kV/mm is considerably lower
than the value found in the I-D simulation, whereas the value for the real charge of
approximately 15 pC is larger than the 7.6 pC found in the I-D simulation. The resulting
simulated pulse duration in the 2-D model is much larger.
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Figure 4.16 Waveforms simulated with the 2-D hydrodynamic model. with (grey) and without
(black) ion contribution to the current.
Void radius: 1 mm, void height: 0.2 mm, insulation thickness: 1.4 mm
Vjllc =5.5 kV
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5. THE EXPERIMENTAL SETUP
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Figure 5.1 The partial discharge measuring setup.

The experimental setup is shown in figure 5.1. We use a subdivided electrode
configuration to fulfil the condition in formula (2.2a) and enable high bandwidth
measurements. The subdivided electrode consists of a small disk (measuring electrode)
surrounded by a grounded ring. The high. voltage electrode together with the grounded
ring forms a large coupling capacitance Cc close to the measuring electrode to keep the
inductance low and avoid travelling waves. The damping resistor Rd serves as a means of
limiting the current in case of a breakdown between the high voltage electrode and the
subdivided electrode.

We place the resistor Rd close to the high voltage electrode to avoid travelling waves.
We use a copper tube for the connection between the high voltage transformer and the
damping resistor to avoid corona around this lead.

To prevent field enhancement at the edges of the high voltage electrode and to maintain a
uniform field we use a Rogowski-profile2 for the high voltage electrode.

5.1 Ramo-Shockley considerations

The Ramo-Shockley considerations derived in §2.2.3 have also some implications for the
measurement setup.
The radius of the measuring disk should be small to keep the stray capacitance Cs small,
but on the other hand large enough to ensure that the partial discharge in the void does
not induce a current in the ground connection of the surrounding ring4,24,48,51,52.

According to Ramo-Shockley considerations these conditions are met for4
:
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(5.1)

radius of the measurement electrode
void radius [mm]

Take ra = 9.0 mm
rc ~ 2.0mm

Substitution in formula (5.1) yields:
D 5 %(ra-rc) = !1(9.o-2.0) = 3.5 =:: 4 mm

[mm]

If we assume qm =qapp within 10% we can easily derive from equation (2.2) the
condition:

(for r> > r.l ( 5 • 2 )

(5.3)

(5.4)

r: radius of the H. V.-electrode [mm]

Substitution of formula (S.4) gives:
r ~ 3V2ra = 3V2*9.0 mm = 38.2 mm

To improve the bandwidth of the setup we build three 150 n, y.; W parallel resistors into
the subdivided electrode configuration, yielding 50 n (0.75 W) in parallel to the 50 f!
terminating impedance of the oscilloscope.

5.2 Margin between inception voltages of internal and external discharges

As a start we have tried to measure partial discharges with the setup shown in appendices
la and 2a. In this we made use of an experimental setup with a subdivided electrode and
SF6 gas as insulating medium at the edge of the (upper) high voltage electrode, these are
so called "triple points".
As shown in appendices 2a and 2b the highest electrical field stress occurs at these triple
points.
To enable measurement of the partial discharges in the artificially produced void requires
that no discharges occur at other locations. The inception voltage with no void present
should exceed the inception voltage with void significantly.
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Figure 5.2

Old setup
The range between inception of internal and external discharges varied between 0 and
200 V. This implies that the void could not be overstressed more than about 5 %. This
appeared inS\..lfficient. Moreover if we want to downscale the artificially produced voids
both in height and radius, inception voltages are expected to increase which imposes even
higher demands.

