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Abstract

Partial discharge (PD) activity models typically use simplified descriptions of individual discharges to develop
a model of discharge activity. This approach neglects the plasma dynamies of the discharge, and requires the
use of multiple assumptions. In this work, plasma dynamiesimulations of individual PDs are used to inform
a PD activity model for discharges within a cylindrical cavity/bounded by low density polyethylene (LDPE).
Specifically, by considering the plasma dynamics of the discharges it is possible to determine: surface charge
density distributions, apparent charges, the inception electric field/and the residual electric field. The resulting
PD activity model had only a single adjustable parameter, relating to the availability of seed charges, and was
able to produce phase resolved PD (PRPD) patterns that were comparable with experimental data. Good
agreement was also observed between the measured and simulated PD extinction voltage. The shortcomings
of PD activity models are discussed including the.poor understanding of the seed charge generation rate.
Nevertheless, the model does allow robust conelusions on the PD dynamics in the experiment. The main
contribution of this work is to show how simulations of plasma dynamics can be used to provide additional
insight PD activity.

1 Introduction

Partial discharge (PD) is a térm used to describe a localised breakdown event which does not bridge the
gap between electrodes [I]. PDsdfrequently occur inside defects within insulation material in operational
high voltage plant. PDmeasurements.are therefore a commonly used tool to diagnose the health of electrical
insulation and can provide insight into the remaining lifetime of electrical equipment [2]. At present simulating
PD activity from operational high voltage plant is exceptionally difficult due to uncertainties in defect type,
location and size. Imstead ‘models of PD activity have focused on replicating measurements taken from
controlled experimental arrangements, in particular gaseous voids surrounded by solid dielectric material
between parallelsplate electrodes [3H6]. The work in this paper is intended to contribute to the research on
PD activity modelling and in keeping with the literature a system consisting of a gaseous void surrounded
by a solid dielectri¢ material is ¢onsidered.

PD activity modelling began with the foundational work of Niemeyer [3, 4]. In Niemeyer’s work PDs were
treated as instantaneous events that reduced the electric field inside a void to a residual value. The model
used equations for/free electron availability and factors to determine electric field distributions, which were
based’on’ theswork of Crichton et al. [7], to simulate PD activity. Improvements in computational power
meant that more recent PD activity models used numerical solvers to determine the electric field in a PD
system [6] [8]. Many of the fundamental assumptions remained the same as those introduced by Niemeyer.
Earlier work simulating single PDs within spherical air-filled voids using a plasma dynamic model revealed
that some of the concepts used in these models may be erroneous [9].

Madels of plasma dynamics are a powerful tool for investigating breakdown in air, and are an established
technique in the literature [10]. However, their use in investigating PD activity specifically is somewhat
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limited. In [II] a short sequence of PDs was simulated in a spherical void. Individual PDs in D
have also been considered [12]. To the author’s knowledge the only example of a plasma dynam

order numerical schemes used, by necessity to reduce computational cost, could hav
results.

The aim of this work is to develop a model of PD activity which is informed b
of single discharges. It should be noted that this work has significant overlap w ture on dielectric
chemistry and the
dynamics electron energy distributions [I4]. There are also similarities ucted by the plasma
can give a reasonable
description of the plasma dynamics of individual discharges to develop a activity. The intention
is to provide insight into the qualitative plasma dynamics of PD in cylindri ids during the initial stage of
discharge activity, and to use the results from the model develop a

of free parameters.

2 Experimental Arrangement

The experimental data used in this work was generated
cylindrical voids surrounded by low density poly

n. Each sample consisted of three films of LDPE
a diameter of 2 mm was created in the central film using

a circular shaped micro drill bit. A
bar at 90°C for 10 minutes. Once the s
of the sample as 300 pm to check t ormation of the sample had not taken place. A photograph of a
typical sample is provided in Figu

Q Photograph of a typical sample, the cylindrical void in the central film clearly visible.

