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Abstract

Dielectric-air insulation systems can reduce the carbon footprint of medium
voltage switchgear, as they can replace SFg-insulated systems. Such re-
placement is, however, not easy, as the devices are typically compact and
complex, with strongly inhomogeneous electric fields. Withstand voltages
are typically estimated with empirical models for discharge formation and
propagation. Any dielectric surface can change the conditions for such eval-
uations, especially as the surfaces accumulate charge.

The aim of this work was to study the influence of dielectric surfaces
on breakdown in non-uniform atmospheric air gaps. Short (< 120 mm)
rod-plane gaps with a polycarbonate barrier were used throughout. The
development of pre-breakdown and breakdown processes were clarified with
high-speed imaging, photomultipliers and fast current measurements. It
was shown that breakdown around the 50 % level is governed by leader-like
discharges rather than streamers.

Surface potential measurements demonstrated that streamers charge di-
electric barriers in a way that is predictable with variations of saturation
charge boundary conditions (zero or constant normal electric field at the air
side of the interface). Such predictions allow utilization of beneficial surface
charging effects in switchgear design.

Moreover, it was shown that drift-diffusion models can be used to simu-
late important discharge behaviour in dielectric-air insulation systems. Such
models are computationally heavy, but can become useful for dielectric de-
sign of high voltage components as computer capabilities are improving. It
was shown that 2D planar streamers charge dielectric surfaces to saturation
within tens of ns. The streamer-exposed surface is charged mainly by drift-
ing ions from the streamer channel, but also by electron emission processes
from the dielectric surface.

The thesis is presented as a collection of seven peer-reviewed articles
published in journals and conference proceedings, together with an overview
document. The results presented in this thesis contribute to a better un-
derstanding on how dielectric barriers influence electrical breakdown in air.
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Chapter 1

Introduction

1.1 Medium voltage switchgear insulation

Medium voltage (MV) switchgear, or distribution switchgear, are devices
that are used for connection and disconnection in the distribution grid.
MYV is typically defined as 1 to 36kV. Switches, earthing switches, dis-
connectors, fuses and circuit breakers are typical components. Primary MV
switchgear are those connected to the transmission lines, whereas secondary
are connected to the low-voltage consumer grids.

The market for especially secondary medium voltage switchgear is large
and competitive, and the producers are facing strict demands of cost and
space efficiency, reliability and eco-friendliness. Secondary switchgear are
mostly constructed as indoor metal-enclosures, typically with some insulat-
ing gas. Air is sometimes used at the lower voltage levels (e.g. 12kV, see
fig. 1.1), but SFg is the main insulating gas at higher voltage levels. En-
vironmental concerns due its high global warming potential (GWP) have,
however, motivated research efforts into alternative insulation systems. The
European Union is expected to restrict the use of SFg in medium voltage
secondary switchgear in near future |1].
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Figure 1.1: MV metal-enclosed switchgear ring main unit (RMU) a) Simplified distri-
bution network showing location of RMUs in the network, see e.g. [2]. b) It is a challenge
to design SFs-free switchgear cabinets with similar compact sizes as the existing SF¢ solu-
tions ¢) dielectric design of SFg-free insulation systems is complicated by inhomogeneous
geometries with dielectrics, triple points and short clearances between HV and ground.
SafeRing Air 12 kV, ABB AS electrification products division, 2016 product catalogue [3].




1.1.1 Alternatives to SFg

SFg is a very strong greenhouse gas. FEmissions of SFg to the atmosphere
comes mostly from the electric power industry, a few million kg per year [4].
1kg of SFg corresponds to around 22 500 kg of CO4 in terms of greenhouse
effects, which is roughly equivalent to the yearly COq-emissions of ten petrol
cars. SFg is widely in use as electrical insulation in metal-enclosed MV
switchgear today. Not only is it a strong dielectric and inert, non-toxic
(except for some decomposition products) gas, it also has a high thermal
conductivity and a low boiling point.

Research efforts have been invested in alternative insulation systems
in the past decade, leading to the proposal of some alternative insulation
gases with lower GWP, see e.g. [4] [6] for a review of these. Although SFg-
free solutions are available, some even with atmospheric air as insulation,
the MV market is dominated by SFg-insulated switchgear. SFg-insulated
switchgears are dominant as they have been a mass product for decades. As
the market will likely be incentivized to abandon SFg-solutions, there is a
need for renewed research efforts into alternative MV switchgear insulation
systems.

1.1.2 Hybrid air-solid insulation (dielectric barriers)

Air at, or close to, atmospheric pressure has obvious advantages as electrical
insulation and is used as insulating medium mainly at lower voltage levels
in metal-enclosed MV switchgear. Generally, air-insulated devices require
approximately three times more space than SFg-insulated ones for similar
designs. Replacing SFg with air is therefore challenging if the equipment
size is not increased. Pressurizing the air increases the insulation strength,
but high pressures are not economically or practically feasible in most MV
switchgear products. The breakdown voltage of an air gap can, however,
be significantly increased by either covering live parts with a dielectric ma-
terial or introducing dielectric barriers between electrodes. Such dielectric
design techniques do, however, rely on a detailed knowledge of the relevant
discharge behaviour.



1.1.3 Scope of work

The aim of this work is therefore to understand the physical mechanisms
relevant to electrical discharges in air gaps with dielectric barriers. Light-
ning impulse (LI) stressed short (< 120 mm) rod-plane air gaps are used
here as the LI tests are the most critical voltage tests for MV switchgear.
Simple rod-plane gaps with and without a dielectric barrier are studied with
experiments and simulation models. Although the tested geometries are far
from real-life switchgear design (see for example fig. 1.1c), they can reveal
a great deal about breakdown (BD) phenomena in non-uniform fields, and
how these are affected by a dielectric barrier.

Although the rod-barrier-plane geometries are varied in this thesis, the
aim is not to experimentally determine the optimal positioning, shape and
material properties of the barrier from an engineering point of view. The aim
is to characterize the relevant breakdown mechanisms and surface charge ef-
fects. Such characterization is needed to improve the breakdown prediction
models that are used to design hybrid insulation systems.

1.2 Research questions

In this thesis, the following research questions are investigated:

e What are the characteristics of breakdown in Ll-stressed short non-
uniform air gaps with and without dielectric barriers?

e How can surface charge distributions on dielectrics after discharges in
short LI-stressed rod-plane air gaps be predicted?

e What are the dynamics of surface charging by streamers in short LI-
stressed non-uniform air gaps?



1.3 Structure

First, the theoretical background and relevant previous work is presented.
Thereafter, experimental methods are presented. Throughout, short light-
ning impulse stressed rod-plane gaps with a dielectric barrier were used.
The experimental activities fall into two main categories:

1. Diagnostics of pre-breakdown and breakdown phenomena
2. Surface potential measurements

The simulation work is then presented. The simulation activities also fall
into two main categories:

1. Saturation charge (electrostatic) simulations

2. Drift-diffusion simulations of streamer-dielectric interaction

The published papers form the main body and results of the PhD work.
The papers are included after the results, discussion and conclusion.






Chapter 2

Theory

The aim of this chapter is to review the relevant theory in literature for
discharges and breakdown in non-uniform air gaps with dielectric barriers.
There is a range of different discharge phenomena at play, many of which
are not completely understood. Tailoring the insulation system to an ac-
ceptable withstand voltage requires an understanding of these breakdown
mechanisms.

2.1 Breakdown voltage as a statistical parameter

Dielectric design is often a matter of avoiding breakdown of the insulation
systems. Breakdown voltage in air is, however, a statistical parameter, as
the availability of starting electrons is fluctuating. A "withstand" voltage
level Uyw is therefore typically defined as 2% or less probability of break-
down [7]. Experimentally, it is more convenient to use the 50 % breakdown
voltage, as it can be estimated from a smaller data set, e.g. with the up-and-
down method [8]. Uw is, however, the parameter of interest in engineering
design.



2.1.1 MYV switchgear LI tests

LI tests represent the highest dielectric stresses in MV switchgear type tests.
Dielectric barriers can conceivably inhibit discharges during LI events. LI
stresses in tests and equipment life are short and few, so partial discharge
(PD) erosion problems that can be critical during AC can be disregarded
when dimensioning for LI.

IEC standards describe a procedure where 15 positive and 15 negative
impulse shots are applied [9]. Two disruptive discharges are allowed at each
polarity. The polarity reversal during such tests can be challenging, as accu-
mulated charge on dielectric surfaces can increase local stresses. However,
three conditioning impulses at 80 % of the peak value are allowed after a
polarity reversal. These are intented to mitigate adverse surface charge
effects.

To pass such tests, while keeping the dielectric design efficient, cheap and
eco-friendly, a solid understanding of the relevant breakdown mechanisms
is needed.

2.2 Townsend avalanche

Discharges in air start with an electron avalanche. At short distances or
low pressure (up to ca. 5 bar-mm) the Townsend electron avalanche [10]
dominates the BD process. As an electron is accelerated in a gas, it may
gain enough energy to ionize neutral gas molecules (impact ionization).
An effective ionization coefficient a is defined as the ratio between new
electrons and distance in the field direction. It is called effective, as it also
includes attachment of electrons (normally described with an attachment
coefficient 7). o = «(F) is dependent on the electric field strength and can
be estimated with empirical fit functions [11], see fig. 2.1.

If Ny electrons start an avalanche, through ionization N electrons arrive
at a distance x from the starting point. These create

dN = Nadz (2.1)

10
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Figure 2.1: Effective ionization coefficient «(|E|) curve fit. «(|E|) = 0 when the field
strength is below the ionization threshold: |E| < 2.6 kV/mm [11].

new electrons when propagating a distance dz further opposite to the field
direction. By integration,

N = Noexp < /0 ‘ adx) (2.2)

electrons are created in the avalanche over a distance d. In streamers (sec-
tion 2.3), avalanches start with a free electron in air, so Ng = 1.

2.3 Streamers

The theory of streamers dates back to Raether, Meek, Loeb and Dawson
[12]-[15]. If an electron avalanche grows to a critical size (Nt ~ 106 — 108
electrons), its internal field can sustain discharge processes in comparably

low background fields:
d
exp </ ada:) > Nerit (2.3)
0

Then the field around the space charge head is high enough (ca. 2.5
to 2.6kV/mm for 1 bar air [7], [16]) to support further electron avalanche

11



processes in the vicinity. These so-called streamer discharges can either be
cathode-directed (positive) or anode-directed (negative), see fig. 2.2.

2.3.1 Streamer structure

The streamer consists of an ionizing front, and a quasi-neutral, weakly ion-
ized channel [17]. The ionizing front is a ca. 1/« thick layer, with high
local field strengths. This is where the electron avalanches discussed in sec-
tion 2.2 take place. A charge separation occurs here — the fast electrons
leave the slower positive ions behind, which results in a charged region at
the streamer front. An example can be seen in fig. 2.3 (simulation of pos-
itive streamers) — a net positive charge surrounds the channel (fig. 2.3a),
and ionization takes place at the front of each channel branch (fig. 2.3b).
The electric field is screened in the channel connecting the streamer head to
the anode. The net charge surrounding the channel produces an ambipolar
electric field that contains the plasma [16], [18].

2.3.2 Positive streamers

For positive streamers, the electron avalanches propagate towards the pos-
itively charged streamer head (see fig. 2.2a), leaving behind new positive
charge a little closer to the cathode (the positive ions are one to two orders
of magnitude slower than the electrons [19]). As the process continues, the
space charge wave continues until it meets the cathode or until the back-
ground field is not able to sustain the ionization processes.

2.3.3 Negative streamers

Electron avalanches from negative streamers start from the negative space
charge head and propagate outwards from the streamer head, into a lower
field region (see fig. 2.2b). Negative streamers therefore require higher back-
ground fields in air (Eg — ~ 1kV/mm) than positive (Fg + ~ 0.5kV/mm)
ones to propagate [7], [20], [21].

12
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Figure 2.2: Streamer propagation a) positive (electron avalanches moving towards
streamer head) b) negative (electron avalanches moving from streamer head into the
low field region). Direction of background field E indicated.

2.3.4 Streamer similarity laws

Streamers are multi-scale phenomena: at atmospheric pressure, they have
space charge layers of a few tens of pm and are able to propagate in the
meter ranges. Furthermore, the time-scale of the physical processes are in
the ps range, whereas the velocity is in the mm/ns scale. Streamers follow
a similarity law: they exhibit physical similarities at different gas pressures
when scaled appropriately for gas density [22]. For example, so-called sprites
in the upper mesosphere or low ionosphere are a form of streamer discharge,
with diameters in the meter range and propagation lengths of hundreds of m.
The similarity law does not, however, hold near material boundaries. The
influence of dielectric boundaries in air gaps will be discussed in section 2.7.

13
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Figure 2.3: Computer simulation of 3D positive streamers [23] (run on 4096 cores on
a super-computer). a) Charge density in C/m® b) Electron source term in 1/(m?s).
15 ns simulation time, 2cm® domain, with a hemispheric 0.5 mm radius rod electrode
protruding 1 cm from the top domain face. Top face and rod 15 kV, bottom face grounded,
homogeneous Neumann boundary conditions on sides. The branching is modeled by
applying a stochastic pre-ionization level of up to 1()14/m3.

2.3.5 Other streamer discharge terminology
Corona discharge

The term corona is generally used to describe non-disruptive gas discharges
near a HV electrode. In non-uniform fields in atmospheric air, conditions
for corona are met if the electric field surrounding the conductor exceeds
2.6kV/mm. Corona discharges are the cause of the crackling noise that can
sometimes be heard near HV overhead lines. In the context of LI breakdown,
the initial streamers form a tree-like structure, which is typically called first
corona or streamer corona [16]. Other terminology includes glow corona
(continuous light) and burst corona (light pulses at intervals of some tens
of ps) [24]-[26]. Glow and burst corona were not studied in this thesis, and
will therefore not be discussed further here.

14



Stems

Streamers often emanate from short, bright channels at the electrode known
as stems (see e.g. |27]). The stems can become starting points for thermal
discharges [28] (the relevant thermal discharges are discussed in sections 2.4
and 2.5).

Trichel pulses

Trichel pulses are a type of negative, repetitive streamer-like discharge. As
the discharge develops, a negative space charge forms which shields the
cathode, effectively stopping the discharge. After the space charge drifts
away, a new discharge starts, and so on. The pulse frequency increases with
voltage, typically around 10 kHz to a few MHz.

2.4 Sparks (secondary streamers)

The remaining plasma filaments after a primary streamer can be reillumi-
nated by a secondary streamer [29]-[31]. If the secondary streamer crosses
the gap, breakdown can occur due to excessive channel heating, which is
also sometimes called streamer breakdown or spark breakdown. This type
of breakdown is governed by ohmic heating, thermal shocks and induced
pressure waves, and not by the streamer mechanism itself [32]. As will be
shown later in this thesis, the spark mechanism was only observed in the
most uniform and short air gaps. Mostly, a leader-type discharge (see sec-
tion 2.5), propagating around the injected streamer charge was seen, as in
[31]. Therefore, detailed discussions on the spark breakdown mechanism
are not included in this thesis.