New setup
For the reasons mentioned above we have developed a new
setup. The measuring principles are the same. The changes
are;
The high voltage electrode is placed at the bottom side and
covered by transformer oil (er =2.3) which serves as a
means of increasing the withstand voltage to external
corona discharges at the edges of this electrode. See also
§5.3. The margin between the inception voltage of internal
and external discharges is ~ 1.5 kV for the void geometries
and insulation thicknesses considered here.
The oil is outgassed to decrease the level of dissolved
gases. Now we place the actual void sample in the setup.
The lower plate material on top of the high voltage
electrode has an upstanding round edge on the upper side
to avoid that the upper side is also covered by oil (and thereby avoiding that oil could
possibly flow into and fill the void). The voids are made by drilling a circular hole
through a foil or a plate (at high speed). This is done with the same material on top and
underneath so that no other material species are deposited on the void walls. We prevent
heating of the material during the drilling of the hole as much as possible to avoid
deformation. This procedure gave far better results than the punching of holes through
sheets that was used in the past at the EHC group.
The configuration was build up out of sheets or plates of the same material with various
thicknesses to avoid holes between the layers. So, if possible out of one dielectric plate or
sheet on the bottom side, one sheet or plate with a circular hole on top of that and one
dielectric plate or sheet on top of this, see figure 5.2. In this way we have made artificial
voids with heights ranging from 0.01 mm to 1.5 mm and radii ranging from 0.2 mm to
3 mm. The considered void volumes range from 1()3 mm3 to 42 mm3

.

At the upper side of the setup, the subdivided electrode is mounted in an upstanding
structure in such a way that it can be shifted in vertical direction. To increase the sensor
bandwidth a 50 n parallel resistor (build up out of three 150 n resistors in star
configuration) has been build in. This results in a decrease in sensitivity, which we can
compensate for with one or two 4 GHz 20 dB amplifiers (here only occasionally used for
the smallest void sizes).
Two limiting devices are build in at the oscilloscope inputs. The oscilloscope has a rated
4V rms input maximum. These limiting devices operate as two-anti-parallel diodes which
start to conduct at voltages above 400 mV thereby dissipating the energy and limiting the
current through the 50 n terminating impedance of the oscilloscope. In practise for signals
with a 500 ps width they did not noticeably limit the current. Due to the small energy
content this is not causing problems for the oscilloscope's input units.
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Experimental procedure
The a.c. voltage is slowly increased at a rate of approximately 50 Vis until discharge
activity occurs hereby triggering the oscilloscope and the 50 Hz-phase detection. The
50 Hz-phase detection gives information on the momentary voltage and phase of the a.c.
voltage at the time of discharge inception and can thereby also enable gaining more
insight in variations in inception voltage in relation to the other measurable quantities like
current waveform and apparent charge. Through integration of the measured PD-current
we determine the charge involved in the discharge in the void. In the next chapter
differences in time-resolved partial discharge currents are presented for various materials
and void geometries together with an evaluation of the scaling relations derived in
chapter 2 through modelling.
We have measured partial discharge currents and inception voltages for PE, PTFE, PC,
PVC, PS, PETP and PMMA. See appendix 3 for the dielectric constants of the
considered materials.
Measuremed data on partial discharges in artificially produced spherical voids in epoxy54
is used for comparison.

As derived from the empirical formula (5.1) the maximum allowable gap spacing between
the electrodes may not exceed 3 to 4 mm to meet the condition that no relevant amount of
charge is induced on the grounded ring surrounding the measuring electrode in the
subdivided electrode configuration.
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5.3 B.E.M. calculations (Boundary Element Method: ELECTRO)

With a Boundary Element Method (RE.M.), Le. ELECTRO, we made field calculations
for several geometries, in order to get a better insight into the weak spots of a design
regarding areas of field enhancement.

In the past measurements have been made on cylindrical voids in PEl. SF6 gas was used
to prevent the occurence of corona discharges at triple-points. To improve the margin
between internal and external partial discharges the setup, which was similar to the one
shown in appendix la and 2abc, has been modified. The measuring procedure has also
been simplified by placing the subdivided electrode on the upper side, so we no longer
need to reassemble the high voltage side of the circuit after every change in sample under
test. There's also no need for SF6 gas anymore. Discharges at the triple points are
prevented by placing the high voltage electrode in an enclosure so that it is complety
covered by transformer oil. To evaluate the quality of this solution, and other points of
possible high field stress, we made RE.M. calculations for various configurations of the
setup.

SF6 as insulating medium
See appendix la for the practical setup and appendix 2abc for the plots of the
equipotentiallines. From this we conclude that the points of the highest electrical field
stress are located at the edges of the high voltage electrode and form the first problem to
tackle. In the past this has been done by using SF6 gas at the edges of the high voltage
electrode. We can conclude that the chamfered edges of the subdivided electrode need to
be given special attention since in practise they might not be so well machined as they are
modelled in these calculations.