mples were placed between brass electrodes in a silicone oil bath to prevent surface discharges.
e top electrode was connected to a high voltage (HV) alternating current (AC) 50 Hz power supply. A
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digital signal oscilloscope in series with a coupling capacitor, both of which are parallel with the sample, is
used to detect and measure PD activity within the void. PD measurement was calibrated in aceordance with
the TEC 60270 standard [18]. This is a standard arrangement for measuring PD activity in/samples of this
nature [5, [19]. Firstly the HV supply to the sample is gradually increased until PD activity{is observed. The
root mean square of the AC cycle required to initiate PD activity is referred to as the PD inception voltage
(PDIV) [18]. PD measurements were then performed for 10 minutes, after which the“applied voltage was
decreased at a rate of 100 V per minute until PD activity was no longer observed. (The root,mean square
of the AC cycle at which PD activity stops is referred to as the PD extinction voltage (PDEV) [18]. It is
of note that the PDIV is significantly higher than the PDEV. In other words thewery first PD requires a
higher electric field in order to initiate, after which lower electric fields can sustain discharge activity. This
could be due to the mechanism generating seed charge for the very first PD, which is generally assumed to be
background radiation [4]. After the first discharge the dominant form of seed charge generation is assumed
to be surface emission from earlier discharges [4]. -

—_
ot
T

Applied Voltage (kV)
o
o —

1234567 8§:91011121314151617181920
Sample Number

| I PD1V (Mean 1.49 kV) [l PDEV (Mean 1.11 kV) |

N
Figure 2: PDIV and PDEV (RMS tvalues) for the 20 PD samples. All experiments were performed with a

50 Hz HV supply.

For each discharge two values are recorded:

1. The charge deployed at the measuring electrode, termed the apparent charge ¢’, which for the samples
under considération is measured in pC.

2. The timefat which the discharge occurred is recorded, which is generally converted into an angle with
respect to.the AC gycle, termed phase angle 6, measured in degrees.

These valaes are used'to produce a phase resolved PD (PRPD) pattern, which is a scatter plot of apparent
charge magnitude@nd phase angle. This is a standard technique for analysing PD activity [4,[19]. The PRPD
patterns exhibit variation between samples, as shown in Figure [3l These differences are likely to be due to
variations in the samples, despite efforts to keep them homogeneous, and varying environmental conditions.
PD activity models have often used a large number of free parameters in order to produce a model that is in
good agreement with a single experimental data set. However, for this work the data demonstrates that this
is not possible, as there cannot be excellent agreement with all samples due to the inherent variability of the
data sets.
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Figure 3: PRPD patterns of four different samples.with a 50 Hz HV supply at PDIV: (a) Sample 2, (b)
Sample 6 (c) Sample 8 and (d) Sample 11.

3 Drift Diffusion Plasma Model

The intention of the simulation work in this paper is to provide a qualitative explanation of discharge
activity in terms of apparent charge\magnitudes and PRPD patterns. As such a detailed description of
plasma chemistry is considered to/be béyond the scope of this work. Furthermore, only the initial stages
of PD activity will be considered. To simulate PD after sustained discharge activity would require a more
complex model as it would become necessary to develop a detailed description of the by-products formed on
the void surface and the gaseous composition in the void. This would be difficult to achieve accurately and
would likely necessitate making many unjustifiable assumptions. The approach taken here is to solve drift
diffusion equations for electrons and “abstract” positive and negative ions to model plasma dynamics. This
is an established techmique to model plasma dynamics in air, and is still currently in use in the literature
[20}, 21]. The model used here is identical to that used to simulate PD in spherical voids in earlier published
work, [9], and [as su¢h only a brief overview is provided.

3.1 Model Geometry

The experimental arrangement consisted of three 100 pm thick films of LDPE, with a hole drilled in the
central film to create a void with a diameter of 2 mm. In this work an axisymmetric geometry is used, shown
in Figure @ (It is assumed that the contact between the LDPE films is sufficient to treat the LDPE as a
singleshomogeneous region. A fillet with a 10 ym radius is applied to the corners of the void in order to
avoid the infinite electric field a sharp corner would cause. The simulation results show that at most voltages
discharges spread along the majority of the top and bottom surfaces of the void, which is in agreement with
both experimental and simulation work of discharges in cylindrical voids [12] [14]. Therefore, it is permissible
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to use an axisymmetric model, as off-axis discharges would still spread across the majority of the top and
bottom void surfaces, and will give results that are qualitatively similar to those obtained in anaxisymmetric
system.