2.5 Leaders

The streamer channels can be heated ohmically, causing the field to gas
density ratio E//n to increase, which in turn accelerates ionization. When a

15



thermal detachment temperature Tyet &~ 1500 K is reached, thermal detach-
ment of negative ions enhances the conductivity and a first leader section
is formed [33|. The applied potential will be transferred to the leader head,
which becomes the starting point for new streamers (see fig. 2.4). This ion-
ization activity in front of the leader head supplies the necessary energy to
advance the leader further into the gap. The leader is ca. one to two orders
of magnitude slower than streamers, moving a few 1072 mm/ns [34]. The
velocity vr, of the leader is typically nearly proportional to the current I,
flowing through it [33]-[35]:

U1, = iIL (2.4)
4L

where g, =20 1C/m to 50 nC/m represents the average charge necessary for
a unit length advancement of the leader channel. Upon contact with the
counter-electrode, the voltage breaks down and an arc follows. In a rod-
plane gap, the process of breakdown under positive lightning impulse can
occur either through secondary streamer breakdown or leader-type break-
down [28], [31]. The process of positive breakdown can be summarized:

1. Primary streamers incept at the rod electrode, leaving space charge
that distort the field. It is followed by a dark period with low current
and light emission.

2. A secondary streamer initiates. If it crosses the gap, it will lead to
channel heating breakdown.

3. If this streamer is arrested, a leader can initiate from a different part
of the rod and propagate to ground, causing leader breakdown.

According to [16], the dark period between primary streamers and ther-
mal discharges is a result of the kinetics of gas heating and of field distor-
tion by the injected streamer space charge. The initial ohmic heating of
streamers and stems is only partly transferred into kinetic energy of the air
molecules, and most of it is stored as vibrational energy. The conductivity
of the channel is only increased sufficiently when the vibrational energy is

16



transferred to thermal energy after a relaxation time. The injected corona
space charge also contributes to the dark period as it shields the field around
the inception region.

Stems or arrested

streamers

\ Positive

streamers

Leader

Figure 2.4: Illustration of positive leader breakdown in a rod-plane gap. Leader chan-
nels typically propagate around the space charge left by initial primary streamers [16].
The leader channel heats up and expands due to current passing through the channel to
feed streamers at its head.

2.5.1 Leader-type channels (short leaders)

Leaders in atmospheric air are normally assumed to exist only in gaps larger
than 1 m, and not for 1.2/50 us LI [7]. Leaders along insulating surfaces are
an exception, however, and can be observed from a few cm. This is explained
in terms of the higher capacitive current flowing in surface discharges, which
facilitates thermal ionization.

Recently, observations of leader-type channels in short rod-plane gaps
were reported [31]. It is not clear how to distinguish these from conventional
long leaders, as they have similar properties (similar structure, velocity, cur-
rent and luminosity, see section 5.1.2). In [28], where leader-type channels
in short non-uniform air gaps are discussed, any streamer channel which is
heated by a streamer corona is regarded as a leader.

17



2.5.2 Characteristics of breakdown at negative polarity

Less is known about negative than positive lightning impulse breakdown
in air. More research exists on positive breakdown, as it typically occurs
at lower voltage magnitudes, and is therefore more critical in high voltage
applications. Negative breakdown of longer gaps often involves a system of
streamers and leaders of both polarities after the dark period [34]. Typically,
the negative leader propagation is driven by space stems, bright spots from
which streamers of both polarities propagate. A dense network of streamer
connects the negative leader and stem. These stems can sometimes become
leaders, which then approach the main leader with increasing velocity.

2.6 Breakdown voltage prediction

As computer capabilities are improving, prediction models based on first
principles may find applications in dielectric design. One such model is
used in this thesis to study streamer and surface charge dynamics in non-
uniform air gaps, see sections 2.8 and 4.2.

In conventional dielectric design, however, breakdown voltage prediction
typically involves evaluation of semi-empirical or empirical criteria that will
be discussed below.

2.6.1 Streamer inception

A useful design criterion when optimizing high voltage devices is to avoid
streamer inception. It can be calculated using eq. (2.3) along an electrical
field line I' (see for example [36]-[38]):

/ a|E|)dz = In Ngit. (2.5)
r

Alternatively, eq. (2.5) can also be calculated as a first order partial
differential equation to find the inception regions, see [39], [40]. Empirical
expressions for «(|E|) are typically used [11] (see fig. 2.1).

18



2.6.2 Streamer propagation

Once incepted, a streamer discharge is able to propagate without a strong
background field. The propagation distance ds in strongly inhomogeneous
fields with electrode clearance of ca. bem < d < 1 —2m is estimated using
an assumption of constant field strength Eg ~ 0.4kV/mm to 0.7kV/mm
in the channel [7], [19], [21], [41], [42]. For negative streamer propagation,
up to Eg = 1.2kV/mm is used [43]. Using the equal area rule

@V@:/%m@m (2.6)
0

the propagation distance dg is estimated. To estimate the withstand voltage
Uw of a gap of length d,

Uw = Uy + By - d (2.7)

is used [44]. The offset Uy ~ 20-30 kV is an empirical value needed when
fitting breakdown data to a linear curve with slope Fg. A typical physical
interpretation of Uy is that it is the excess streamer head potential needed
to cause breakdown [44]|. Equation (2.7) is sometimes called the streamer
stability field criterion.

2.6.3 Leader inception

Models to estimate leader inception and propagation voltages in inhomo-
geneous gaps have been suggested, see e.g. [16], [27], [28], [45], [46]. The
model described in [28] (which is adapted from the SFg model in [27]) ap-
pears strongest from a physical point of view as it does not include any fit
parameters. In the model, streamer and leader channel gas heating dynam-
ics along a single streamer channel and the resulting field distributions are
calculated iteratively. Conditions for leader inception and propagation are

met as long as the heated channel enables further propagation.
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2.6.4 Leader propagation

If the gap is long enough, leader inception may not be sufficient to cause
breakdown. In these gaps, leader propagation is the limiting factor. Often,
an assumption of a leader stability field of ca. Ef ~ 0.1kV/mm is used to
estimate required clearances for atmospheric air gaps larger than around 1
meter [7], [35]. It was shown very recently in [28] that leader propagation
models for air provide reasonable breakdown voltage prediction in short (<
1m), non-uniform air gaps. In the model, the channel field is not constant
as one would expect from the streamer stability criterion eq. (2.7). The
model shows no explicit dependence on the streamer stability field Eg, so
it was stated in [28| that the typical breakdown voltage slope of ca. 0.4 to
0.5kV/mm is likely a result of complex heating mechanisms during leader
propagation.

2.6.5 Discharge regimes in short LI-stressed air gaps

The prediction of breakdown voltage relies on an understanding of the dif-
ferent discharge regimes discussed here, and the transitions between them.
In fig. 2.5, the breakdown (red), discharge (red and yellow) and no-discharge
(green) regimes are illustrated for a rod-plane gap of up to 200 mm with
rod hemispheric radius 3.5 mm.
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Figure 2.5: Discharge regimes of a short rod-plane gap with a 3.5mm rod radius.
The withstand voltage is estimated with the streamer inception and streamer stability
criterion (eq. (2.5) and eq. (2.7)), assuming Uy = 20kV and Fg = 0.5kV/mm. A Python
script described in section 4.1.1 was used to calculate inception voltage. Breakdown can
occur by either secondary streamer crossing and heating or leader-type channel initation
[31].

Streamer inception can be too conservative

In fig. 2.5, it can be seen that the inception integral eq. (2.5) may lead to
very conservative estimates of withstand voltage, as it is possible to have
streamer inception but no breakdown (yellow region). A dielectric design
strategy only based on avoiding streamer inception (eq. (2.5)) will therefore
result in unnecessarily large (or over-pressurized) devices.

Transition between leader-type channel inception BD and sec-
ondary streamer BD

As will be discussed later (section 5.1.2), leader-type channels dominate 50%
BD in these rod-plane gaps from clearances of ca. 40 mm and upwards.
A similar transition region was reported in [31], where streamer and
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leader-type BD were observed occurring at the same time in a 30 mm rod-
plane gap. It was also shown in [31] that higher LI voltage levels will favour
streamer BD over leader-type BD. Furthermore, streamer BD is dominant
in shorter or more uniform gaps, while leader-type discharges are more
promoted under non-uniform conditions.

A comprehensive BD prediction approach would include a model for
predicting the transition to leader-type BD (as in [28]), but such modeling
is not in the scope of this thesis.

Transition between leader-type channel inception BD and leader
propagation BD

Arrested leader-type channels were only observed in this work when dielec-
tric barriers impeded the channels significantly (see section 5.1.6). It is
therefore assumed that leader-type channel initiation automatically leads
to BD in short rod-plane gaps. In larger gaps (above ca. 1 m), leader or
leader-type channel inception may not automatically cause breakdown, in
which case breakdown voltage will be limited by leader propagation (which
requires ca. 0.1 kV/mm [7]).

2.7 Dielectric barriers in air gaps

A dielectric barrier can increase the shortest discharge path to ground z,
(see figs. 2.6a and 2.6b) if it is assumed that the streamer will not puncture
the barrier. Such barriers can significantly increase the withstand voltage of
rod-plane gaps [47|-[50]. Jorstad [50], [51] tested a range of barrier positions
and sizes in rod-plane gaps, and showed that linear regression of the 50 % LI
breakdown voltages to x5 was consistent with the streamer stability criterion
(eq. (2.7)). However, it was also shown that the size and position of the
barrier are of great importance. Placing small barriers close to the HV rod
can, for example, reduce the breakdown voltage compared with a barrier-less
gap. It has generally been shown that the optimal position of a dielectric
barrier in a rod-plane gap is in the upper 15-30 % of the gap (i.e., closer to
the rod than the ground plane) [47].
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In addition to increasing the shortest discharge path, dielectric barri-
ers can acquire surface charge (see fig. 2.6¢), which will also influence the
insulating properties of the system. The surface charge may, for example,
affect leader inception voltages |[52|. The interaction between discharges
and dielectric surfaces and the resulting charge accumulation are there-
fore important characteristics for air gaps with dielectric barriers. In [53],
for example, it was shown that streamer inception and propagation criteria
can provide reasonable AC breakdown voltage estimates of barrier-insulated
gaps if surface charge is taken into account.

In MV switchgear, it is also conceivable that the surface charge accu-
mulation during transient overvoltages can be used to the advantage of the
insulation system. Detailed knowledge on discharge-dielectric interaction is
necessary to realize such designs.

Therefore, discharge-dielectric interaction mechanisms and a surface
charge prediction method based on electrostatic simulations will be dis-
cussed in this section. In the following section, section 2.8, a fluid model
for simulation of streamer and surface charge dynamics will be discussed.
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Figure 2.6: a) The shortest inter-electrode distance x5 in a rod-plane gap b) =z, is
elongated by an insulating barrier c¢) the area A, of the barrier getting charged by a
streamer is a function of the streamer range s, = U/Es (eq. (2.11)). A, is circular with
radius v/s2 — a?. d) Grounding the electrode with a residual surface charge density o
on the barrier can result in back discharges.
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2.7.1 Discharge-dielectric interaction

In fig. 2.7, different mechanisms that can affect streamers near dielectrics
are illustrated. Bulk and surface conduction (1) may transport charges away
from high-field regions if the conductivity is significant. Electron emission
from the surface (2) can increase the streamer attraction to the surface [54],
and contribute to surface charging. The relevant emission mechanisms are
photo-emission, ion bombardment and Schottky emission. Surface charge
(3) can alter the electric field distribution significantly (as can space charge).
Dielectrics with greater €, than the surrounding gas also exert attractive
forces on charges in the gas due to polarization (4).
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Figure 2.7: Near dielectric surfaces, several mechanisms affect positive streamer devel-
opment. 1: Surface and bulk conduction (Js, Jp), 2: Electron emission from the surface
by photo-electric emission, Schottky emission or ion bombardment. 3: Surface charge.
4: Polarization.

Predicting surface charge accumulation is of importance in many high-
voltage MV switchgear designs, where dielectric surfaces are present in the
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form of barriers or mechanical parts (e.g. shafts and spacers, see fig. 1.1c¢).
The surface charge can alter the background field significantly, which in
turn can affect discharge behaviour. The effect can be favorable from the
point of view of dielectric strength if the surface charge screens exposed
points. However, the charge can also have adverse effects, for example if
the surface charge leads to a puncture of the dielectric.

2.7.2 Saturation charge on dielectric surfaces

Accurate predictions of charge generation and accumulation is central to an
efficient hybrid air-solid insulation design. Efficient methods for engineer-
ing predictions often involve calculating extremal cases. When it comes to
surface charging of dielectric barriers, zero normal electric field in air Fy, i
at the dielectric boundary is such an extremal case:

Enair =0 (2.8)

The condition is known as saturation charge [43|, as no electric field
lines in air lead onto the surface. At interfaces, Gauss’ law can be expressed
as

6insE‘n,ins - fairEn,air =05 (29)

where oy is the surface charge, €ng is the permittivity of the dielectric and
FEyins is the normal electric field at the dielectric side of the gas-dielectric
boundary. The saturation charge hypothesis allows the calculation of the
unknown saturation charge density ogay:

6insE‘n,ins — Ogat = 0 (210)

The region of the surface where this condition is applied is estimated by
assuming that the propagation is limited by the maximum streamer range

s, = U/Eq. (2.11)

where the stability field Eg. ~ 0.4kV/mm to 0.6kV/mm is the background
field required for stable positive streamer propagation [21], [43] and U is the
applied voltage. Fg = 1 to 1.5kV /mm is used for negative streamers [7].
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As eq. (2.10) is just an electrostatic boundary condition, the computa-
tion of saturation charge is computationally inexpensive. It can therefore
be applied to predict charging in high-voltage components.

P |
Ah — 0 E l 1En,airl [Usi zair
Ve
(a)
|'L ————————————————————— |
Ah — 0 i Enair =0 Usati zair
e | €ins.
l lEn,ins. I
(b)

Figure 2.8: Zero normal electric field on the surface boundary in air (Ah — 0), also
called saturation charge. a) before saturation charging (os < osat) b) after saturation
charging (o5 = 0sat)-

Deviations from saturation charge

As long as there are field lines onto the dielectric and a supply of charges in
the air, charge will accumulate on the surface. It is, however, conceivable
that a discharge is not able to produce enough charged species to charge
the surface to saturation during the voltage pulse. Alternatively, that the
produced charges recombine before they can charge the surface to satura-
tion. Moreover, the surface charge itself can quench discharge activity as
the dielectric surface becomes charged. Some dielectric surfaces can also
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be difficult to reach for the charge particles if the paths to them are me-
chanically obstructed. The streamers are also branched and not continuous
sheaths, so areas in between branches may not be charged to saturation.
The branches will be reflected in the surface charge pattern |55], [56].

During a discharge, the space charge in the discharge channels will rep-
resent a significant contribution to the electric field distribution. A highly
conductive leader discharge (see section 2.5) can, for example, be approxi-
mated as an extension of the high voltage electrode. It is also possible to
have super-saturation (more than saturation charge) of the surface if there
is enough charge in the streamer channel to keep a normal field component
onto the surface after saturation is achieved.

Lastly, the surface charge distribution can be rearranged if the surface
charge density is high enough to initiate new discharges when the active
electrode potential is reduced. Such discharges are known as restrikes or
reverse or back/backward discharges [56]—[61].

The surface charge will eventually decay by conduction or neutralization.

Saturation charge in DC fields

Calculating the electric field resistively will produce saturation charge on
the entire interface, if the dielectric has a much lower conductivity than the
gas. This may, for example, be the case when there is a DC leakage current
in the gas, and has been observed experimentally [62], [63]. As this type
of charging is many orders of magnitude slower than a LI, it is not directly
relevant to this thesis.

The surface charging dynamics relevant for LI in non-uniform fields will
be investigated in detail with fluid simulations later in this thesis (see next
section (section 2.8) and section 5.3).