Oil as insulation medium
See appendix Ib for the practical setup and appendix 2def for the plots of the
equipotentiallines for the configuration which is representative for the one used in the
experiments. From this we conclude that the electrical field is uniform over the complete
surface of the high voltage electrode. Within the setup there are on this side no more
points with field strengths exceeding the value of the uniform field between the electrodes
at the void location.
The highest electrical field strength occurs in the dielectric material directly adjacent to
the measuring electrode. However if the measuring electrode is not perfectly parallel to
the grounded plate of the subdivided electrode we can easily get external discharges in a
slot of air at this location. The local field enhancement is then about twice the value of
the uniform field at the void location.
To solve this we can cast the measuring electrode in epoxy. This however has a negative
impact on the bandwidth of the setup in that the stray-capacitance Cs between the
measuring electrode and the grounded plate is enlarged. We regularly check if these
surfaces are properly aligned, not short circuited (!) and add SF6 in the slot between the
chamfered edges.
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6. RESULTS AND DISCUSSION

6.1 The measured partial discharge current waveforms*

We have measured partial discharge current waveforms for various dielectrics. Only a
few of the typically measured ones are presented here, for polyethelene (PE) and teflon
(PTFE). For the partial discharges measured in the other materials we refer to
appendix 4. For the gas filling of the voids under test we used artificial air (78% N2 and
21 % 02) which results in a very low humidity in the void. The presence of water vapour
would affect in particular the attachment coefficient, and make the measurements less
reproducible24.48.

In figure 6.1 a typically measured partial discharge current is shown for a 0.5 mm void
radius, a 1 mm void height in PE and a 1.4 mm insulation thickness between the
electrodes. We see an initial avalanche stage that thereafter grows out into a discharge.
This corresponds well with the partial discharge waveforms simulated with the I-D
hydrodynamic model (see figure 4.4). In the plot the values for the maximum voltage
over a 12.5 n measuring impedance are given together with the 10-90% rise time which
is in the order of 2 ns. Similar waveforms have been reported in literature by Morshuis53

and are accounted for by a streamer mechanism. The discharge is assumed to develop as
a result of an overvoltage in which space charge effects become significant. The space
charge field has a value in the order of the Laplacian field and thus ionization is strongly
enhanced leading to streamer breakdown (see also figure 4.4). Due to intense UV
radiation from the avalanches photo-ionization in the gas takes place. The streamer
criterion Ncr ~ 1(/, in which Ncr is the critical number to obain a streamer, is only
fullfilled for small values of the Townsend secondary ionization coefficient and it is
shown by Morshuis53 that the overvoltages in the void required to obtain a streamer
breakdown at 1 mm void height are in the order of 12 %. Due to the relatively large void
height the streamer breakdown (see also figure 4.2) mechanism is favoured. The time
between the two current peak values has been observed to be typically in the order of
2 ns. This then has to correspond to the electron void transit time.
In figure 6.2 a typically measured waveform is shown for very small void heights in the
order of 0.1 mm and we see that the discharge is a very fast transient phenomena with a
rise time in the order of 200 ps. The charge contribution which can be accounted for by
electrons has a duration of only one nanosecond, which is representitive for the electron
void transit time. Due to the slowly drifting ions, but most probably by detachment of
unstable negative ions we get a clearly visible aftercurrent which lasts at least
8 nanoseconds. Single avalanche generations growing out into a discharge are not
distinguishable and are also less likely to take place because at smaller void heights the
Townsend process in which one single avalanche grows out into a discharge is more
likely to occur. In this respect we call a discharge a Townsend type of discharge if space
charge fields play a less dominant role in the growth processes whereas secondary
emission does. The relatively large amount of charge deposited on the void surface,
mainly by electrons, is responsible for the fast quenching of the discharge.

* Note: the value for the gap in the plots refers to the total dielectric (for the measurements with
thin foi ls) including a lower 1.5 mm PMMA plate which due to the electrode configuration has no
influence on the measured partial discharges. In the given inception voltages this has already been
corrected for.