— 0.15 A B
= C
= OtE Air $D LDPE
v 01542 - - - ¢
0 0.5 1 1.5 2
r (mm) ~

Figure 4: Model geometry with labelled vertices. AB is the high voltage electrode; AF is the symmetry axis
and F'G is the ground electrode.

3.2 Formalism

The model solves drift diffusion equations for the number densities of three charged species. For discharges in
air three drift diffusion equations are solved for the number densities, of electrons ne, ‘representative’ positive

ions np and ‘representative’ negative ions n, as follows 4
8826 = ane [We| =une (We| — Bepneny (1)
—V -Te $.5pn
% = e | We| = Bupnnny — Bepeny (2)
—V - T Spn
8;“ =0ne (We| = Buprny — V - T, (3)

where Sp;, is the photoionisation rat@nd the corresponding fluxes, fe, fp and fn, are

Te = neWe— DoVne (4)
f;10 = anp (5)
I = naWa. (6)

In equations to @ V_Ve, Wp and W, are the drift velocities for electrons, positive ions and negative ions
respectively; «, n and\(S are the ionisation, attachment and recombination coefficients respectively; D, is
diffusion coefficient for electrons. The swarm parameters for air are those introduced by Morrow and Lowke
[22], the equations msed ¢o calculate them are provided explicitly in Appendix A. The three drift diffusion
equations are coupled with the electrostatic equation to determine the electric field E

A T

0er (np — ne — N (7)

where V" is the electric potential, e is the charge of an electron, £ is the permittivity of free space, ¢, is the
relative permittivity of the material (¢, = 1 in air and &, = 2.3 in LDPE) and

E=-VV. (8)

The photoionisation rate Sy, is calculated using the three-exponential Helmholtz model developed by Bourdon
et al. [23]. The drift diffusion equations, to @, and the Helmholtz equations to determine Sy are only
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solved inside the void region. The electrostatic equation is solved within the entire model geometryyi.e. the
void and the LDPE.

The boundary conditions for the drift diffusion equations at the void boundary are set based on thefluxes
as follows

i Te = - (aeneWe — Wnpl/f/p) (9)
i-Ty = 7-apnyW, (10)
ATy = #-apgnaWy (11)

where v is the ion-impact secondary emission coefficient set to a token value of*0.0014 7 is a unit normal
vector facing outwards, ~

0 — 1 if sgn(q.i) — sgn(ii - E) (12)
0 otherwise,
i =e, p and n, sgn is the sign function and ¢; is the charge of the 4th species: The change in surface charge

density due to the influx of charged species is also considered

-, -,

t
o= / eit - (np Wy — neWal=na Wy, dt. (13)
0

The boundary conditions for the three Helmholtz terms are the samé as those presented in earlier published
work [9]. The approach taken there was to set the boundary conditions such that the photoionisation rate
calculated using the three exponential Helmholtz medel was in,good agreement with the photoionisation rate
calculated using the full integral model of photoionisation in air proposed by Zhelezniak et al. [24]. The three
exponential Helmholtz model solves three Helmholtz .equations, with dependent variables denoted Sy ;. The
boundary conditions used for the Helmholtz equations were Diricet conditions on the first two components
and a Neumann condition on the third compenent. Innthe earlier work it was verified that the agreement was
reasonable for a spherical void with a radius of 0.5,mm [9]. In this work a different void geometry is considered,
so the verification process must begepeated. In order to compare the two models, referred to as ‘Full Model’
and ‘Helmholtz’ a Gaussian ionisation source is placed in the centre of the void. The photoionisation rate
calculated using the two different methods is,compared, see Figure [5| The parameters defining the Gaussian
ionisation source and the boundary conditions msed for the Helmholtz equations are identical to those used
in earlier published work, [9]. Thesresults show that the photoionisation rate calculated using the Helmholtz
model is the same order of magnitude as the photoionisation rate using the ‘Full Model’. Order of magnitude
changes to the photoionisation rate have not been found to significantly alter the model results, and it is
sufficient for broadly capturing the plasma dynamics which is the purpose of this work.