2.8 Simulations of streamer-dielectric interation

Simulating streamer discharges with fluid models in high-voltage devices can
be useful for predicting the insulation properties of the device. However,
the high spatial and temporal resolution requirements for such simulation
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models have limited their application. Simulation of full 3D atmospheric air
domains with arbitrary electrode and dielectric surfaces have only recently
been achieved with computer clusters [64]. The underlying mathematical
low-temperature plasma models of the simulation models are also in need
of validation [65]. Nevertheless, the models can be used to gain insight
in the dynamics of streamer-dielectric interaction. A fluid model was, for
example, used to study unexpected flashover on linksticks during live-line
work on high voltage overhead lines, by using a 2D rotationally symmetric
subset of the geometry [66].

Generally, the first-principles streamer models are either particle models
or fluid models (or hybrids) [54], [65]. Only a drift-diffusion model, where
particles are described with their average density, will be discussed here.

2.8.1 Drift-diffusion models

Drift-diffusion models can be used to model electrical discharges in a fluid
approximation, see e.g. [64], [66]-[80]. They solve for the density n; of each
charged species ¢ with the drift-diffusion-reaction continuity equation:

Gni
ot

So eq. (2.12) is a set of equations, the size of which depends on the
number of species in the underlying plasma model. v; is drift velocity,
D, diffusion coefficients. lon diffusion is typically neglected as streamer
timescales are in the tens of ns. S; is a source term that models the reactions
and recombinations. These reactions are described with a plasma model,
e.g. the one described in [81]. A classic model for atmospheric air is the
three-species model by Morrow and Lowke [67]. The main restriction is that
temperature and pressure are below levels where thermal ionization takes
place, as streamers are non-thermal discharges. Often, it is assumed that
the density of charged species n; is negligibly small compared to the neutral
gas density, and that the neutral gas is at rest. However, streamers may
affect the surrounding gas convection, and can even be used to control the
air flow over an airplane wing [82].
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The resulting charged species density is used in the calculation of electric
potential ® with Poisson’s equation:

Vo (V) = —é (2.13)
which is based on the assumption that the streamer currents are so small,
that magnetic fields (and terms in the Maxwell equations associated with
time dependencies of the magnetic fields) are negligible [17]. p is the free
charge density, €g vacuum permittivity, €, relative permittivity.

In air, a significant part of the ionization is produced by photons. They
can, for example, be modeled with different approximations to radiative
transport equations (RTEs) instead of solving the complete photo-ionization
integral, see e.g. [83].

Surface charging can be modeled by e.g. assuming that all incident
charge carriers (charge flux F,) onto a dielectric surface become surface

charge o: p
o

= =F (2.14)

This is a simple but efficient way to model surface charging in drift-
diffusion models. More elaborate modeling includes surface trapping, bulk
conduction etc., see for example |72], [74], [84].

Equations (2.12) to (2.14) and RTEs are coupled through the chosen
plasma kinetics model, and appropriate boundary conditions and initial

conditions must be defined.

Computational resources

Drift-diffusion simulations of streamers in atmospheric air in realistic geome-
tries are computationally heavy, especially in 3D. Streamers span several
spatial and temporal scales, with typical minimum resolutions in the low or
sub pm and ps range when streamers propagate on dielectric surfaces [54].
Computer clusters and adaptive computational meshes are typically neces-
sary for non-symmetrical geometries, often requiring thousands of cores for
3D geometries (see fig. 2.3). The drift-diffusion code implementation used
in this thesis will be discussed in section 4.2.
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Chapter 3

Experimental Methods

In this chapter, the experimental methods used in the PhD work will be
presented. Two different lab setups with Ll-stressed rod-barrier-plane gaps
have been used. Firstly, a discharge diagnostics setup in the high voltage
lab at NTNU with optical and electrical diagnostics of discharges. Sec-
ondly, a setup for measuring surface potentials in the high voltage lab at
the University of Applied Sciences in Rapperswil, Switzerland (HSR).

3.1 Rod-plane gaps with a dielectric barrier

The most widely used experimental arrangements with inhomogeneous field
distributions are variations of the rod-rod (or point-to-point) and rod-plane
(or point-to-plane) gap. The degree of field non-uniformity in these geome-
tries can easily be varied by altering the rod radius and/or gap clearance.
The rod-plane gap also has the advantage of being polarity dependent.

To investigate the influence of a dielectric barrier in non-uniform fields,
rod-plane gaps with a quadratic polycarbonate (Lexan) barrier of width 600
mm, thickness 5 mm and relative permittivity ¢, = 3 were used in this work
(see fig. 3.1). The rod axis was always perpendicular to the ground plane,
while the barrier surface was kept parallel to the ground plane. The HV
connection was field graded with a toroid of outer diameter of 200 mm. The
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following parameters were varied during the experiments (see fig. 3.1):

1. Rod tip position relative to the ground plane (from 10 to 120 mm)
2. Rod tip radius (2, 3.5 and 10 mm)

3. Barrier upper surface position relative to the ground plane (barrier
height) (from 5 to 40 mm)

4. Barrier overhang (0 to 300 mm)
5. Rod length (260 or 500 mm) and toroid inner radius (20 or 30 mm)
6. 1.2/50 ps LI voltage level (ca. —160 to 100 kV)

7. Two different aluminium ground planes: a 1000x1000 mm plane at
NTNU and a 600x1000 mm plane at HSR
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Figure 3.1: Rod-barrier-plane gaps. All geometric parameters can influence the elec-
tric field distribution and therefore also the discharge development and surface charge
distribution.
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3.2 Pre-breakdown and breakdown diagnostics

To understand the nature of discharges in non-uniform gaps with a dielectric
barrier, a set-up for optical and electrical diagnostics of discharge activity
was built in the high voltage lab at NTNU, see fig. 3.2. The set-up was
covered with dark sheets to limit the light pollution. Pressure, humidity
and temperature were logged, but they did not vary much in the lab during
the experiments. The set-up was adapted from a previous setup built in the
NTNU lab to study streamers in transformer oil, see e.g. [85].

Between measurements, the surface was cleaned with a lint-free cloth
steeped in isopropyl alcohol (2-propanol) to remove surface charge. After
the alcohol was assumed to be evaporated (ca. 15 min.), surface potential
probes were used to verify that the surface potential was below a few hun-
dred volts. The alcohol has a low conductivity, comparable with deionized
water (a few pS/m [86], [87]), but likely enough to neutralize the charge.
The advantage of 2-propanol over water in this case is the rapid evaporation.

A 12 stage 1.2 MV 60 kJ impulse voltage generator was used to generate
lightning impulses over the rod as depicted in fig. 3.2. A high speed camera,
a PMT and a current measuring system were used to evaluate the discharge
activity.

3.2.1 High-speed camera

A high-speed camera and low background light is needed to image the de-
velopment of streamer discharges, as they are fast and faint. Cameras with
intensified charge-coupled devices (ICCDs) are suitable for this purpose. An
Imacon 468 with 7 ICCDs equipped with an 85 mm f/1.4 Nikkor lens was
used was used in this work. Incoming light is divided into 7 channels in
the camera, each leading to an ICCD image sensor. The minimum expo-
sure time of each frame is 10 ns. Each camera frame can be programmed
(start time and duration) to capture the desired events. The delay from
the impulse trigger signal to the camera trigger pulse was controlled with a
Stanford Research Systems DG645 digital delay generator. A typical pat-
tern used in this work is shown in fig. 3.3  one long frame to capture the

34



.Amﬁ&w ur umoys acqv uonynjjod JySI] JTWI] 0) Posh SIom SUIRYIND
yoelg  -eded Aepeieq e episul paoe[d sem eiowed 9y, ‘umoys are (seporp pue deg syreds) uorposjord jusweins
-ROWI JUOIIMD puUe (gp (9- "ed) SI0JeNUa)IR [IM JULULINSLIW JUSIMD ‘TN ‘“eloureds ‘10jeiousd osnduw] "Iotireq
OLIOBRIP € M sded sued-por Jo soysouderp umopyeslq pue umopyesiq-oid ‘dujes [ejuowtedxy :g'g 2iIn3rg

[
|
|
N 9d02s0||1950
|
|
|
|

J01es2ua3 Aejop

[eusis 1IN
Y A

as|nd Joluo|

pue s|0J1u0) SSpOIp dAI1093104

slojenuslly R E—

O ____

w

e
de3 yJedg

o) / sue|d punoug) Jolesausl

——————————— 1
N

LINd + esdwed Iy — | ANZTT

suil ondo Jeqg - - - poy

35



accumulated light, and a series of back-to-back short frames to capture the
spatiotemporal discharge development. Some luck and patience was needed
to capture good image series, especially since the barrier had to be cleaned
in-between LIs. If the barrier was not cleaned, the deposited surface charge
would, in most of the tested geometries, inhibit inception. By cleaning
the barrier, the discharge would typically occur at roughly the same time
on the impulse. This made it easier to pre-progam the frames correctly.
For streamer discharges, the frames were typically programmed to capture
discharge development at the impulse front.

The streamer discharge event spans some tens of nanoseconds. On this
time scale, the propagation times in the cabling and the internal delay in
the PMT must be taken into account when assessing the measurements
and images. In this work, the delays were compensated in the digital post-
processing. The delays in the cables were found using a signal generator
and a reference cable. The camera sends a gate pulse to indicate the frame
sequence time position (see fig. 3.2). The camera gate pulse was calibrated
to the PMT signals using a fast diode and a pulse generator. See fig. B.1
in appendix B for illustrations of this procedure.

Image post-processing

As the discharges are faint, the image brightness and contrast were enhanced
with photo-editing software. These parameters were adjusted to the same
levels in each image series to normalise the evaluation of discharge intensity.
Images of background light were subtracted to normalise intensities of the
ICCDs.

3.2.2 Photo-multiplier tube (PMT)

A continuous measurement of light emission can be helpful for detecting
and characterizing discharges. This is possible with PMTs. These use a
series of dynodes to multiply the photo-electric current produced by inci-
dent photons, allowing detection of even single photons. PMTs can also
be equipped with filters, which offer the possibility to study the spectra of
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Figure 3.3: llustration of camera frames programming to LI. Frames numbered from 1
to 7. a) Imacon 468 has seven ICCD frames. One frame, 1), was typically used to get an
accumulated picture of the discharges. The remaining frames 2)-7) were used to capture
the spatio-temporal development (the frame lengths are not to scale in the figure). b)
Example of image series (streamer propagation in 60 mm rod-barrier-plane gap, barrier

surface at 40 mm above ground, overhang 40 mm. 75.37 kV LI applied).
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discharges. In this work, three different PMTs were used: Philips 56UVP
(160-650 nm), Philips 56 TVP (360-850 nm) and Philips 56 AVP (380-680
nm). Only one PMT was used at a time, and it was placed around 2m
from the test object. The PMT power source was a variable 2.5 kV DC
power supply. Two low-pass light filters were also used to study the spectra
of the emitted light, with cut-off wavelengths of 610 and 495 nm. When no
light filter was used, different paper filters were used to limit the saturation
of the PMT.

3.2.3 Fast current measurement

Knowing the amplitude and shape of the discharge current is useful to detect
and characterize discharge events. The current flowing through the ground
plane has been measured in this work, see fig. 3.2.

The current was measured over the characteristic impedance of a 23 m
50 Q signal cable (RG-214) with around 400 MHz bandwidth, connected
to the ground plane. The RG-214 cable was used as it was observed that
the fastest current rise-times were around 8 ns, which corresponds to ca.
30 MHz. With a standard RG-58 BNC cable, the damping is 8 dB per
100 m at 30 MHz, so the current amplitude would be reduced significantly
(RG-214 cables have 3.2 dB damping per 100 m at 30 MHz).

A series of T-type 13 GHz attenuators with up to 59.8 dB damping were
used in combination with spark gaps in the NTNU lab (430 V) and diodes
in anti-parallel (type 1N4149) for oscilloscope overvoltage protection. The
diodes act as small signal surge arrestors, arresting the fastest discharge
transients before the spark gap triggers. The spark gap therefore triggers
when the current exceeds 430 V / 50 € = 8.6 A. The spark gap voltage
or attenuation can be modified to measure different current ranges, but a
practical upper limit is given by the thermal rating of the first attenuator,
5000 V for 400 ns.

At the set-up in HSR, a Pearson 6585 high frequency (200 MHz) cur-
rent transformer was used. The grounding cable for the ground plane was
passed through the current transformer. At HSR, the current measurement
was only used to detect discharges, as there was no PMT in that set-up.
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Such detection prevented unnecessary surface charge measurements. It was
confirmed that surface charge was only produced when a current pulse was
observed during the LI.

Different oscilloscopes were used throughout the experiments, with sam-
pling rates from 500 MS/s to 5 GS/s. Some problems were encountered
when measuring voltage both at the oscilloscope and the control system of
the impulse generator. The last voltage dividing stage before the impulse
generator is 100 to 1 M. Adding another oscilloscope in parallel with 1 M
impedance effectively lowers the resistance of the lower arm of the voltage
divider. The problem was solved by using a 10 M) probe when connecting
the oscilloscope, and adding a ferrite core to choke noise in the cable shield
of the oscilloscope cable.

Development of the current measurement system

Measuring on the ground plane has some disadvantages. The larger charging
current can be a problem, and it is more challenging to shield the plane than
the rod from electromagnetic noise [88]. Measurement on the HV side is
complicated as electrical isolation is needed, e.g. with a fiber optic link.
Attempts were made in this work to add a fiber optic measurement link.
It was, however, difficult to find a reliable and cheap enough solution with
high bandwidths. Instead, the current was measured on the ground plane.

The noise and capacitive currents should not differ for the same geom-
etry, and are normally scalable with applied voltage. Some attempts were
made to filter the noisy part of the current measurement digitally. Different
filters were tried, but the noise pulse and discharge pulse had sometimes
similar frequency components. The best filtering method was to subtract
a scaled current measurement where no discharge activity was seen. The
original current measurement was also plotted in the results, as the perfor-
mance of the filtering methods was unclear. Where current measurements
were discussed, weight was mostly given to measurements where the current
pulses appear after the initial noise, e.g. during leader propagation.

A setup where the HV was applied to the plane was also made, by an
MSc student [89]. When the HV is applied to the plane, the rod can be
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screened, resulting in less noise in the measured ground current.

3.2.4 Inception and breakdown voltage estimation

50 % inception and breakdown voltages of different rod-plane gaps and rod-
barrier-plane gaps were estimated using the up-and-down method [7], [8]
with 20 shots (barrier cleaned and discharged between shots) and steps of
0.5 kV. The results were corrected for pressure, temperature and humidity
according to [9]. Breakdown was detected by voltage pulse collapse, whereas
inception was detected with a PMT.

3.3 Surface charge measurements

Charge density and polarity after a discharge can be visualized using Licht-
enberg dust figures. This method can, however, not be used to estimate
charge magnitudes.

Non-contacting methods measuring the voltage or electric field above
the surface are often employed to measure surface charge indirectly. The
calculation of surface charge density distributions from probe readings is
an inverse problem that requires accurate measurements with low noise lev-
els. Probe types include capacitive probes, field-nullifying probes or electro-
optic probes. The surface charge density distribution can be estimated with
different methods of deconvolving the volt- or fieldmeter outputs [90]-[97].
Finite element method (FEM) software like COMSOL Multiphysics will, for
example, produce surface charge density distribution estimates when apply-
ing the measured potential or field distributions as boundary conditions on
the surface. However, if this approach is used, it must be assumed that the
influence of the probe on the measurement is negligible.