53



PE. GAP-2.9nn

VOID. Rwa.Snn. HEIGHT-1Mn

U "ax\J) ...99.0 aU
U .ex(f 1) Sourct of(

Rlstt,.e-(l) 2.0106 ns

'ug+.r;"ltJ.! current
UUlx\l) ~99.0.U

U .e:d f 1) Sourc~ of r
RI5ttl.t(1) :L0017 n5

'LNM.t;UQH currtn t

U lIex( 1) ~02.0_u

U tUlX(f I) :ourCt f)ft
IHntlllt(l) 207.6 p,

\ 1.9
V aex (t 1 ) Sourct of r

AI5ttlat(l) ~2S.J 05

Figure 6.1 Typically measured partial discharge current waveform for a 0.5 mm void radius,
a 1 mm void height in PE and a 1.4 mm insulation thickness.
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Figure 6.2 Typically measured partial discharge current waveform for a 1 mm void radius,
0.1 mm void height in PTFE and a 1.5 mm insulation thickness.
Waveform typicalfor high quantum yield. qreal=75.1 pC, ipeak=3.22 rnA
Laplacian field prior to the discharge:
Evoid =6.96 kVlmm, cp =52. 70

~ttrollSit=236 ps.
Efield reductiolJ model=9 kVlmm

(6.1)

The transit time needed for electrons to cross the void can be determined theoretically
from the void height and the drift velocity in ai~4 and is given by

v~ =1.334*106 +4.222 *105~
P

in which drift velocity [cm/s]
field strength [kY/(mm bar)]

For Elp we will take the value derived from the measured momentary voltage at which
the discharge activity occured. This voltage together with the phase were registered with
the 50 Hz-phase registration. In the figures 6.1 and 6.2 the calculated transit time is
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compared with the 10-90% rise time of the partial discharge current. For the small void
heights the two are in good agreement but for the relatively large void heights the 10-90%
rise time deviates considerably from the calculated electron transit time. This might be
due to the fact that the discharge process is space charge dominated and therefore behaves
more like a streamer instead of Townsend discharge. The empirical formula (6.1) has
been derived for the Townsend-type of discharge.

More trends and relations as a function of the considered geometry can be found in
appendix 4. From these we conclude:
The total duration of the discharge current is mainly dominated by the drift of ions in the
quenched field. The ion mass is about three orders of magnitude larger than the mass of
an electron and therefore the ions do not gain such high velocities and play a totally
different role in a discharge than the electrons do. The partial discharge current front is
clearly due to electron avalanches which in some instances have a sudden steep decrease
in current upon reaching the "anode" side of the void or due to a collapse in field
strength. For larger void radii this phenomena is thereafter followed by an almost
constant current for 2 ns. The relatively large number of unstable negative oxygen ions
results in a considerable amount of electron detachment. Thereby ionization increases
again. For materials with high quantum yields (in particular PTFE and PETP) also photo
emission from the void wall contributes to the current growth. After some time the
current slowly falls back to zero. The duration of the "aftercurrent" increases for
increasing void radii thereby greatly increasing the total amount of charge involved in the
partial discharge. According to the data in §3.2 PE has a small quantum yield thereby
resulting in relatively low secondary emission and producing typically partial discharge
currents as shown in figure 6.1. In contrast PTfE, PETP and epoxy have relatively high
photo-emission yields resulting in a relatively large secondary emission coefficient thereby
favouring the Townsend type discharge presented in figure 6.2.

For comparison the measured current waveforms for spherical air filled voids in epoxy
are given in figure 6.354. The bandwidth of the setup used for these measurements was
limited to 400 MHz by the measurement setup and was designed so because the used
oscilloscope only had a 500 MHz bandwidth (Tektronix DSA 602).
In contrast to what was observed for cylindrical voids the current waveform is
independent on void radius, and only the amplitude changes. We see the current
amplitude decreases rapidly with decreasing void dimensions while the change in rise time
and total pulse width duration of the PD-currents was seen not to change significantly
(through the upscaling of all the maximum current amplitudes to the same height). Most
probably the whole void volume is involved in the partial discharge.
We also compare the measurement results presented in this work with the ones measured
in earlier experiments at Eindhoven University of Technology given in figure 2.1. These
were measured using a setup with a 250 MHz bandwidth and a 500 MHz Digitizer
(Tektronix 7912AD). We can conclude that even for relatively large cylindrical void
dimensions the phenomena discussed for cylindrical voids are not noticeable. The
explanation is given by the limited bandwidth which smooths out the fastests transient
phenomena on the subnanosecond time scale (see for example the incorporated bandwidth
limitations in the I-D hydrodynamic model PD-simulations presented in chapter 4). The
new developed setup together with the 2 GHz oscilloscope yield more relevant
information on the processes governing void discharges.
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Measured partial discharge currents
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Figure 6.3 Partial discharge currents i(t) for spherical air filled voids in epoxy with different
radii and for an insulation thickness D =4. ()() mm.