Page 6 of 22



Page 7 of 22

oNOYTULT D WN =

QuuuuuuuuuubdbbdDDdDDDDMDMNDEDMNDWWWWWWWWWWRNNNNNNNNNN= =2 2 29299230999
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-117815.R1

1028 T T I &
" 0000000900000 ::::’ Q
o \
1077
CQQ'
e
=
o]
~
1026 L

-0.025 0

-0.05

—— I - Collisional Ionisation Rate —a— Sy, - Ful

_3S

—_

[en)
o
34

I and Spy, (

0.5 0.75

r (mm)

onisation Rate —a— Sy, - Full Model —e— Sp;, - Helmholtz

(b)
Figure 5: Comy pionisation rate calculated using full model of photoionisation and Helmholtz
model with mo dary conditions. The Gaussian collisional ionisation production rate was centred
at the or onisation rates along the z axis and (b) photoionisation rates along the r axis.
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Boundary \% e np Nn Sph1 Sph 2 Sph 3
AB Vo - - - - - =
v d d Onn 9Spn 08 95pn
CE - nezo ﬂ:o n =0 $:0 ﬁzo ﬁ:o
_or ar, 0 or. or or or
CD,DE ﬁ-(D1*D2)=U (EI) Spn1 =0 Sph20 7 -VSpp3 =0
ov
AC,EF “—o - - - - - -
or.,
BG n-D=0 - - - - - _
FG 0 - - - - - -

Table 1: Boundary Conditions

Initial conditions are required for the drift diffusion equations. These/take thesform of a Gaussian seed
of electrons and positive ions, with the initial number of negative ions set.to zero. The plasma dynamic
simulations are performed at a negative applied voltage, so the seed waseentred at'the top of the symmetry
axis so that it had the maximum distance to multiply across the void andidevelop into a discharge. The
initial conditions are explicitly

Nepli—o = mnoexp(—(r® + (£—23))/50)s (14)
Tln|t:() = 0 (].5)

where zy = 50 pum, ng = 10! m™ and sg = 25 pm.

3.3 Implementation

The model is implemented using the built-in physies libraries in Comsol 5.3a [25], specifically: three transport
of diluted species libraries to solve (1)-(3); the electrostatieglibrary to solve (7)); a coefficient form PDE library
to solve the Helmholtz equations for Sy, and a boundary ODE library to solve (13). The implementation is
identical to that used in earlier published work [9]:*The numerical mesh was adapted based on the observed
plasma dynamics by controlling the maximum element size. This led to mesh elements between 0.5 pm and
2 pm within the void region, with the smallest mesh, elements close to the symmetry axis and the dielectric
boundary. In the LDPE region the maximum element size was 25 pm. Halving the size of the mesh elements
resulted in a change within 5% of thé variables of interest.

— 0.15 - a e
g 0
: -0.15 "
0 0.5 1 1.5 2
r (mm)
L — —
5 10 15 20

Element Size (pm)

Figure 6: Surface plot of numerical mesh element size.

4 " Discharge Plasma Dynamics Simulations

In this section the plasma dynamic simulations used to develop a PD activity model are discussed. The
work comsists of a series of DC discharge simulations in virgin voids, i.e. voids which have had no prior
PD activity. The applied voltage is kept constant throughout the discharge because the discharges occur
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over the nanosecond to microsecond timescale, and the applied voltage AC cycle is 50 Hz. Therapplied
voltage, Vj, is set to negative values so that the measurable quantity of interest, apparent chargejis,positive.
All simulations consider the void to be filled with atmospheric pressure air. This is permissible during the
initial stages of discharge activity. Sustained PD activity will result in significant changes to the gaseous
composition, pressure and surface chemistry of the void, and would require a more §ophisticatedrmodel.