3.3.1 Surface potential probe

The surface potential or fieldmeter outputs are also directly useful if they are
analyzed with appropriate methods. Surface potential measurements with a
field-nullifying Trek 3455ET probe driven by a Trek 341B £20kV amplifier
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were used in this work (see [98] [102] for other research with similar probe
types). Such instruments operate a HV feedback mechanism that drives the
housing to the same voltage as the surface seen by the probe sensor. By
doing so, the probe itself can be considered as an extension of the potential
it is measuring. In a way the probe operation is analogous to the saturation
charge concept described in section 2.7.2, as it zeroes the electric field in
the air between the surface and the probe housing. The measured potential
should not exceed +20kV. as this may cause electrostatic discharging to
the probe housing. The Trek 3455ET probe influence on the measurement
is typically a few % [99], [101], whereas probes with grounded housings will
affect the measurement much more (e.g. the Trek probe 3550A, voltmeter
354A, which was shortly tried in this work and used in [97]). However, the
probe-to-surface distance should be as small as possible to resolve sharp
gradients in surface potential. The probe reading will be an average of the
part of the surface seen by the probe [103], which can roughly be approx-
imated as a conical region stretching from the circular probe aperture (ca.
1.5 mm diameter aperture for the 3455ET probe used here).

3.3.2 Robotized scan

Typically, the dielectric surface is scanned with a robot stage to get a two-
dimensional image of the charge distribution. Initially in this project, a
surface charge measurement set-up was built in the NTNU high voltage
lab. Here, the probe was simply moved manually with steps of 10 mm along
a single axis, and the surface potential was sampled with an Agilent logger.

Later on, in the high voltage lab in Rapperswil, a measurement set-up
(figs. 3.1 and 3.4) with the probe mounted on a Velmex two-axis robot stage
was built. After the LI was applied to the rod-barrier-plane gap, the barrier
and plane were moved along a rail to the robot (fig. 3.4a), at which point a
scan was initiated (fig. 3.4b). The time from LI application to measurement
was around 2-3 minutes. The scan and data acquisition were managed with
a LabView routine and a NI-cDAQ 9171 data acquisition (DAQ) device.
In most cases, the robot was simply scanned along the center axis, as the
discharge pattern was highly symmetrical. Some 2D scans were also made
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Figure 3.4: Surface potential measurements a) Rail system to measure surface potential
in rod-plane gaps with a dielectric barrier after a LI, top view. After LI application, the
barrier and plane are moved from the HV electrode to the probe for measurement. b)
Tllustration of robot scan pattern over the dielectric barrier, front view. The resolution
of the probe is given by the probe-to-surface spacing. ¢) Example 2D surface potential
scan (contour plot), 60 mm gap with 3.5 mm rod radius, barrier on ground plane, after
applying a 65 kV 1.2/50 us LI. The measured surface potential can be directly compared
with simulations when the procedure described in section 4.1.2 is used, and if it is assumed
that the probe influence on the measurement is negligible (the probe influence is typically
a few % [99], [101]).
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in a pattern similar to that illustrated in fig. 3.4b.

The velocity of the motors was 6000 steps/s, which corresponded to a
speed of 30 mm/s. The sample rate of the DAQ was 100 samples/s. As the
DAQ and motor did not always start at exactly the same time, the respective
starting times of the robot and the DAQ were logged in LabView. When
plotting the results, the DAQ samples taken during the dead time of the
motor were removed.
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Chapter 4

Numerical Methods

In this work, two main simulation models were used. One is an engineering
tool called Virtual High Voltage lab (VHVlab) [104], which is designed for
breakdown voltage prediction in medium or high voltage equipment. Tt
implements, among other things, saturation charge conditions (eqs. (2.8)
and (2.10)) with a boundary element method (BEM) solver. For some
geometries, COMSOL Multiphysics (a commercial finite element method
(FEM) solver) was used for saturation charge simulations as well.

The other main simulation tool used here is a newly developed drift-
diffusion model for streamer discharges called PlasmaC [64]. The code is
scalable to thousands of computer cores and enables simulation of discharges
in 3D geometries with arbitrary dielectric and electrode shapes. However,
only 2D simulations were used in this work to limit the computational effort.

4.1 Electrostatic simulations

4.1.1 Inception and breakdown voltages

The inception voltages were calculated by evaluating the inception integral
eq. (2.5) with In Neiy = 9.15 [11]. The background field must first be
calculated, thereafter eq. (2.5) is typically evaluated along electrical field
lines. In addition to inception computations with VHVIab [104], a Python
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script was implemented to calculate inception from FEM results. The script
input is a background field line and the applied voltage and pressure (1 bar
in this work). It evaluates the inception integral, by scaling up the field
in small steps until the integral is > In Nci;. The final voltage is then the
inception voltage.

4.1.2 Saturation charge and extensions

In addition to inception calculations, VHVIab includes the possibility to
calculate saturation charge (egs. (2.8) and (2.10)). Some saturation charge
computations were also performed with commercial FEM software. A com-
parison of COMSOL Multiphysics (FEM) and VHVlab (BEM) inception
and saturation charge resulted in equal solutions. An example of a satura-
tion charge computation in VIIVlab is illustrated in fig. 4.1.

An attempt was made to predict the influence of restrikes (also called
back or reverse discharges [59], [105]) on the surface charge distributions.
Restrikes can occur at the impulse tail, when the field between the charged
surface and grounded rod can become high enough to support discharge ac-
tivity (as illustrated in fig. 2.6d). To compute restrikes, charge was removed
and the normal field equalized to a non-zero value. This removal of charge
and subsequent equalizing continued until there was no longer inception at
the rod tip. See fig. 4.2 for illustration of the procedure.

In the experiments, the surface potential distribution was measured on
the barrier after it was moved away from the HV electrode (fig. 3.4a). To be
able to compare the computations with the measured surface potentials, the
potential distribution without the rod had to be computed, as the presence
of the rod affects the potential distribution.
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Figure 4.2: A restrike (back discharge) calculation example — removing charge and
equalizing the normal electric field. Distributions of charge density and normal field
strength before and after the restrike calculated with conditions: applied voltage 35 kV,
rod radius 2 mm, gap 10 mm, 5 mm barrier resting on the ground plane. Black lines:
normal electric field in air at the surface. Red lines: surface charge density. Solid/dotted
lines: before/after restrike.

Computational procedure

The following computational procedure was followed (see also fig. 4.3):

1. Calculate background field with zero surface charge and applied volt-
age U.

2. Evaluate discharge propagation paths (as field lines) and the streamer
inception voltage Uj .

3. If a streamer collides with a dielectric surface, assume on an area A,
of this surface the saturation charge boundary condition and compute
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the unknown saturation charge og, according to egs. (2.8) and (2.10).
The outer border of A, is determined from the maximum streamer
propagation range (eq. (2.11)) calculated as applied voltage U divided
by the stability fields Fg = 0.5kV/mm for positive and Eg . =
1kV/mm for negative polarities (see also fig. 2.6¢).

. Calculate saturation inception voltage Uigat.. If Ujgat. > U, scale
down U until Ujgat. = U. For the reduced voltage the discharge, and
therefore also the surface charging, will be suppressed. This step is
included, as it is assumed that the accumulated charge may decrease
the field strength at the original inception points and extinguish the
discharge before saturation is achieved.

. Evaluate whether there are new critical field lines that will lead to
inception and charging of other surfaces.

. Ground the active electrode and calculate restrike inception voltage
Uires- For Uires < U, the prediction is that there will be restrikes
between the dielectric surface and the electrode when it is grounded.

. If there is a restrike, remove a fraction of the surface charge and
calculate the new shape assuming that the normal field is equalized in
the region where charge is removed (see fig. 4.2). Change the fraction
iteratively until the restrike is suppressed, i.e. U < Uj res.

. Recalculate the field without the active electrode and extract the sur-
face potential for comparisons with experiments.
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4.2 Drift diffusion simulations

The drift-diffusion simulations solve the drift-diffusion continuity equation
(eq. (2.12)), Poisson’s equation (eq. (2.13)) and approximate solutions to a
set of radiative transfer equations (RTE) to model photo-ionization. A finite
volume method with adaptive mesh refinement is used, see section 4.2.3 and
[64] for further details on the implementation.

4.2.1 Equation coupling: streamer kinetics

Poisson’s equation (eq. (2.13)), the drift-diffusion continuity equation
(eq. (2.12)) and the RTEs (see section 4.2.2) are coupled through source
terms .S;, diffusion coefficients D; and velocities v; with the streamer plasma
kinetics model described in [67]. It includes three charged species i; elec-
trons (i = e), positive (i = 4) and negative ions (i = —), and has been
widely used [73], [75], |77]. The source terms are given by

Se = Sph. + net|Ve| — nen|Ve| — neny (4.1)
St = Sph. + Ne|Ve| — Neng S —n_ny (4.2)
S_ =nen|vel —n_nyp (4.3)

where «, 7 and [ are ionization, attachment and recombination coefficients
respectively, for which calculated expressions are given in [67]. The calcu-
lated reaction rate coefficients can be found in [106]. These are obtained
from calculated electron energy distributions as a function of the electric
field, using the method described in [107]. Empirical expressions are also
given for v; and D; (as functions of the electric field) in [67]. Spy. is a photo-
ionization source term, which will be shortly discussed in section 4.2.2.

A uniform density of positive ions and electrons, 10'9/m?, which is a
typical level inside buildings [108], is applied as an initial condition. At the
electrodes, there is a free outflow of charged species. Surface charging of
dielectrics is modeled by assuming that incident charge carriers onto the
dielectric become surface charge (see eq. (2.14)), and that incident photons
and positive ions may release electrons (details will be given below, see
eqs. (4.6) to (4.10)).
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4.2.2 Radiative transfer and photoionization

The radiative transfer equation (RTE) describes energy transfer in the form
of absorption, emission and scattering of electromagnetic radiation. In
streamer discharges, the photons can ionize air molecules or cause emission
of electrons from solid materials and therefore contribute to the discharge
development. The model for radiative transfer and photoionization in the
simulation work here (see [64]) relies on a number of simplifications that
will only be briefly mentioned below. It is not in the scope of this thesis
to discuss the simplifications and limitations of the radiative transfer and
photoionization model. In the discussion of the results (chapter 5), the ef-
fect of streamer light emission is discussed in a mainly qualitative way, in
the context of the influence of photoemission on surface charging dynamics
(see section 5.3).

Computation of the radiative energy transfer in the entire frequency
spectrum is computationally heavy. In the model used here, it is assumed
that a single frequency band is relevant for photoionization in air. The
photoionization source terms Spy, are estimated with a three-exponential fit
(see details in [83]).

Direct numerical solution of a RTE is complicated, even when restrict-
ing the frequency bands. In the drift-diffusion simulation code here, an
approximation to the RTE known as the Eddington approximation is used.
See [83], [109] for details on this approach.

4.2.3 Implementation

A finite volume code implementation described in [64] was used. It uses
cartesian grids with adaptive mesh refinement. The simulations were run
in planar 2D domains, and used up to 512 cores on a super-computer (16
out of 1006 nodes, each with 2 Intel E5-2683v4 chips with 16 cores).

Adaptive meshing

Adaptive meshing can limit the amount of computational cells, and therefore
reduce the computational burden significantly. The local mesh size is mainly
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controlled by the relative electric field strength E,e in this work

Eiq = |E|/max(|E|) (4.4)

The meshing strategy was based on the assumption that finer mesh is
needed in areas with relatively large electric field strength or large electric
field strength gradients (V Eye), which is typically near the streamer head
in streamer simulations.

The simulations here were in 16 cm? 2D (see section 4.2.4), with a base
grid of 128x128 (for domain shown in fig. 4.5a) or 256x64 (for domain
shown in fig. 4.5b) equal-sized quadratic cells. The coarsest grid cells were
therefore Axmax = 312.5 um wide. When refining the grid cells, they were
split into smaller cells of size Azpyax/f, where f is a refinement factor. In
total, five refinement levels were used, with a mix of f =2 and f =4. The
ratio between the coarsest and finest grid size was AZmax/AZmin = 2 X 44,
So AZpmin = 0.6l pm was used at the finest level. This size was used,
as the accuracy of the velocity computation for a streamer propagating
along a dielectric surface is sensitive to mesh size. An acceptable accuracy
level has been observed for mesh size in the range of 1pm [71]. Reduction
of the mesh size below 1um does not significantly improve accuracy. If
AZmin = 0.61 pm would have been uniformly used here, it would correspond
to effective domains of 65536x65536 or 131147x32787 (4 billion cells). As
adaptive meshing was used, the resulting number of cells varied from a few
million to 14 million. The domain was remeshed at every tenth time step.

Time stepping

The time steps At were around 0.3ps to 0.6 ps, mainly limited by the
Courant-Friedrichs-Lewy (CFL) condition. The CFL condition limits the
time step At of the simulation as

At < kcrLAZmin/| Vil (4.5)

where |v;| is the maximum species velocity in the computational cell and
kern < 1 is a constant. Through trial and error, kcpr, was set to 0.6 to
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ensure numerically stable solutions. The CFL condition (eq. (4.5)) protects
the numerical stability of the simulation by restricting the displacement of
a charged particle to one grid cell during the time step At.

Material boundaries

Material boundaries within the simulation domain are described with level-
set functions s(z, y) where s(z,y) = 0 describes the boundary interface. The
material boundaries are then approximated as straight lines cutting through
the cell (cut-cells), see fig. 4.4. Since the partial differential equations are
calculated in the cell centers (black dots in fig. 4.4), the fluxes (i.e. mass,
electric and photon fluxes) at the material boundaries are estimated with
extrapolation. For details on the extrapolation methods (and on the code
in general), the reader is referred to [64].

Figure 4.4: The domain is discretized with rectangular grids, with adapative mesh size
Az. Boundaries are described with level-set functions (here illustrated with a dotted
line), and approximated as straight lines cutting through each cell. The white-colored
area is the gas, grey-shaded area is a solid material (electrode or dielectric). Since the
code solves for the cell centers (black dots), the fluxes (i.e. mass, electric and photon
fluxes) at the material boundaries are found by extrapolation from the air.
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Surface charging

As the streamer propagates near a dielectric surface, there is a net charge

flux F,

d
F, = di; = qo(Fs— Fy + F) (4.6)

into the surface. F} is integrated over time and becomes surface charge o.
The fluxes F, F_ and Fy are charged species fluxes onto the surface, g, is
the electron charge. As mentioned above, the fluxes at material boundaries
are found by extrapolating from the air side. However, charged species
should not be emitted from the surface if the extrapolated flux points out
of the dielectric. A max() function is used here to prevent such emission:

Fo = max(0, Fp) — A(yFpn + £F4) (4.9)

LifE-n<0
= i (4.10)
0, otherwise

Here F.,., F_, F, are linearly extrapolated fluxes from the air to the
surface and n surface normal pointing into the air. F}, is the photon flux
into the surface.

Two electron emission mechansims are implemented in the electron flux
F,: photoemission (v electrons released per incident photon) and positive
ion bombardment (k electrons released per incident positive ion). These
only contribute when the electric field points into the dielectric, hence the
conditional A. KEmission mechanisms contribute to surface charging, as
every emitted electron leaves behind an electron hole.