56



6.2 Measured apparent charge qapp and inception voltage Vine for different
materials and conditions

In the figures 6.4, 6.5, 6.6 and 6.7 the calculated real charge and inception voltage are
given for PE, PTFE, PVC, PS, PETP and PMMA as a function of the geometry
parameters*. These figures give the scaling relationships for void discharges. Figure 6.8
shows the values for the real charge and inception voltage calculated from the
measurements for the different materials considered here.
In figure 6.4 on the left it is clear that for radii smaller than 1 mm the inception voltage
is deviating considerably from the one derived with the field reduction model.
In the corresponding plot of the charge we see that the value for the real charge predicted
by the accumulated charge model and field reduction model also deviates considerably
with the ones calculated out of the measurements. The relation for the real charge and
inception voltage as a function of void height and electrode separation shows good
agreement with the values from the measurements. It can be seen that the predicted trends
are correctly described.
The I-D hydrodynamic model values do only qualitatively describe the scaling
relationships, whereas the models that do not invoke any physical processes describe the
discharge processes even quantitatively, for not to small void radius to height ratios.
The results in the figures 6.5, 6.6 and 6.7 show the same trends, except that the real
charge values and inception voltages have different values due to the dielectric constant of
the insulation material used.
From the real charge and inception voltage as a function of void radius, void height and
gap distance for the various considered materials we conclude the following:
Cylindrical voids yield a good description of voids occuring in practice, even if these
would be spherical. Oblate spheroids are represented by cylinders with void radius to
height ratios larger than one (see figure 2.10 on the left). Prolate spheroids are
represented by cylinders with void radius to height ratios smaller than one (see figure
2.10 on the right).

* Voids occuring in practice are 1-30 ~m in diameter55 . ~e were not able to measure consistent data on
voids of 10 ~m void height in PC.
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materials.
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: PMMA (void height: 1.5 mm, insulation thickness: 4.5 mm)

A comparison between the measured real charge and inception voltage for cylindrical and
spherical voids yields that for void radius to height ratios smaller than one we can adapt
the modelling for a spherical void which is then based on the radius of the void. So the
radius is dominant over the void height and determines the real charge and inception
voltage.
It is seen from a comparison in figure 6.9 between the measured data for cylindrical
voids as a function of the void volume, that the measured trends cannot be properly
described by the considered accumulated charge model nor the field reduction model for
large radii and or small heights. The trends then start to deviate. For comparison the real
charge calculated from measurements on spherical gas filled voids and the inception
voltage are given in figure 6.10 together with the values according to the dipole model.
According to modelling concepts used by Niemeyer:w the extinction field is assumed to be
Eexr =::0.2*E[, based on data from Gallimberti56. This is also incorporated in figure 6.10
and fits the measured values perfectly. From a plot on double logarithmic scale of the real
charge versus the considered void volume we can derive that this gives a lineair trend for
the considered range of radii from 0.125 mm to 1.55 mm. This implies that there is a
simple relation between real charge and the void volume. The real charge in spherical
voids is proportional to the square root of the volume and is given by equation (2.44) in
which for the extinction field we need to use Eexr =:: 0.2*E,.
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7. CONCLUSIONS AND RECOMMENDATIONS