The first investigation was performed to determine the inception electric field of the‘void. This‘isidefined
as the minimum electric field across the void required for a PD to take place [4]. Note that this is somewhat
confusing terminology, in that this electric field does not correspond to the discharge ineeption veltage PDIV.
In fact it corresponds to the extinction voltage PDEV, the minimum voltage required for. the PD to occur.
This is because the PDEV is determined by gradually reducing the applied voltage until.PDractivity ceases.
This means that there will be half cycles where PDs nearly completely neutralise all surface charge. This is
supported experimentally by Pockel’s cell measurements [26]. Therefore the applied, field alone, i.e. a virgin
void scenario, must be sufficient at the peak of the waveform to initiate /@ PDx If it is not PD activity will
cease, the applied voltage will be at PDEV. This is the reason why the simulated value is more representative
of the PDEV than the PDIV.

The lowest voltage where the seed charge was found to develop into a PD, to the nearest 10 V, was
-1.49 kV, which resulted in a PD with an apparent charge magnitude of 1.84 pC. At an applied voltage of
-1.48 kV the apparent charge was several orders of magnitude lowér and theplasma dynamics simply consisted
of the seed charge being deployed into the void boundary. The inception electric field Ei,., corresponding to
Vo=-1.49 kV, is 7.97 kV/mm. The applied voltage value of=1.49 kV caleulated using simulation is in good
agreement with the measured PDEV. In order to see thismote that the PDEV values in Figure [2] are RMS
values, the peak value across the AC cycle is higher by a factor/v/2» This means that for the samples measured
the mean lowest applied voltage that could sustain PD activity was v/2 x 1.11 = 1.57 kV. The difference
between these values is just over 5% and the simtilated PDEW. is within the spread of PDEV values measured
for the different samples, see Figure[2] It is acknowledged that the distribution of seed charge would influence
the exact voltage at which a PD occurred. However, it should be noted that a parameter sweep of ng from
10° to 10'" m™ and sq from 1 to 50 pm did not influence the voltage at which PD developed to within 10 V.
PD was found to initiate at -1.49 kV for ‘all parameter combinations whereas it did not initiate at -1.48 kV.

Another point of interest is that the commonly used expression for Fj,. for PD in voids is

By = (E/p)crp (1 + w%/z) s (16)

where (E/p)er = 25.2 V Pa! m™, B = 8.6 Pa%? m!/? and [ is the length of the void in the direction of the
electric field [27]. has been used.to calculate inception electric fields for a range of PD systems including
discharges in cylindrical and spherical voids [4]. The value of Ei calculated using is 9.96 kV/mm, which
is in poor agreement with both measurement and simulation.

The plasma dynamiges ©of the PD at inception consisted of diffusive avalanches. The discharge can be
divided into the following stages:

(I) - The seed charge moved towards the bottom of the void undergoing multiplication, the transit across
the void took approximately 0.5 ns, see Figure[7]a. The space charge field was insufficient to significantly
change the applied field/throughout the discharge.

(IT) - At the/bottem of\thenvoid electrons were rapidly deployed into the bottom of the void surface as
surface charge, see/Figure This resulted in a larger number of ions, both positive and negative, in
the yoid compared to electrons. After multiplication positive ions moved back to the top of the void,
and began to deploy positive surface charge, see Figure [§|b.

(III) = The deployed surface charge reduced the electric field in the vicinity of the symmetry axis. This
led to increased ionisation off axis, due to the higher electric field, and resulted in the charged species
spreading across the void surface, see Figure[d] Ionisation processes were not sufficient to sustain space
charge'in the void as the charged species moved into higher field regions, with charge deployed at the
void surfaces off axis, see Figure
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Figure 7: Discharge dependent variables for inception conditions at 0.4 ns |(I)f (a) electron number density,
(b) positive iondmumber density, (c) electric field magnitude.
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Figure 8: Discharge dependent variables for inception conditions at 20 ns |(II); (a) electron number density,
(b) positive iondmumber density, (c) electric field magnitude.
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Figure 9: Discharge dependent variables for inception conditions at 10 us (a) electron number density,
(b) positive iondmumber density, (c) electric field magnitude.
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Figure 10: Surface charge density on the void surface for inception conditions at different times during the
discharge: (a) topfsurface and (b) bottom surface.