For positive ion bombardment, x = 0.1 is used here, which is a high
estimate (at cathodes, the order of magnitude of x is, for instance, 0.01
[19]). & = 0.1 is sometimes used in streamer simulations to account for
emission phenomena that are not included in the model [18], [76]. Ion
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bombardment is contributing directly to surface charging, as every emitted
electron leaves a positive charge behind. However, with x = 0.1, the ion
bombardment direct contribution to surface charge is an order of magnitude
smaller than that of the ion drift, so it is not expected that the coefficient
will affect the surface charging behaviour strongly.

v (photoelectron emission yield/photoemission efficiency) depends on
both the material and gas properties. Experimental data on photoemission
from dielectrics is limited, especially in the presence of a discharge. Esti-
mates for v fall in the large range from 10~7 to 1 for polymers (references
can be found in [54]). The photoionization model in this work only accounts
for UV-photons, as those are considered responsible for photoionization in
air [83|. Longer wavelength photons may contribute to photoemission from
dielectric surfaces in air, but the effect is small as v decreases with decreas-
ing photon energy. In this study, v was set to 107% and 107! to study its
influence on the surface charge accumulation and positive streamer dynam-
ics.
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4.2.4 Computational domains

Blade-barrier-plane gaps were used instead of rod-barrier-plane gaps as the
code implementation does not support cylindrical coordinates (only 2D pla-
nar or 3D). Two simulation geometries were used, see table 4.1 for param-
eters and fig. 4.5 for illustrations. Throughout, the dielectric was 5mm
thick with €, = 3, resting on the ground plane and centered. The barrier
edges were rounded with 0.2mm radius. Geometry G1 was used to study
the influence of photoemission. To test whether the streamer range concept
(eq. (2.11)) would hold in the fluid simulations, geometry G2 was made. To
enable streamer inception at lower voltages and longer streamer propagation
distances, G2 has a sharper electrode tip and wider dielectric.

A constant potential U was applied in the simulations instead of a 1.2/50
ps LI pulse. The total duration of the simulations was between 15 and 115
ns. If it is assumed that the first electron avalanche will appear close to
the LI peak, the voltage level variation during 115 ns is a few percent, so a
constant potential is a reasonable approximation.

Table 4.1: Simulation parameters (see also fig. 4.5)

Geometry

Parameter ai ‘ %,
Domain| mm?| 40x40 80x20
Blade tip radius [mm)| 2 0.5
Dist. blade tip to ground [mm] | 10 7
Blade potential U [kV] 35 35 or 14
Barrier width [mm| 22 72
Photoemission efficiency v 1076 or 107 | 106
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Figure 4.5: Simulation domains (16 cm?) for drift-diffusion simulations. The simula-
tions are 2D planar, meaning that the dimensions are infinite into and out of the paper.
So the geometries are blade-barrier-plane gaps. In a) (Geometry G1, see table 4.1), the
influence of photoemission was studied. In b) (Geometry G2, see table 4.1), the influence
of applied voltage was studied.
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Chapter 5

Results and Discussions

In this chapter, the research questions presented in the introduction will
be discussed in light of the results. The results include pre-breakdown and
breakdown diagnostics of Ll-stressed rod-plane gaps and rod-barrier-plane
gaps, surface charge measurements, and simulations of surface charging by
streamers. The research questions are:

e What are the characteristics of breakdown in Ll-stressed short rod-
plane air gaps with and without dielectric barriers? (discussed in
section 5.1).

e How can surface charge distributions on dielectrics after discharges
in short Ll-stressed rod-plane air gaps be predicted? (discussed in
section 5.2).

e What are the dynamics of surface charging in short Ll-stressed non-
uniform air gaps? (discussed in section 5.3).

For more details on the results, the reader is referred to the papers.
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5.1 Breakdown characteristics

What are the characteristics of breakdown in LI-stressed short non-uniform
air gaps with and without dielectric barriers?

5.1.1 Primary streamers

The first discharge event captured on camera in the rod-plane gaps is al-
ways streamer inception from the rod and propagation towards ground.
Streamers reaching ground do not, however, directly cause breakdown in
non-uniform electric fields [28], [110].

Streamer discharges are challenging to capture on camera as they are
faint and move fast (a few mm/ns) (fig. 5.2). In fig. 5.2, an image series of
streamer propagation in a rod-barrier-plane gap is shown. Streamers start
from the rod in the first frame, and propagate towards ground (reaching
ground in frame 5 with a speed of around 2 mm /ns). The positioning of the
frames relative to the applied lightning impulse is also shown (fig. 5.2b).

In fig. 5.1, the 50 % streamer inception voltage is reasonably estimated
with the inception integral eq. (2.5). Note: A higher field inhomogeneity
(smaller rod radius) leads to lower inception voltages.
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Figure 5.1: 50% inception voltages (and standard deviations) with calculations

(eq. (2.5)) for short rod-plane air gaps subject to positive LI stress. Data from paper II.
Rod-plane gaps without barriers.
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Figure 5.2: Streamer propagation in a rod-plane air gap with a dielectric barrier, from
paper 1. 75.36 kV applied, no BD. 60 mm gap, barrier surface at 40 mm, 40 mm overhang.
a) Image frames b) applied voltage shape, with shaded columns indicating positioning

of the short camera frames 2-7 relative to impulse voltage shape. ¢; indicates start of
frames.
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5.1.2 Leader-type discharges

In most high-voltage literature, it is stated that short (ca. < 1m) atmo-
spheric air gaps under 1.2/50us LI do not normally support leader dis-
charges |7], [35], [111]. However, in the recent work by Kojima et al [31],
so-called leader-type breakdowns in short rod-plane air gaps are reported.
Even more recently, Seeger et al. demonstrated that breakdown data for
short, non-uniform gaps can be reasonably estimated with a one-dimensional
leader model [28] (see also section 2.6.3).

It was shown in paper IT and IV that leader-like discharges can cause
BD in short rod-plane air gaps (see e.g. fig. 5.3). At the 50 % BD voltage
level, leader-type channels are the dominating mode of breakdown for gaps
larger than ca. 40mm. In images, the leader (or leader-like) signature is
a luminous channel, with a cloud of streamers emanating from the front
of the channel [16]. Leader-like discharges are also recognizable through
characteristics such as propagation speed, induced current, luminosity and
spectra. In paper IV, it was shown that the current and velocity relationship
was leader-like (see fig. 5.4, where it is shown that the measured current
and velocities are within the empirical leader velocity and current relation
eq. (2.4)).

In paper II, different light filters were used on the PMT to character-
ize the discharges (see fig. 5.3). Although the leader-type channels were
more luminous, both streamers and leader-type channels emitted light from
ultra-violet to infra-red. It was therefore not possible to distinguish these
based on the emitted light ranges only. In fig. 5.3, an image series of the de-
velopment from streamer inception to leader-type channel breakdown with
the corresponding voltage, current and PMT measurements is shown.
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Figure 5.3: Breakdown in a 80 mm rod-plane gap (rod radius 3.5 mm) by a leader-type
channel, 65.71 kV applied, from paper II. a) Frames b) Voltage (top) Current (middle)
and PMT (bottom) oscilloscope traces. The PMT senses light with wavelength 495-650
nm. Shaded columns indicate positioning of the image frames relative to the electrical
signals. In frame 1, streamers can be observed spreading from the rod tip. The streamers
are observable in the PMT trace too. In frames 2-5, a streamer channel is heated. The
resulting leader-type channel is observed in frame 6. Breakdown (voltage collapse) follows
directly after frame 6.
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Figure 5.4: Leader-type channel speed as a function of measured current, from paper
IV. The current-velocity relationship in short rod-plane air gaps is leader-like (predictions
with eq. (2.4) shown). 41 data points plotted, from different 60 mm rod-plane gaps with
and without a dielectric barrier. The barrier surface was 40 mm above ground, and the
overhang was varied (see paper IV for details).

5.1.3 Sparks (secondary streamer breakdown)

If the distances are short enough, breakdown by streamers directly (sec-
ondary streamer BD) can occur (see fig. 2.5). This was also shown in [31].
With a larger rod radius, or a shorter gap distance (or both), the spark
mechanism was observed in this work as well (fig. 5.5). In fig. 5.5, such a
breakdown series is shown for a 20 mm gap with 10 mm rod radius. Di-
rectly after the primary streamer inception (frame 1), secondary streamer
and channel heating activity (frames 2-4) lead to breakdown (frames 5 and

6).
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Figure 5.5: Breakdown in a 20 mm rod-plane gap (rod radius 10 mm) by the spark
mechanism, 39 kV applied, from paper II. a) Frames b) Voltage (top) Current (middle)
and PMT (bottom) oscilloscope traces. The PMT senses light with wavelength 610-850
nm. Shaded columns indicate positioning of the image frames. In frame 1, streamers
can be observed spreading from the rod tip. The streamers are observable in the PMT
trace too. In frames 2-4, the streamer channels are heated. Breakdown occurs in frame
5, as the spark gap is triggered in this frame in the current trace. No leader-type channel
initiation is observed.
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5.1.4 Negative breakdown

Negative BD is known to typically involve a system of streamers and leaders
of both polarities [34]. Such phenomena were observed during the course of
this work as well. In the negatively stressed rod-plane gaps, the breakdown
channel starts from the ground plane, and not the rod, see fig. 5.6. As it
starts from the ground, it is cathode-directed, i.e. a positive leader-type
channel.

In frame 1 in fig. 5.6, streamers can be observed spreading from the
rod tip. Nothing happens in frame 2, but in frame 3 and 4 there is again
discharge activity, before a leader-type channel starts from the ground plane
in frame 5. Breakdown (voltage collapse) then follows a few hundred ns after
frame 5.
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Figure 5.6: Breakdown in a 60 mm rod-plane gap (rod radius 3.5 mm), —96 kV applied
(not included in papers). a) Frames b) Voltage (top) and PMT (bottom) oscilloscope
traces. The PMT senses light with wavelength 380-680 nm, but the light into the PMT
is strongly attentuated with a paper filter. Shaded columns indicate positioning of the
image frames. In frame 1, negative streamers can be observed spreading from the rod
tip. Nothing happens in frame 2, but in frame 3 and 4 there is again discharge activity,
before a leader-type channel starts from the ground plane in frame 5.
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5.1.5 Breakdown voltage measurements in rod-plane gaps

The 50 % BD voltages for the tested rod-plane gaps are shown in fig. 5.7.
They increase linearly, and the corresponding linear regressions are within
the wide predictions of the streamer stability criterion eq. (2.7). The de-
pendency on rod geometry is only significant at low clearances (fig. 5.7a),
where streamer BD (secondary streamer crossing and heating) comes into
play for the weakly uniform fields (gap < 40 mm).

While the slope of positive BD is the typical 0.4-0.6 kV/mm, the slope
of negative BD is steeper, around 1.2kV /mm. This is within expectations,
as a higher background field is needed for negative streamer propagation
(see section 2.3.3).

Equation (2.7) should be interpreted in terms of leader properties when
the breakdown mechanism is leader-like. In [28], a leader propagation model
is used to interpret breakdown data of short (< 1 m) non-uniform atmo-
spheric air gaps under positive LI. It is concluded in [28] that the slope
of ca. 0.5 kV/mm is likely explained by the complex heating mechanisms
during leader propagation, rather than the streamer stability field.
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Figure 5.7: Breakdown statistics (50 % values with standard deviations) of rod-plane
gaps, subject to positive and negative LI stress (paper II). Breakdown voltage increases
linearly with slopes between ca. 0.4 to 0.6kV/mm for positive (a) and between 1 to
1.5kV/mm for negative(b) 1.2/50us LI, as expected [7], [19]. Linear regressions to the
data sets also shown in the figure.
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5.1.6 Dielectric barriers and positive breakdown

In fig. 5.8, an image series of breakdown by leader-type channel propagation
around a dielectric barrier is shown with corresponding voltage, current and
PMT curves. In frame 1, streamers propagate around the dielectric barrier,
as in fig. 5.2. In frames 2 and 3, a channel further up on the rod is gradually
heated, and the propagation of the resulting leader-type channel can be seen
in frames 4 to 6.
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Figure 5.8: Breakdown in a 60 mm rod-plane gap (rod radius 3.5 mm) by a leader-type
channel, 86 kV applied, from paper IV. Barrier surface at 40 mm, 60 mm overhang. a)
Frames b) Voltage (top) Current (middle) and PMT (bottom) oscilloscope traces. The
PMT senses light with wavelength 495-850 nm. Shaded columns indicate positioning of
the image frames. In frame 1, streamers can be observed spreading from the rod tip.
The streamers are observable in the PMT trace too. In frames 2-3, a streamer channel
or stem is heated. The resulting leader-type channel is observed propagating in frames 4
to 6. Breakdown (voltage collapse) follows right after frame 6.
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Arrested leader-type channel

In [112] it was shown that a dielectric barrier can impede secondary streamer
BD and promote leader-type BD in a 30 mm rod-plane gap. The leader-type
channel would then cause BD. In paper III, it was shown that a dielectric
barrier may also impede and arrest a leader-type channel in a 60 mm rod-
plane gap (fig. 5.9).

In fig. 5.9, no BD occurred, even though the leader-type channel bridged
ca. 75 % of the gap distance. Probably, the intense surface charging by the
streamer corona at the leader-type channel tip caused a field reduction that
arrested the channel development. Accurate prediction models of the sur-
face charging effects are needed to understand and predict such discharge
suppression effects. Omne such prediction model for surface charge is dis-
cussed in section 5.2 (and papers V and VI), where measurements of the
residual surface charge on a dielectric barrier after a LI are used to validate
the model. The residual surface charge after the discharges in fig. 5.9 is also
presented in section 5.2 (see fig. 5.14).
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Figure 5.9: Streamers and arrested leader-type channel 60 mm rod-plane gap (rod
radius 3.5 mm), no BD, 54.3kV applied, from paper III. Barrier resting on the ground
plane, centered (300 mm overhang). a) Frames b) Voltage (top) Current (middle) and
PMT (bottom) oscilloscope traces. The PMT senses light with wavelength 180-610 nm.
Shaded columns indicate positioning of the image frames. In frame 1, streamers can be
observed spreading from the rod tip. The streamers are observable in the current and
PMT trace too. In frames 2-5, a streamer channel is heated to a leader-type channel,
which is arrested above the dielectric barrier in frame 5. No further discharge activity
was observed.
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5.1.7 Dielectric barriers and negative breakdown

Negative BD is known to typically involve a system of streamers and leaders
of both polarities [34]. It was shown in paper IV that this is the case for
rod-plane gaps with dielectric barriers as well.

In paper IV, it was shown that positive streamers (frames 2 and 4 in
fig. 5.10a) may initiate from the ground plane after the negative streamers
have charged the barrier (frame 1 in fig. 5.10a). The positive streamer
channels may then become breakdown channels (frame 5 in fig. 5.10a).
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Figure 5.10: Breakdown in a 60 mm rod-plane gap (rod radius 3.5 mm) by a leader-type
channel, —124kV applied, from paper IV. Barrier surface at 40 mm, 40 mm overhang. a)
Frames b) Voltage (top) Current (middle) and PMT (bottom) oscilloscope traces. The
PMT senses light with wavelength 360-650 nm. Shaded columns indicate positioning of
the image frames. In frame 1, streamers can be observed spreading from the rod tip.
In frames 2-4, a positive streamer channel beneath the barrier is heated. The resulting

leader-type channel is observed in frame 5. The frame ends right before the voltage
collapse.
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5.1.8 Breakdown voltage measurements in rod-plane gaps
with a dielectric barrier

Breakdown voltages in rod-plane gaps with a dielectric barrier are pre-
sented in paper IV and fig. 5.11. The voltage values are largely aligned
with eq. (2.7), when the minimum discharge path = (see fig. 2.6b) is used.
This has also been shown in previous investigations, e.g. [51]. In addition
to the mechanical obstruction, the dielectric barrier acquires surface charge,
which screens the rod tip. This surface charge causes the leader-type chan-
nels to initiate higher up on the rod, see fig. 5.8.