The developed experimental setup with high bandwidth (1.6 GHz) enables the
measurement of partial discharge currents for small voids in solid insulating materials.
We are able to measure PD-currents for various materials. The margin between inception
voltages for internal partial discharges and external corona discharges has been increased
to such an extent that for every measurement they differ at least 1.5 kV.
The external discharges are not due to triple-points at the high voltage side anymore. The
external discharges now occuring are due to the buildup of the subdivided electrode
configuration, in particular the measuring electrode.
This was concluded from an evaluation of B.E.M. calculations made for the setup. The
points of field stress at the measuring electrode came out to be indeed causing the
occurence of external discharges in practise during the testing of the setup without voids
present. These do however not make the measurement of PD in voids impossible, as was
the case for the setup used previously.
We can see that the "accumulated charge model" and "field reduction model" predict
the measured scaling relationships quantitatively for partial discharges in cylindrical voids
for relatively large void radius to height ratios.
The dipole-model according to Pedersen for the description of the scaling relations
predicts the right trends for spherical voids. For rc '5:.1.5 mm excellent agreement between
measured and calculated values for the real charge as a function of void radius is obtained
if instead of assuming that the extinction field equals the value of to the limiting field, we
assume the following relation which has been quoted in literature Eex1 ::= O. 2*E[.
From a comparison between measured and predicted scaling relationships for cylindrical
and spherical voids in insulating materials we can conclude that the derived and measured
relations for cylindrical voids yield a more complex dependance of the measurable
quantities on the considered void volume.
The I-D hydrodynamic model provides a good qualitative description of the physical
processes in a partial discharge. The I-D hydrodynamic model assumes a realistic
discharge radius as based on both optically and electrically measured data on discharges
and yields a satisfactorily description of the measured discharge phenomena.
The I-D hydrodynamic model describes the measured phenomena related to photo
emission of secondary electrons from void surfaces. For relatively large void heights (in
the order of 1 mm) subsequent avalanche generations are clearly distinguishable both in
the measured and simulated partial discharges currents. The bandwidth of the
measurement setup allows to distinguish between the influences of the different charge
species.
The measured partial discharge current waveforms for different insulating materials yield
more information on the relevant partial discharge processes. Secondary electron emission
from the void surfaces and the void geometry determine the current waveform. For the
smallest void heights in the range of 0.05 mm to 0.2 mm current components related to
the different charge species can be distinguished. The first fast transient part of the partial
discharge current can be related to an electron avalanche growing out into a total
breakdown of the void and is typically in the order of J nanosecond. Due to the charges
deposited hereby on the void wall, which are considered to be permanently trapped, the
field quenches. In the relatively low remaining void field the slow positive ions drift
towards the "anode" side of the void and detachment of the unstable negative ions takes
place. The relatively small resultant current typically has a duration of 10 nanoseconds.

64



Further conclusions to be derived from this work are that photo-emission of secondary
electrons from void surfaces only comes into effect for photon energies exceeding 5 eV.
The preliminary simulations with the 2-D hydrodynamic model include diffusion, which
proves to be of importance for a realistic description of the processes taking part in the
smallest voids considered.
The I-D and 2-D hydrodynamic models have to be further evaluated and improved.
Further work for the future might be into a more realistic description with the help of the
2-D hydrodynamic model in which similar tests are performed on the parameter
dependance as the ones performed for the I-D hydrodynamic model, since we now only
have preliminary results from the 2-D hydrodymic model. This might possibly give a
better basis and further verify the assumption that the I-D hydrodymic model is already
good enough for the description of the measured partial discharge phenomena in the
cylindrical voids considered.
More insight in the relevant discharge processes can be gained from further time-resolved
measurements. The influence of void geometry (void radius and height) has to be studied
more extensively to correctly describe the physical processes occurring in voids in
insulation materials in practice.
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APPENDIX la

FotograplL~of the old setup (initially used)

Upper left corner:
Upper right corner:
Lower left corner;
Low", right corner;

The PO-testing circuit
Electrodes with material and void under test in between them.
BOllom view of the subdivided eleclrode with 50 {} cable to the measuring device.
Top view of the high voltage eleclrnrle with damping resistor and SF!! gas containment.



APPENDIX Ib

Fot()gr:lpll~ of the developed PD-measuring setup

Upp~r loft corn~r; Bottom view of the subdivided ekctrode. In the middle the measurement electrode surrounded by a plate at
ground potential.

Upper right corner: High voltage electrode surrounded by a perspex block, for support of the foils and the plate material under test,
both covered in oil with on top of that a PMMA plate.