In order to develop a PD activity model, discharges were simulated at increasing applied voltages until
the apparent,charge of the simulated PD exceeded the maximum measured PD. Simulations were performed
at 100 V intervals between -1.5 kV and -2.2 kV. Combined with the simulation at 1.49 kV 9 simulations
were required to develop the PD activity model. Plasma dynamics were similar for all applied voltages, the
main difference was that discharges occurred over a shorter timescale at higher voltages and deposited more
surface charge, see Figure Surface charge is deployed both by multiplication of the seed charge near the
symmetry axis, and by the spread of charge across the void surface, This led to ‘spots’ of surface
charge near the symmetry axis for some applied voltages, depending on the relative duration of the different

13
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stages. The surface charge density distribution near the symmetry axis was found to be a fu
seed charge distribution. However, it is important to note that changes to the seed charge di
not found to significantly impact the apparent charge or the electric field in the void after PL
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50 Figure 11:\Surface charge density on the void surface after the discharge had finished at different applied
51 voltages magnitudes.

53 The PD activity model developed using these plasma simulations treats the void as a single object under-
54 going discharges. When a discharge occurs it reduces the electric field in the void to a residual value, which is
55 dependent on the magnitude of the electric field before the discharge, and results in an apparent charge across
56 the measuring ground electrode. The residual field is typically assumed to be a constant [4, [5]. However,
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the plasma simulations show that the mean field in the void after a PD is dependent on the magnitude of
the electric field before the PD, see Figure This demonstrates the power of using simulationsref plasma
dynamics to inform PD activity models.

It is known that surface charge on the surface of the void before a PD occurs will4influence plasma
dynamics and surface charge deployed by that PD [9]. The space charge from previous PDs withinthe air
is assumed to be removed between PD events due to recombination and the deployment of . charged particles
at the void boundary due to the changing applied field. Canonical reasoning, and investigations using a
simple one dimensional plasma dynamics model [28], suggest that charged particles are completely removed
from the gas between discharges. The influence of surface charge on PD activitysis neglected in the model
introduced in this work for two reasons. Firstly, to properly determine the influence of charge already on the
void surface would require a significantly larger number of plasma dynamic simulations, and would add to
the complexity of the PD activity model. More importantly, the rate of seed charge,generation is uncertain,
as will be seen in the following section, which is likely to more significantly impact the results. The view was
taken that implementing a complex method of simulating the influence of surface charge density on PD is
unlikely to add value to the model. The data required for the PD activity,modelds displayed in Figures
and [I3]
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Figure 12: Relationship between the electric field before PD and the electric field after PD.

16

Page 16 of 22



Page 17 of 22

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-117815.R1

300 T . T

250 1

200 .

100 1

50 1

O 1 L y

7 8 9 10 11 12
Mean Electric Field before PD (kV /mm)

Figure 13: Relationship between the electric field before PD an:i the apparent charge of the PD.

5 Partial Discharge Activity Model

The simulations of plasma dynamics are used to implement a simple PD activity model. PD activity is
assumed to be dependent on the mean eleetric field within the void, Fijean, which is a sum of the mean
applied electric field and the mean local eleetric field from surface charge at the void boundary. The influence
of charge already on the void surface is ignored, with the exception of its influence on the mean electric
field, such that discharges can be tteated as a superposition of discharges within virgin voids. Following the
literature a PD occurs at a given time ifithe electric field is sufficiently high

|Emean| > Einm (17)
N

and a free electron is available '
N.At > R (18)

where N, is the electrod generation raté, At is the simulation time step and R is a random number uniformly
distributed between 0 amd 1. A PD reduces the F., to a residual value, and produces an apparent
charge on the measuring ground.electrode. Based on the investigations performed in the previous section
Ein. = 7.97 kV/mm./ The remaining data required for the PD activity model is displayed in Figures|[12| and
The model of PD activity is similar to existing work in the literature, [5], the difference is that is informed
by a plasma dynamics modelimeaning that the residual electric field and the surface charge distributions do
not need to be'treatéd as.free parameters.