For negative breakdown in rod-barrier-plane gaps, a linear increase of
ca. 0.9kV/mm is observed, which is close to the range of typical negative
streamer stability fields Eg— [7].
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Figure 5.11: Breakdown voltages (50 % values with standard deviations) of rod-plane
gaps with a dielectric barrier, subject to positive and negative LI stress (paper IV). The
horizontal axis represents the shortest inter-electrode path. Linear regressions to the
data sets also shown in the figure.
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5.1.9 Summary

Pre-breakdown and breakdown phenomena in short LI-stressed non-uniform
air gaps with and without dielectric barriers have been characterized with
high-speed imaging, PMTs and fast current measurement.

High-speed images have shown that streamers propagate from the rod
to the ground plane without causing breakdown. The leader-type channel
is the governing breakdown mechanism at the 50 % level of the short LI-
stressed non-uniform air gaps tested in this thesis. In weakly uniform or
uniform fields, the spark (streamer breakdown) mechanism dominates. The
breakdown voltages can be roughly estimated with the empirical stability
field criterion (eq. (2.7)).

At negative lightning impulse polarity, the breakdown is characterized
by a system of streamers and leader-type channels of both polarities. After
the initial negative streamers from the rod, positive streamers initiate from
the ground plane. The breakdown channel then starts from the ground
plane.

A simulation model of leader breakdown (as in [28]) would aid the in-
terpretation of the experimental results. The roughness of the electrodes
was not controlled or monitored. More selective PMT light filters may
reveal relevant details of the discharges. Moreover, the experiments were
performed with a single dielectric barrier size and material. Varying barrier
parameters such as thickness, permittivity and surface conductivity (see
e.g. [113]) may reveal important aspects of the dielectric barrier influence
on breakdown voltage.
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5.2 Surface charge prediction

How can surface charge distributions on dielectrics after discharges in short
LI-stressed rod-plane air gaps be predicted?

It was demonstrated in paper V and VI that surface charge predictions
using saturation charge conditions (egs. (2.8) and (2.10)) with the extensions
described in section 4.1.2 fit reasonably well with the experimental results
(figs. 5.12a and 5.12b below and fig. A.1 in appendix A). 9 rod-barrier-plane
configurations were tested, and produced similar conclusions (see table A.1
in appendix A for details on these configurations). The model can be used to
estimate charging from positive and negative streamers and back discharges.
Back discharges are reverse discharges occurring at the LI tail. It was shown
in paper III that they occur as pulses of some 100 kHz, and are observable
as a faint glow on the rod. They influence the surface charge distribution,
as shown in paper III, V, VI and VII.

Moreover, provoking discharges on the ground plane side leads to surface

charge behaviour that is also, to some extent, predictable with the model
(fig. 5.13).
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Figure 5.12: Surface potential close to saturation levels after a positive 35 kV LI (from
papers V and VI) a) 15 mm gap, barrier on the ground plane, 3.5 mm rod radius. b)
10 mm gap, barrier on the ground plane, 2 mm rod radius. Back discharge signature
(“volcano”-shape) and back discharge calculation (see section 4.1.2).
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Figure 5.13: Saturation, —50kV LI with measurement on the side of the barrier facing
ground (from paper V and VI). 20 mm gap with 3.5 mm rod radius. Barrier surface at
15 mm. A small copper wire (radius ca. 1 mm, protruding ca. 2 mm) was placed on the
ground plane to initate discharges on both sides of the dielectric barrier. a) The results
agree qualitatively with the prediction (negative potential on the sides but positive in
the middle), but the predictions are inaccurate. b) image of streamers on both sides of a
dielectric barrier in a 60 mm gap, previously published in [89] (=100 kV impulse).

5.2.1 Charging by leader-type channels

Leaders or leader-type channels are highly conductive channels that can be
more or less approximated as an extension of the high voltage electrode. As
a a result, saturation charge evaluations based on the background field are
inaccurate when leaders are present. Experimental results confirm this —
see fig. 5.14 and paper V. Modeling the leader as an electrode may produce
correct results, but this was not tested here.
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Figure 5.14: Leader-type channels lead to surface charge above saturation levels. Mea-
sured after a 54.3kV impulse (see fig. 5.9). 60 mm gap, 3.5 mm rod radius, barrier resting
on the ground plane. Leaders should be modeled as conductors, as discussed in paper V.
Insets: accumulated discharge activity before measurement.

5.2.2 Charge decay

An important factor that influences these measurements is the surface
charge decay. In paper V, it was shown that most charge disappears within
a few hours, see fig. 5.15. Moving the barrier from the lightning impulse
dock to the scanning dock (see fig. 3.4a) took around 2-3 minutes, in which
time the charge decay could affect the measurement. One should therefore
expect that the actual charge distributions during the LI are higher than
the results indicate.

Influence of probe on charge decay

Initial decay measurements (paper III) suggested that the decay was neg-
ligible after 1000 min. These results were, however, misleading as it was
discovered during the measurements in paper V that leaving the probe near
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the barrier slows the charge decay significantly. The probe housing adjusts
to the surface by zero-ing the electric field between the surface and the

probe. Neutralization by gas ions is therefore stopped when the probe is
close to the surface.
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Figure 5.15: Charge decay measurements after a =50kV lightning impulse. 35 mm
rod-plane gap with a dielectric barrier, the surface of which was 15 mm above ground.
Most of the surface charge disappears within a couple of hours.
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5.2.3 Summary

The residual surface potential on a dielectric barrier after a 1.2/50 ps LI was
measured. The results were analyzed with a simulation procedure based on
saturation charge conditions (zero or constant normal electric field in air at
the surface).

It was found that the measured distributions after primary streamers
are well estimated with saturation charge conditions and streamer range es-
timates (see sections 2.7.2 and 4.1.2 for descriptions of the simulation proce-
dure). Secondary phenomena such as inception suppression, back discharges
and leader discharge may result in deviations from saturation charge. The
residual potential distribution after a back discharge can be estimated by
iteratively removing charge and equalizing the normal electric field.

Highly localized charge densities may exceed saturation, as the resolu-
tion of the scan was low, up to 2 cm. Furthermore, the influence of the
probe on the measured surface potential was neglected, which may lead to
measurement errors of a few % [99], [101]. Moreover, the surface charge dis-
tribution may have decayed from the initial state during the time delay (2-3
minutes) between LI application and the surface potential scan. A study of
the influence of dielectric barrier properties (e.g. surface conductivity) on
surface charging would also be beneficial.
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5.3 Surface charge dynamics

What are the dynamics of surface charging by streamers in short Li-stressed
non-uniform air gaps?

In paper VII, it was shown that drift-diffusion simulations of 2D pla-
nar blade-barrier-plane gaps (fig. 5.17) produce similar charging behavior
as the experiments in paper V and VI. Moreover, the dynamics of the sur-
face charging mechanisms during the simulated positive surface streamer
propagation was clarified. It was shown that the simulated streamers pro-
duce enough charge carriers to charge the surface to saturation (zero normal
electric field in air at the air-dielectric interface), and that the recombina-
tion rate of these charge carriers is not fast enough to prevent saturation.
Development towards saturation charge was observed during tens of ns as
the streamer propagates along the barrier (fig. 5.16). Furthermore, the
streamer range and velocity were consistent with the stability field estimate
(eq. (2.11)) and experiments.

Although ion drift is the dominating surface charging mechanism in
the model, photoemission near the streamer head also contributes, as ev-
ery emitted electron leaves behind an electron hole. As discussed in sec-
tion 4.2.3, the value of the photoemission yield v is not well documented,
with estimates ranging from 1077 to 1 for polymers. v = 0.1 and v = 1076
were used in the simulations here to study the general influence of pho-
toemission on streamer and surface charge dynamics. It was shown in the
simulations in paper VII that photoemission increases the charging rate, see
fig. 5.16a. In the figure, surface charge density snapshots during simulations
with high (v = 0.1) and low (v = 10~%) photoemission yields are shown. It
was also demonstrated in the simulations in paper VII that a higher pho-
toemission yield v causes the streamer to propagate closer to the dielectric
barrier surface.
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Figure 5.16: Surface charge densities (dotted and broken lines) evolve toward saturation
(solid lines) in tens of nanoseconds in drift-diffusion simulations. See section 4.2.4 for
details on simulation domains. a) Geometry G1 (fig. 4.5a), high photoemission yield ~y
(see eq. (4.9)) increases surface charging rate. b) Geometry G2 (fig. 4.5a): Two voltage
levels, 14 kV and 35 kV applied. At 14 kV, the streamer stability range (eq. (2.11)) is
shorter than the barrier width, so the saturation condition (red solid line) is only applied
to a part of the barrier. The simulations were stopped before the streamer reached
ground. Vertical arrows mark the position of the streamer head at the simulation end.
Numerals indicate elapsed simulation time in ns.
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5.3.1 Streamer propagation along a dielectric surface

As the streamer charges the surface, it reduces the electric field strength in
air below the ionization threshhold (E¢ = 2.6kV/mm [16]), see fig. 5.17. In
the figure, snapshots of the electric field strengths in regions with |E| > 2.6
kV/mm during streamer propagation are shown. The streamer initates from
the rod, hits the dielectric surface and propagates along the surface towards
ground. lonization activity is sustained near the streamer head, but the field
strength in air behind the streamer head is reduced below the ionization
threshold (and consequently increased inside the solid dielectric).
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Figure 5.17: Simulation: electric field strength, applied 35 kV. The field is only plotted
in regions where |E| > 2.6 kV,/mm, to visualize the position of the streamer head. The
maximum field strength in air is located at the streamer head (value of maximum field
strength indicated in each plot). The streamer slows down as it propagates into low
background field regions. a) t = 0 ns (background field), b) ¢ = 0.3 ns (streamer initiated
from the blade tip, propagating towards the barrier), ¢) ¢ = 7 ns (streamer propagation
along barrier) d) ¢t = 16 ns, e) ¢ = 59 ns, f) ¢ = 80 ns (streamer at the barrier edge).
Entire simulation domain shown in fig. 4.5b.
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Streamer velocity

Streamer velocities from 0.1 up to a few mm /ns are typical experimental val-
ues in high voltage literature [7], [21] and similar velocities are seen here in
figs. 5.17 and 5.18. The velocity of the streamer depends on the applied volt-
age, see fig. 5.18. According to the streamer range hypothesis (eq. (2.11)),
the 14 kV simulation in fig. 5.18 should not propagate further than 28 mm.
The simulation was, however, stopped due to excessive computation time
before the streamer reached the stability limit. It did, however, appear to
slow down to a halt, in support of the streamer range concept of eq. (2.11).
As the streamer moves into lower-field regions, it slows down (this can also
be seen in fig. 5.17).
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Figure 5.18: Streamer distance vs time, geometry G2 (see fig. 4.5b). The 35 kV streamer
reaches the barrier edge, but the 14 kV simulation was not run for long enough, and
slows down significantly, in support of the stability field concept (eq. (2.11)). Dotted
lines indicate propagation in the air gap, solid lines along the barrier.
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5.3.2 Back discharges

Finally, the influence of back discharges on the surface charge distribution
was reproduced qualitatively (fig. 5.19). When grounding the HV elec-
trode, the surface charge field distortion may lead to the inception of a new
discharge from the electrode tip. When the back discharge hits the sur-
face, it affects the surface charge distribution. The result is a characteristic
“volcano”™shaped surface potential (as measured in fig. 5.12b and [59]) and
negative surface charging directly beneath the electrode, as observed in [59].
This influence of back discharges was demonstrated in paper VII with the
drift-diffusion simulation model as well, see fig. 5.19.

NE 50'
£
QL ot At grounding
5 —— 45 ns later
-20 -10 0 10 20

0.0 1 . , ;
-20 -10 0 10 20
Distance from barrier center [mm]

Figure 5.19: Drift-diffusion simulations reproduce the influence of back discharges —
volcano-shaped surface potential. 14 kV applied. The simulation is restarted after 61.2 ns,
with the obtained surface charge distribution, initial conditions for space charge (10'° /m?
electrons and positive ions) and a grounded HV rod. This results in a back discharge,
which affects the surface charge distribution. Domain (G2) shown in fig. 4.5b. Upper
plot: surface charge density o. Lower plot: Surface potential ®,.
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5.3.3 Summary

The dynamics of positive streamer propagation in 2D planar non-uniform
electric fields near dielectric barriers was analyzed with drift-diffusion sim-
ulations.

Positive streamers charge dielectrics in cm-scale domains to saturation
within tens of ns in the simulations. The surface charging during posi-
tive streamers is dominated by ion drift, although photo-emission near the
streamer head also plays an important role. A high photoemissive yield
causes the streamer to propagate closer to the surface.

It can be concluded that drift-diffusion simulation models reproduce
experimentally observed characteristics (saturation charging, streamer ve-
locity and range, back discharges) of streamer-dielectric interaction in at-
mospheric air.

The 2D planar simulation domain is an important limitation of this
work. 2D cylindrical simulations would be closer to the experiments. Re-
cent publications [74], [78], [114] have demonstrated that 2D cylindrical
drift-diffusion simulations of streamers in hybrid air-solid insulation systems
are well aligned with the experimentally observed streamer characteristics
shown in paper I (e.g. the image series shown in fig. 5.2a). A comprehen-
sive streamer modelling approach requires 3D, however, to include streamer
branching effects (as in fig. 2.3 and [23], [115]). The 2D domain used in this
thesis was also small (16 cm?) compared with the experiments (high voltage
lab, with grounded walls far from the set-up).
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Chapter 6

Conclusions

The aim of this thesis has been to improve the understanding of hybrid-solid
air insulation techniques. The results are valuable for the development of
next generation medium voltage metal-enclosed SFg-free switchgear insula-
tion systems.

The work presented in this thesis contributes to a better understanding
on LI breakdown mechanisms in short (< 120mm) non-uniform gaps in
atmospheric air, and how these are affected by a polycarbonate dielectric
barrier. Three research questions are discussed: (i) What are the charac-
teristics of breakdown in Ll-stressed short non-uniform air gaps with and
without dielectric barriers? (ii) How can surface charge distributions on di-
electrics after discharges in short LI-stressed rod-plane air gaps be predicted?
and (iii) What are the dynamics of surface charging by streamers in short
LI-stressed non-uniform air gaps? A summary of the main contributions is
given below:

(i) Breakdown characteristics: The pre-breakdown and breakdown
development in short Ll-stressed rod-plane air gaps with and without
a dielectric barrier has been clarified with high-speed images, photo-
multipliers and fast current measurements. It has been demonstrated
that leader-type discharges dominate breakdown around the 50 % level
in short rod-plane gaps. It has also been shown that dielectric barri-
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(i)

(iii)

ers may arrest leader-type channels in short rod-plane gaps, and that
negative LI breakdown involves streamers and leader-type channels of
both polarities.

Surface charge prediction: Surface charging of a dielectric barrier
by streamers in rod-plane gaps has been investigated with surface po-
tential measurements. It has been shown that the surface charge levels
after a LI can be reasonably predicted with the saturation charge con-
dition (zero normal electric field at the air side of the air-dielectric
interface). The range of the streamer charging can be estimated with
the streamer stability field. A procedure has also been proposed to
estimate the surface charging effect of back discharges (restoring dis-
charges occuring at the LI tail). It has, however, been shown that
the model under-predicts surface charging by leader-like discharges,
as leaders should be modeled as an extension of the live electrode.