Lower left corner: Measured partial discharge current (scale: x: 20 ns/div, y: 50 mV/div) and 50 Hz phase registration (high-lighted
trigger point).

Lower right corn~r: Electrode configuration. The subdivided electrode can be lowered in vertical direction.



APPENDIX 2a Equipotentiallines in the old setup (initially used)

DATE = May. 30, 1980 TIME= 00:20:41.75
Current database: D:\IES\ELECT Current file:
Mode of analysis: ELECTRO RS Field analysis
Analysis type: Dielectric Analysis

gaxiola5



APPENDIX 2b Equipotentiallines concentration at the triple points in the old
setup

TE = May. 30, 1980 TIME= 14:21:03.96
rrent database: D:\IES\ELECT Current file: gaxiola5
de of analysis: ELECTRO RS Field analysis
alysis type: Dielectric Analysis



APPENDIX 2c Equipotentiallines at the chamferred edges of the measurement
electrode and the grouded plate in the old setup

=-...-- 3u::: ell=- ,...
en-c:= !=

0 "":S- ell
0<+- 3
PJ ellu::: :::;
co 0<+-

CO C'll- -CO CO
'-l '-l
0<+- c+
"":S "":S
0 0
p... p...
CO ell

DATE = May. 30, 1980 TIME= 00:57:24.32
Current database: D:\IES\ELECT Current file: gaxiola5
Mode of analysis: ELECTRO RS Field analysis
Analysis type: Dielectric Analysis



APPENDIX 2d Equipotentiallines in the developed PD-measurement setup

gaxiola3
01:11:16.55

file:
analysis~

TE = May. 30, 1980 TIME=
rrent database: D:\IES\ELECT Current
de of analysis: ELECTRO RS Field

1alysis type: Dielectric Analysis



APPENDIX 2e Reduced equipotentiallines concentration at the triple points

en
::::-' ~

...-- l:7'"
tel Q...

::::-' --C
C --C) Q...- ell...... Q...

~

<Cl Cl)

CtI -ell
CtI n......
CtI '"S
n 0...... Q...

'"S ell
0
~

CtI

DATE = May. 30, 1980 TIME= 14:02:16.61
Current database: D:\IES\ELECT Current file: gaxiola3
Mode of analysis: ELECTRO RS Field analysis
Analysis type: Dielectric Analysis



APPENDIX 2f Equipotentiallines at the chamferred edges of the measurement
electrode and the grouded plate
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0
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""'c::l ""'c::l:3: ~ CtI
:3:

I
--:0- ro
(")
c-+-
'":S
0

tel ~
ro

TE = May. 30, 1980 TIME= 14:38:51.98
rrent database: D:\IES\ELECT Current file: gaxiola3
de of analysis: ELECTRO RS Field analysis
alysis type: Dielectric Analysis



APPENDIX 3 Considered insulating materials

Material abbreviation relative dielectrkconstant e("

Polyethykne PE ") ~
.... oJ

Teflon PTFE 2.05

Polycarbonate PC 2.9

Polyvinylchloride PVC 3.2

Polystyrene PS 2.6

Ertalyte PETP 3

Perspex/plexiglass PMMA 3.6

Epoxy 3.3



APPENDIX 4 Measured discharge currents i(t) for various materials
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APPENDIX 5

The equipment used

Name:
Make:

Name:
Make:

Name:
Make:

Name:
Make:

Name:
Make:

Name:
Make:

Name:
Make:

HP54720D oscilloscope
Hewlett Packard

Input unit
Hewlett Packard

Network / spectrum analyzer
Hewlett Packard

S-parameter test set
Hewlett Packard

Digital storage oscilloscope
Tektronix

Multimeter
Fluke

Power Divider
Suhner

Type: HP54nOD

Type: HP54722A

Type: HP4396A
100 kHz - 1.8 GHz
/ 2 Hz - 1.8 GHz

Type: HP85046A
300 kHz - 3.0 GHz

Type: Tektronix 2212 60MHz

Type: 75

Type: 50 n 6 dB 1 W
DC - 2000 MHz

Name:
Make:

Eenfase hoogspanningstransformator 50 Hz
Smit Type: VEHK 60
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