In order to simulate/ PD activity it is necessary to develop an expression for the electron generation
rate. Betweenw PD eveuts the charged particles are removed from the air due to recombination and charge
deployment at theaoid boundaries due to the changing applied field. Canonical reasoning, and investigations
using a simple one dimensional plasma dynamics model [28], suggest that charged particles are completely
removed fromnthe gas between discharges. The two main mechanisms that can generate free charge in the
void are background radiation within the gas ionising a neutral molecule and charge emission from trapped
charge on the dielectric surface from earlier PDs. Of these two processes, surface emission is by far the most
dominantyand background radiation will be neglected in the model of PD activity.

The surface emission of trapped charge from dielectric interfaces is poorly understood. In [11] the electron
emissionyfrom a dielectric surface was assumed to obey the Richardson-Schottky law. However, it is not clear
whether this is valid for a layer of trapped charge on a dielectric surface. The seminal work of Niemeyer
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used an equation, which was subsequently adopted in much of the PD activity modelling literature, where
the electron generation rate for trapped charge on a dielectric surface is dependent on the amoutyof charge
deployed by the most recent PD combined with a work function and Schottky term [4]. This(is expression is
based on earlier work measuring electron emission from concentric glass tubes in a vacuum ander DC voltage
[29]. However, in this earlier work the potential barrier in the Schottky term is doubled because whendcharge
is emitted from an insulator an immobile hole remains, as opposed to when charge is emitted from a metallic
surface where the interaction is between an electron and an image charge [29]. It is clear that all of these
approaches are an imperfect way of simulating seed charge generation for PD. In thi§ work a simple approach

is used, with N, set to
/ €3|Emean|
2meg (19)

No = coexp "o , o
where c, is an adjustable free parameter with units of s, kg is the Boltzmann constant and T = 300 K is
the temperature. uses the Schottky term adjusted for insulator surfaces,in accordance with the earlier
work [29]. c. is treated a single value, which is adjusted such that/the simulation matches the experimental
data. It should be realised that in practice c, depends on a large number of variables including, but not
limited to: the phonon frequency of LDPE, the work function' of LDPE and the detrappable charge at the
dielectric boundary. The precise value of these variables is unknown, ashis their impact on N,. The simple
approach taken here is to use a lumped adjustable parameter ¢e:

The PD activity model was implemented in MATLAB, due. to its simplicity thousands of PDs can be
simulated within minutes. A comparison of PDs per cy¢le and mean PD magnitude between simulation and
experiment is provided in Figure The results show some diserepancy between measurement and simu-
lation, there are a numerous reasons that could explain this.»Measured PD activity could be impacted by
minute variations in the sample fabrication, despite efforts to maintain homogeneity, and changing environ-
mental conditions including humidity and ambient temperature. It is also possible that many low magnitude
PDs could be ‘lost’ in the noise floor, résulting in a lower number of PDs per cycle. From a simulation
viewpoint, a simple model is used which assumes PD'is solely dependent on the mean electric field. Another
point is that the drift diffusion model uses swarmparameters to capture the dynamics of the charged species.
Alternative values for swarm parameters in air have been used by other researchers, and could result in
slightly different PD magnitudes. A more fundamental issue is that the generation of seed charge for PD in
voids bounded by a dielectric material is poorly understood. It should be noted that adjusting the expression
for Ne, and introducing additional free parameters, would result in a better fit with experimental data, but
it would require making additionaltassumptions with limited justification. Many of the PD activity models
introduced in the literature would be able to provide a better fit to the experimental data than that shown
here, but would require a larger number of free parameters.
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Figure 14: A scatter plot of PD statistical quantities from experimental samples and the PD activity model
for different values of c.. y

27 A typical PRPD pattern from the simulation is'shown in Figure [I5] It is visually similar to many of the
28 experimental PRPD patterns, see Figure [3] although it has a higher number of PDs per cycle compared to
29 experiment.
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51 Figure 15: Simulated PRPD pattern for ¢ = 8. The 50 Hz AC applied voltage RMS is set to the mean
52 experimental PDIV value of 1.49 kV.