Surface charge dynamics: A drift-diffusion streamer simulation
model has been used to clarify the dynamics of surface charging by
positive streamers in 16 cm? 2D planar domains. Experimentally ob-
served characteristics of streamer-dielectric interaction are reproduced
with the model. The characteristics include positive streamer velocity,
range and surface charge magnitudes. The simulated positive stream-
ers charge dielectric surfaces to saturation within tens of ns. The
streamer-exposed surface is charged mainly by drifting ions from the
streamer channel, but also by electron emission processes from the
dielectric surface.
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Chapter 7

Further work

It is hoped that the work presented here could be used as a basis for fur-
ther investigations into the science and engineering applications of dielectric
barriers. Possible topics for future research include:

e Dielectric barriers in other atmospheric conditions or other gases

e Determination of transition regions in rod-plane gaps from leader-
type breakdown mechanism to spark mechanism as functions of rod
geometry, gap clearance and applied voltage

e Optimal design of dielectric barrier-insulated system (material shapes/position,
material properties, multiple barriers)

e 3D drift-diffusion simulations of branching streamers propagating over
dielectric surfaces

e Drift diffusion simulations and experiments with streamers propagat-
ing near surfaces with different material shapes and properties (e.g.
different conductivity, permittivity or surface roughness)

e Improvement and validation of drift-diffusion plasma kinetics models

e Extension of the drift-diffusion model to account for secondary dis-
charge phenomena (leaders and secondary streamers)
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Chapter 8

Publications

Here follows a short description of the papers that are a part of this the-
sis. Paper I IV mainly report experimental results on pre-breakdown and
breakdown processes in rod-plane air gaps with (I, ITT, IV), and without (IT)
a dielectric barrier. Paper III also includes surface charge measurements,
but the majority of these are presented in Paper V. In Paper V and VI,
simulation models are used to interpret surface charge measurements. In
paper VII, a drift-diffusion model is used to study the dynamics of surface
charging by streamers in non-uniform fields.
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Paper I: Streamer propagation in rod-plane air gaps
with a dielectric barrier

Presented at the IEEE Conference on Electrical Insulation and Dielectric
Phenomena (CEIDP), October 2016 in Toronto, Canada
DOT 10.1109/CEIDP.2016.7785515.

Short summary

The first pre-breakdown diagnostics results are presented in this paper.
The paper focuses on streamer propagation in a 60 mm positive LI-stressed
rod-plane air gap with a dielectric barrier in two different positions. The
streamer spatio-temporal development is captured in detail using camera
frames of 20 ns exposure time. The streamers propagate around the barrier
to ground without causing breakdown.

As the surface is charged in the process, an analysis of the effect of sur-
face charge on streamer inception voltage is included. This analysis demon-
strates how the charge distribution on the surface can mitigate inception as
it screens the rod. The surface potential of the barrier was set to 86 % of
the applied voltage. This was based on the assumption that the surface is
charged to the potential of the streamer head, with an assumption of 0.54
kV/mm voltage drop along the streamer. This was, as later experiments
have shown (paper V), not realistic surface charging behaviour. It did,
however, illustrate the influence of surface charge on streamer inception.
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Paper II: Breakdown in short rod-plane air gaps un-
der positive lightning impulse stress

Presented at the Nordic Insulation Symposium (Nord-IS), June 2017,
Visteras, Sweden
DOI 10.5324 /nordis.v0i25.2377.

Short summary

The discharge diagnostics setup in paper I is extended with a fast current
measurement system and PMTs in this paper. Pre-breakdown and break-
down mechanisms of short rod-plane gaps (< 100 mm) without barriers was
investigated. The effect of homogeneity and clearance on breakdown mech-
anisms was studied using two different rod radii (3.5 and 10mm). The
breakdown mechanism was mainly a leader-type discharge.

The breakdown mechanism of shorter gaps (20 mm) was dominated by
the heating of primary streamer channels. Only here, a dependency on the
rod radius was observed. As the rod with greater radius (10mm) has a
higher streamer inception voltage, the breakdown voltage was also higher.
The stability field estimates from eq. (2.7) fit well with the 50 % breakdown
voltages. It was argued that eq. (2.7) should be interpreted in light of the
leader-type breakdown mechanism.

Different light filters were used on the PMT to characterize the dis-
charges. Although the leader-type channels were more luminous, both
streamers and leader-type channels emitted light from the ultra-violet to
the infra-red range. It was therefore not possible to distinguish these based
on the emitted light ranges only.
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Paper III: Surface charging of dielectric barriers un-
der positive lightning impulse stress

Presented at the IEEE Conference on Electrical Insulation and Dielectric
Phenomena (CEIDP), October 2017, Fort Worth, USA
DOT 10.1109/CEIDP.2017.8257620.

Short summary

This work contains the initial surface potential measurements at the NTNU
HV lab. In addition to the surface potential measurement, the discharge
diagnostics setup from paper II was used.

An arrested leader-type channel was observed. The accumulated sur-
face charge on the dielectric barrier was likely responsible for arresting
the leader-type channel. Later analysis with VHVlab suggested that the
arrested leader-type channel led to charging above saturation charge (see
paper V).

Moreover, back discharges were observed with the PMT, camera and
current measurement. These were pulses of some 100 kHz on the LI tail. A
faint glow on the rod was observed with the camera, and current pulses of
ca. 1mA were observed. The back discharges led to a saddle-shaped rather
than a bell-shaped surface potential. It was argued that these discharges
continue until the potential between the barrier and rod is smaller than the
rod inception voltage. For a more thorough analysis of the effect of these
discharges on the surface potential, see paper V.
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Paper IV: Breakdown mechanisms of rod-plane air
gaps with a dielectric barrier subject to lightning
impulse stress

Published in IEEE Transactions on Dielectrics and Electrical Insulation,
June 2018, Vol. 25, Issue 3
DOT 10.1109/TDEI.2018.007023

Short summary

In this paper, the discharge diagnostics setup from paper 11 is used to study
both positive and negative breakdown in short rod-plane gaps with a di-
electric barrier.

Positive breakdown is characterized by the development of leader-type
channel from the rod, which propagates around the barrier toward ground.
It was also shown that the current-velocity relationship is leader-like. The
negative breakdown involves a system of discharge mechanisms of both po-
larities. At negative impulse, positive streamers and leaders typically start
from the ground plane and propagate around the barrier to the rod.

The barrier increases the 50 % breakdown voltage by increasing the
shortest leader path. The increase is around 0.5kV/mm, coincidentally
the same as the streamer stability field Fg. At negative impulse, the in-
crease is 0.9kV/mm, which is in the range of negative streamer stability
field strength.
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Paper V: Surface charging of dielectric barriers in
short rod-plane air gaps — experiments and simula-
tions

Presented at the IEEE International Conference on High Voltage Engineer-
ing and Application (ICHVE), September 2018, Athens, Greece
DOT 10.1109/ICHVE.2018.8642108

Short summary

This paper contains the majority of surface charge measurements taken at
HSR Rapperswil. The measurements are compared with the saturation
charge model in VHVlab. It is concluded that the model predictions fit
well for the simple rod-barrier-plane geometry. The model is able to predict
secondary phenomena like back discharges and discharges on the ground
plane side of the barrier. These were provoked using a small protrusion on
the ground plane. Analysing the surface potential measurements with the
simulation tool requires an intricate procedure which is described in detail.

It is found that the model under-predicts the surface charge if there is a
leader-type discharge. The reason is that the leader can be considered as an
extension of the electrode, and should be modeled as such. Moreover, it is
found that the surface potential decays and disappears within a few hours.

The results are encouraging for dielectric design applications, as the
saturation charge simulations are not computationally heavy.
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Paper VI: Surface Charging Formulations for En-
gineering Applications. Validation by Experiments
and Transient Models

Presented as an extended abstract to the 12th International Conference on
Scientific Computing in Electrical Engineering, October 2018, Taormina,
Sicily, Italy

Short summary

This paper discusses the simulation model in paper V in greater detail. It
also includes simulation results from a transient (drift-diffusion) model in
COMSOL Multiphysics by Thomas Christen. The simulation models are
discussed in light of the experimental results of paper V.

In the transient model, saturation charge (normal electric field at the
surface) is observed, when space charge is neglected in Poisson’s equation.
With space charge, the normal electric field points out of the surface.
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Paper VII: Streamer and surface charge dynamics
in non-uniform air gaps with a dielectric barrier

To appear in IEEE Transactions on Dielectrics and FElectrical Insulation,
August 2019, Vol. 26, Issue 4.

Short summary

This paper analyzes the surface charging dynamics in rod-barrier-plane gaps
with a drift-diffusion model for computer clusters (PlasmaC). One aim is
to understand how the saturation charge simulations fit the experiments in
paper V.

2D planar simulations of non-uniform air gaps with a dielectric barrier
are presented. The simulated streamer channel produces more than enough
charge to charge the surface to saturation during the LI, and saturation
is achieved within tens of ns. Similar streamer propagation speeds and
ranges as experimental values are also observed. Moreover, the possible ef-
fect of photoemission on surface charge accumulation is clarified. Discharge
suppression by streamer-deposited surface charge is also demonstrated. Fi-
nally, the effect of back discharges on the surface potential distribution is
demonstrated qualitatively.
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Paper 1

presented at the IEEE Conference on Electrical Insulation
and Dielectric Phenomena (CEIDP) 2016, Toronto
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Streamer Propagation in Rod-Plane Air Gaps with a
Dielectric Barrier

Hans Kristian Meyer, Frank Mauseth
Norwegian University of Science and Technology
Dept. of Electric Power Engineering
Trondheim, Norway

Abstract—High-voltage design optimization requires a fun-
damental understanding of electrical breakdown mechanisms
under different stress situations. The impulse withstand voltage
is normally used as dimensioning criterion for medium voltage
air-insulated systems as flashover mechanisms in air are rapid.
Prediction of withstand voltage relies on streamer inception and
propagation models that are not always sufficiently accurate.
Positive impulse voltage experiments were performed on a rod-
plane gap with a dielectric barrier at different positions parallel
to the ground plane. Streamers initiate from the rod tip and
propagate in the field direction. Charge deposited on the dielectric
surface changes the field situation and can result in a higher
inception voltage. The streamer propagation was recorded with
a fast ICCD camera. Finite element method field simulations
of the background field were used to evaluate the effect of
a barrier surface potential on the streamer inception voltage.
Streamers reach the ground electrode without initiating electrical
breakdown. The discharge activity from the rod was reduced by
deposited charge on the barrier.

I. INTRODUCTION

Space is a limiting factor in high voltage engineering,
resulting in an incentive to minimize equipment size. The
breakdown strength of the insulating medium restricts de-
signers of gas insulated systems. Sulphur hexafluoride gas
(SFg) is often used as insulating medium because of its good
dielectric properties, but alternatives are sought since SFg is
a very potent greenhouse gas. The withstand voltage of air
is roughly a third of the corresponding value for SFs and is
therefore normally not used when space is limited. Dielectric
barriers can, however, significantly improve the breakdown
strength of air [1]. The size and position of such barriers
must be chosen carefully. For instance, it has been observed
that small barriers close to the live electrode can reduce the
withstand voltage relative to that of the corresponding barrier-
less gap [2]. Estimation of the withstand strength of such
hybrid gas-solid insulation systems require better knowledge
of the interaction between gas discharges and dielectrics. An
important aspect is the field distortion that can arise when
charge is deposited on dielectric surfaces. This work aims to
further explore the characteristics of electrical discharges in
an inhomogeneous air gap with a dielectric barrier. Standard
positive lightning impulse voltages (1.2/50 us) are used since
they are usually dimensioning for gas insulation systems in
the medium voltage (MV) range.

SINTEF Energy Research
Trondheim, Norway

Atle Pedersen Jonas Ekeberg
ABB Ltd.

Baden-Dittwil, Switzerland

II. BREAKDOWN IN AIR

A. Streamer inception

In atmospheric air with gap distances larger than a few mm,
the prediction of breakdown is based on the streamer inception
criterion

/. aerdz = In(Ne) e
Jr

where a.g(F) is the field-dependent effective ionization coef-
ficient, and NNV, is the critical number of electrons in the elec-
tron avalanche needed to create a self-propagating streamer
head. For atmospheric air MV applications in strongly inho-
mogeneous fields, In(N..) ~ 18.4 should be used [3]. Finding
the correct streamer path I" is not straightforward in complex
geometries. A common approximation is to assume that it
starts in the high field region and follows a field line along
which aer > 0. The integration path is typically a few mm
and ends when the background field reaches a critical value
E. such that aeg(E.) = 0. aer(E.) can be estimated with
empirically determined fit functions [4]. E. is the field strength
at which the probability of ionization is equal to that of
recombination, typically around 2.5kV/mm for atmospheric
air [3], [5].

B. Streamer propagation

A sufficiently high voltage must be applied if streamers are
to reach the ground electrode d mm away. For a strongly
inhomogeneous field distribution £ in a gap where 5cm <
d < 2m, the prediction of streamer propagation distance is
based on the assumption of a constant field strength Eg; in
the streamer channel. The propagation distance dg is estimated
with the equal area rule E; - ds ~ fods E(z)dx along a field
line. The impulse voltage level leading to breakdown in air is
approximately [3]

Uy =Uy+d- Eg 2)

where E; ~ 0.54kV/mm is the internal field strength along
the positive streamer behind its front. Uy ~ 20 — 30 kV is
equivalent to the streamer head potential needed to generate a
breakdown [6].
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Fig. 1. Rod-plane gap with insulating barrier.

C. Barrier effect

The withstand voltage of an air gap can be increased
by introducing an insulating barrier between the electrodes.
This can be understood in terms of an elongated path for
air discharges, as a longer distance d in (2) results in a
higher withstand voltage Uy . The shortest path to the ground
electrode in Fig. 1 is x5 = v/a? + b2+ ¢, whereas in a barrier-
less gap the distance would only be a + c.

Furthermore, streamers deposit charge on the dielectric
surface, reducing the field between the rod and barrier while
increasing it between the barrier and ground. With a large
and sufficiently charged barrier, the field between its surface
and ground will be weakly inhomogeneous. The withstand
voltage Uy (c) of the gap between barrier and ground is then
governed by streamer inception, not propagation. Assuming
that the barrier is charged to a potential equal to that of the
streamers reaching the barrier, the impulse level necessary for
breakdown becomes [2]

UW :Uw(C)"r(L'Est. (3)

Small barriers close to the electrode can result in poor
withstand voltages [2]. This could be caused by high tan-
gential background field strengths that can support streamer
propagation along the entire surface or edge effects [2], [7].

III. EXPERIMENTAL

A. Experimental set-up

A 1.2MV Marx impulse generator was used to generate
lightning voltages over a rod-plane gap with a dielectric
barrier, see Fig. 2. An Imacon 468 camera with an 85 mm
/1.8 Nikkor lens in a Faraday cage at a distance of ~1 m from
the live electrode was used to capture the discharge activity.
An optical beam splitter in the camera divided incoming light
into 8 paths, each with an intensified charge-coupling device
(ICCD). The exposure time of each frame is controlled by a
digital circuit, giving a minimum possible time resolution of
10ns. The images were timed to the impulse voltage using a
digital delay generator. The applied voltage and camera trigger
monitor pulse were measured with an oscilloscope.

1.2MV
Impulse
generator

Imacon 468

Fig. 2. Experimental set-up.