It can be concluded with confidence that PD activity consists of low magnitude discharges with occasional
large magnitude discharges, both of which deposit charge over the majority of the void surface. It is expected
that during this initial stage, damage could occur over the entire surface of the void. This agrees with
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experimental observations in the literature[30]. It is likely that oxygen will be rapidly used up by PD activity,
which would lead to discharges occurring within a nitrogen environment. This would inhibit photoeionisation
processes, and is likely to lead to discharges which do not spread over the entire void surface. This would
explain the formation of localised pits on the dielectric surface [30]. From an electrical engineéring perspective,
plasma dynamic simulations allow estimates on the magnitude of PD, insight into‘the potential.damage it
could do to the surface of the void and the apparent current pulses a discharge will generate.

6 Conclusions

A PD activity model was developed for the initial stages of discharge activity withini\a cylindrical void
surrounded by LDPE. For the experimental arrangement considered discharge aectivity/could be simulated
using a single free parameter, co, which was used to adjust the rate of séed charge generation. This work
demonstrates that simulations of plasma dynamics can be used to inform PD.activity models and allows the
development of models with a reduced number of free parameters. The specific findings off this work are as
follows:

e The inception electric field, the minimum electric field required for the void to discharge, was in good
agreement, with experimental data, with a predicted inceptioniwoltage of 1.49 kV compared to a mean
experimental value of 1.57 kV.

e The electric field in the void after PD, commonly referred to,as the residual field, is not a single value
as is commonly assumed [4] [5]. In the geometry considered diseharges that just exceeded the inception
electric field resulted in high residual fields, whereas discharges are higher electric fields resulted in a
significantly reduced electric field, see Figure

e The PD activity model was in reasonable agreement with the measured PD data, which is an encour-
aging result as only a single adjustable parameter wasiused.

e An issue which should be addressed moving forwards is the generation of seed charge for PDs. PDs often
occur at electric fields that significantly exc¢eed the inception conditions of the void. This work, following
the literature, treated seed charge generationras stochastic process, with a probability dependent on
the electron generation rate. This,is a simplified technique of describing what is a complex process,
and improvements in measurement and underlying theory are required.
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1
2
3 Appendix A
4
5 The swarm parameters for air are those introduced by Morrow and Lowke [22]. They are explicitly
6
7 o cm? = 2 x 1071 N exp (—7.248 x 10715 /(E/N)) if E/N 1.5 x 10715 (20)
8 6.619 x 10" N exp (—5.593 x 107'*/(E/N)) if E/N < 165x 10715
2 N[8.889 x 107°(E/N) + 2.567 x 10719 + ...

10 ) 97 if E/Ni>\1.05 x 1071°

11 N2[4.7778 x 10759(E/N)~1-2749]

12 1 N[6.089 x 1074(E/N) — 2.893 x 10719 + ... i E/N > 12x 10717 (21)

,cm = i

13 7 N2[4.7778 x 10759(E/N)~1:2749) E/N <105 x 10715

1‘5‘ 106.81 it E/Nsd 2 x 10717

16 0 ifim<0

17 7.4 x 102Y(E/N) + 7.1 x 10° if E/N >2x 10319

18 —16

E/N >1Xx10
19 1.03 x 10%22(E/N) + 1.3 x 10° if (N = 15
1 E/N< 2 x 10~
20 We, cm 8 = E/N > 926 10717 (22)
6 %

21 7.2973 x 1021 (E/N) + 1.63 x 106 [if ~ »
22 E/N<1x10~
23 6.87 x 10*2(E/N) + 3.38 x 102 if B/N < 2.6 x 10717
24
. Wy, ems' = 243EP,/P 4 (23)
2 2.7TEP)/P if E/N/&.5 x 10716

° Wa, ems™ = o/P I E/NG 1 (24)
27 1.86EP,/P if E/N <5 %1016
28 3 1 -7
29 Bep, cm” 8 = 2x10 (25)
30 Bop, cm® 51 = 2x 1077 (26)
31 D, cm? 51 = [0.3341 x 10°(E/N)%5409) (W, / E) (27)
32
33 where E' is the electric field magnitude in units of V/ecm and N is the number density of gas molecules
34 per unity volume in units of cm™, P-is'the air pressure in Torr and P, is atmospheric pressure in Torr.
35 The magnitude of the charged species’ drift velocities are provided in —. The drift velocity vector is
36 aligned in the direction of the electric field for positive ions and opposite the electric field for negative ions
37 and electrons. N
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