B. Experimental procedures

Positive lightning impulses were applied to a rod-plane gap
with a 600 mm x 600 mm x 5mm polycarbonate barrier over
a 1m x 1m ground plane. An electrode with a hemisphere
rod-tip radius = 3.5 mm was placed centrally above to the
ground plane at a height & = 60 mm. To achieve better imaging
conditions, the electrode was shifted towards the camera so
that [ in Fig. 1 was ~170mm. The overhang b was varied
between 40 mm and O mm by moving the barrier transverse
to the camera axis z. The distance a from the barrier surface
to the rod tip was kept constant at 20 mm. The ratios w/b
and [/b were chosen relatively large to ensure that streamer
propagation would occur inside the frame and transverse to
the camera axis z.

All sides of the barrier were cleaned with isopropanol
between each impulse to remove deposited charge. A hand-
held electrostatic voltmeter was used to verify that the surface
potential was less than 500 V. The temperature, pressure and
relative air humidity were logged.

C. Image processing

Calibration pictures with no voltage stress on the gap were
taken after each successful streamer image sequence to adjust
for differences in the ICCD light sensitivity. This calibration
picture sequence was later subtracted from the streamer image
sequence, resulting in more uniform background light. As the
discharges were very faint, it was also necessary to enhance the
image brightness and contrast. These parameters were adjusted
to the same values for all images in order to normalise the
evaluation of discharge intensity.

D. Simulations

3D electrostatic simulations of the background field were
made using COMSOL Multiphysics. Charge deposited was
simulated with an electric potential on the barrier surface and
side. This potential was approximated using (3) to the potential
of streamers that have reached the barrier Uy, — a - Eg. The
streamer inception criterion (1) was computed along field lines
from the rod tip to ground.
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(a) Barrier overhang b = 40 mm with applied lightning impulse voltage U = 75.37kV. Rel. air humidity 35 %, temp. 22 °C, air pressure 100.8 kPa.
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(b) Barrier overhang b = 0 mm with applied lightning impulse voltage U = 62.18kV. Rel. air humidity 40 %, temp. 21 °C, air pressure 100.2 kPa.

Fig. 3. Streamers in a rod-plane gap with a dielectric barrier. Electrode-to-ground distance h = 60 mm, barrier surface height ¢ = 40 mm and barrier thickness
t = 5mm. Frame 1) with exposure time 10 ps shows the accumulated discharge activity. Frame 2) is 190 ns long while frames 3)-7) are all 20 ns. The frame
sequence start time ¢ is indicated in the voltage front plot in the bottom left corner of each figure. No breakdown occurred.

IV. RESULTS AND DISCUSSION
A. Images of streamer development

Fig. 3 shows streamer development in a rod plane-gap with
two different barrier placements. The geometry is equal in
Figs. 3a and 3b except for the overhang b, which is 40 mm
in the former and Omm in the latter. In Fig. 3a, streamers
are incepted at the rod during frame 2). They then propagate
along the barrier surface in frame 3) before propagating
toward the ground plane in frames 4) and 5). The discharge
activity is reduced between the barrier surface and rod in
frame 4) and remains sparse in the subsequent frames. This
quenching of the discharge activity indicates a counter-field
set up by deposited charge on the barrier. Although some
streamers reach the ground plane, all the necessary conditions
for electrical breakdown are not met.

Similarly, in Fig. 3b, a cloud of streamers touches the barrier
in frame 4), before propagating toward ground in frame 5) and

6). Bridging of the gap seems to be faster in Fig. 3b than in
Fig. 3a, which is within expectations as the shortest path z
is 60 mm in the former and ~85mm in the latter. Streamer
propagation velocity is, based on the development from frame
4) to frame 5) in Fig. 3b, estimated to ~2mm/ns.

Edge effects are observed in frames 6) and 7) in Fig. 3b
where the discharge activity near the barrier edge is relatively
high. Furthermore, discharge activity near the rod is not fully
quenched as in Fig. 3a. Frames 1), 6) and 7) in Fig. 3b indicate
that the discharge intensity is greater on the barrier-less side.

B. Simulations

The inception voltages in Table I are calculated as described
in Sect. III-D. The inception strength is increased by a factor
5 and 2.5 for 40 mm and 0 mm respectively when the barrier
is charged. The field lines from the rod tip to ground with and
without a barrier potential are shown alongside equipotential



lines in Figs. 4a and 4b respectively. The surface potential
is, based on (3), ca. 86 % of the impulse peak. In reality the
potential distribution will be non-uniform and mostly lower
than the value used here. The real distribution will reflect the
streamer propagation paths in the air and along the surface.
Charge density will likely be high directly beneath the elec-
trode and lower further out as the streamer potential decreases
with distance from the rod. A better evaluation of the barrier
potential influence requires surface charge measurements or
simulation models of discharge dynamics. Nevertheless, it is
reasonable to expect that charge on the dielectric surface will
in these cases alter the field significantly and reduce discharge
activity near the rod.

Simulation results by Singh, Serdyuk and Summer [8]
of the discharge dynamics for a similar configuration show
qualitative similarities to the frames 2)-5) in Fig. 3a and an
average streamer propagation velocity of 2mm/ns.

TABLE I
CALCULATED MINIMUM STREAMER INCEPTION VOLTAGE [kV]

Overhang [mm] H Uncharged barrier H Charged barrier

40 27.51 139.81
0 28.49 69.19
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Fig. 4. Comparison of electrical field and equipotential lines without (a) and
with (b) voltage on the barrier surface and edge. Overhang 40 mm.

V. CONCLUSIONS

Streamer propagation in a rod-plane gap with a dielectric
barrier under positive lightning impulse stress has been exam-
ined with a high-speed camera. Two barrier placements with
different overhangs (40 mm and 0 mm) were used. In both
cases, streamers propagate from the rod to ground without
causing electrical breakdown. A reduction in discharge activity
near the rod after streamers reach the barrier was observed.
Background field calculations demonstrate that the deposited
charge on the barrier increases inception strength from the rod,
in line with observations.
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Abstract

Prediction of withstand voltages in air-insulated systems
are made on the basis of empirical models that are
not sufficiently accurate for complex geometries. Bet-
ter understanding of the spatiotemporal development of
electrical discharges is necessary to improve the present
models. Discharges in lightning impulse stressed 20—
100 mm rod-plane gaps are examined using a high-
speed camera, photo-multiplier tubes (PMTs) and a high-
bandwidth current measurement system. The images
and measurements of gaps larger than 20 mm show a
fast initial streamer discharge with a current rise time
of some tens of ns, followed by a dark period of a few
ps and a propagation of a slower leader-type channel
leading to breakdown. The breakdown mechanisms in
the shortest gaps are faster and geometry dependent,
probably occuring by heating of initial streamer channels.
Different light filters used with the PMTs indicate that all
parts of the leader-type discharge development emit light
over a spectrum from UV to IR. The initial discharges
emit low amounts of warm light and IR compared to
the leader-type channel. Finally, it is suggested that
empirical breakdown voltage prediction models should
be interpreted in light of the leader-type breakdown
mechanism.

1. Introduction

SFg, a very strong greenhouse gas, is often used as
insulation in medium voltage (MV) equipment, although
insulating gases with lower global warming potential
have recently been proposed [1], [2]. Air in combina-
tion with dielectrics is a feasible alternative to SFg as
insulation in MV switchgear [3], [4]. Meeting clearance
requirements in air-insulated medium voltage (MV) sub-
stations requires accurate withstand voltage prediction
models of the dielectric design. Current models often fail
to correctly predict the withstand voltage of such hybrid
insulation systems. To understand how dielectric surfaces
influence the breakdown voltage of an air-insulated gap,
the breakdown mechanisms of the gap must be under-
stood. The focus in this work is on positive lightning
impulse (LI) stressed short (20-100 mm) inhomogeneous
air gaps, applicable to MV switchgear insulation designs.
Breakdown in these gaps can happen via a leader-type
channel propagating around the space charge left by the
initial streamer discharges [5]. The aim of this work is

channels
—

Leader-type
channel

(a) Initial streamers cross- (b) Leader-type channel
ing the gap development around initial
streamers
Fig. 1 - Ilustration of discharge development by the leader-type
breakdown mechanism in a rod-plane gap with clearance d and
a hemispheric rod of radius 7.

to investigate how this breakdown mechanism fits with
standard breakdown voltage prediction models.

2. Breakdown in air

2.1. Empirical breakdown models

Although primary streamers crossing the gap is suffi-
cient to induce breakdown in weakly inhomogeneous
fields, it is not a sufficient condition for breakdown in
strongly inhomogeneous fields. An empirical model
of streamer crossing is, however, traditionally used to
predict the withstand voltage of strongly inhomogeneous
gaps shorter than 1-2 m:

Uw =Ey-d+ Uy (€]

where the statistical withstand voltage Uy is estimated
based on an assumption of constant streamer channel
field Ey ~ 0.54kV/mm and a streamer head potential
Uy = 20-30kV needed to cause breakdown [6]. The
statistical withstand voltage Uy is defined from the 50 %
breakdown voltage as Uy = Usg o, — 30 [7].

Kojima et al. [5] classified positive LI breakdown mech-
anisms in rod-plane gaps. In their work, two main classes
of positive breakdowns are described: channel-heating
breakdown and leader-type breakdown. Channel-heating
breakdown requires crossing and sufficient heating of a

Arrested



secondary streamer channel. These conditions can be met
in gaps of a few cm if the voltage is high enough. Without
a secondary streamer bridging the inter-electrode gap and
heating the channel, breakdown will either not occur or it
may be induced after the inception and propagation of a
leader-type channel. If a leader-type channel develops,
it typically starts at a different part of the rod than the
primary streamer (Fig. 1) since there will be residual
positive space charge from the streamer corona shielding
the rod [8], [9].

3. Method

- - Fiber optic link

1.2MV Imacon 468 + PMT
Impulse | | [Tl
generator :

|

I

a
— 1+

Controls
and delay
generator

T

Fig. 2 — Experimental set-up for studying discharge behaviour
in 20-100mm rod-plane gaps. Impulse generator, camera,
PMT, current measurement using attenuators (Att.) and current
measurement protection (spark gaps and diodes) are shown.

3.1. Camera and PMT

A rod with a hemispheric tip of radius 7 = 3.5mm or
10 mm was placed 20-100 mm over a 1 X 1 m ground
plane and stressed with 1.2/50 ps positive lightning im-
pulses using a 1.2 MV impulse generator. The exper-
iments were performed in ambient air with the tem-
perature, pressure and relative humidity being logged.
An Imacon 468 ICCD camera with 7 frames of min-
imum exposure time 10ns each was triggered with a
delay generator to capture the spatiotemporal discharge
development. An 85 mm f/1.4 Nikkor lens was used
with the camera which was placed inside a Faraday cage
about 1m away from the rod. A continuous signal of
the light intensity was obtained using a PMT 2 m away.
Two different PMTs, Philips 56UVP (160-650 nm) and
Philips 56TVP (360-850 nm), were used with 2.5kV
supply voltage and different light filters to study the
emitted light of the discharges.

3.2. Current measurement system

The current was measured through a 23 m 50 2 signal
cable (RG-214) with approximately 400 MHz bandwidth
connected to the ground plane. The signal cable was
matched at the oscilloscope end after passing through a
series of 13 GHz T-type attenuators with a damping of up

to 59.8 dB. To protect the oscilloscope from breakdown
currents, a 430V spark gap was placed close to the
ground plane, see Fig. 2. Two diodes were placed in
anti-parallel close to the oscilloscope to arrest the fastest
voltage transients. The spark gap voltage or attenuation
can be modified to measure different current ranges, but a
practical upper limit is given by the thermal rating of the
first attenuator, 5000 V for 400 ns.

The capacitance between the rod and plane, and between
the plane and the supporting structure is in the pF range.
With a 50 kV 1.2/50 ps lightning impulse the peak of the
capacitive charging current in a 10 pF capacitor is around
Ic = 0.5 A. In addition to high frequency (GHz) noise,
a large damped oscillation with frequency 7.5-10 MHz
is induced in the current measurement system by the
impulse generator as the setup is not placed in a Faraday
cage.

3.3. Digital post-processing

The propagation times in the PMT, current and voltage
measurement cables were found using a pulse generator.
These cable delays and the internal PMT delay were
compensated in the digital post-processing of the 5 GS/s
oscilloscope recordings. The correct timing of the camera
monitor pulse was found using a PMT and a fast light-
emitting diode. A Python script that filters out parts of
the current measurement noise was made. The script cuts
the 7.5-10 MHz frequencies in the frequency domain to
remove noise and subtracts a similarly filtered current
measurement without discharge activity in the time do-
main to remove capacitive current. The original current
measurement is also plotted in the results.

As the discharges are faint, the image brightness and con-
trast were enhanced with photo-editing software. These
parameters were adjusted to the same levels in all image
series to normalise the evaluation of discharge intensity.
Images of background light were subtracted to normalise
intensities of the ICCDs.

3.4. Breakdown voltages

The 50 % breakdown and inception voltages of the differ-
ent rod-plane configurations were estimated using the up
and down method with n = 20 shots [10].

4. Results

4.1. Breakdown voltage levels

50 % breakdown (Us( %) and inception (U; 50¢) voltages
for the tested geometries are shown in Fig. 8. 50%
breakdown voltages fit well with the empirical streamer
propagation criterion in (1) using Uy = 20kV. The 50 %
BD voltages for the strongly inhomogeneous fields seem
to be independent of rod geometry, but a discrepancy is
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mechanism.

seen in the shorter gaps (20-40 mm).

4.2. Discharge development

High-speed images of leader-type breakdowns (Fig. 3
to 6) or channel-heating breakdown (Fig. 7) with corre-
sponding voltage, current and PMT signal are shown. All
image series have five or six frames of different timing
and exposure time showing the discharge development.
The positioning of the frames relative to oscilloscope
recordings of voltage, current and light are indicated
using color-shaded areas in the oscilloscope plots.

Breakdown occurs in all presented image series. Im-
age series without breakdown usually showed the initial
streamer activity only (frame 1 in Fig. 3 to 5) or the
initial streamers and a leader-type channel stem that was
stopped after propagating a few mm in a lateral direction.

These arrested channels were sometimes also seen when
breakdown occurred as in Fig. 3 and 4 and as illustrated
in Fig. 1b.

Two types of PMTs were combined with various filters
so that different ranges of wavelengths were detected.
Whereas Fig. 3 show the wavelength ranges 160-650 nm
and Fig. 4 and 7 shows 610-850 nm, Fig. 5 and 6 show
the wavelengths 495-650 nm.

In all image series, the discharge starts with a cloud of
streamers crossing the gap as illustrated in Fig. la. This
discharge activity was captured in a single long frame
of 900ns in all image series, so it is not possible to
determine the propagation speed from the images. Pre-
vious work by the authors on similar gaps with dielectric
barriers showed that these streamers move with roughly
2 mm/ns, crossing the gap in some tens of ns [4].
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mechanism.

In the configurations where d = 20mm, leader-type
channels were not observed. Instead, breakdown quickly
developed after the initial streamer activity as can be seen
in Fig. 7. The light in frames 14 is probably from the
secondary streamer activity and channel heating, while
frame 5 and 6 show the breakdown channel.

For the 10mm rod, the streamer current is typically
around 2 A, see purple shaded current area in Fig. 6. The
rise and fall times of the initial current are estimated from
Fig. 6 to 50ns and 500 ns respectively. The integrated
charge is around 550 nC. Due to the initial oscillations,
the initial streamer current is not visible in the originial
current plots in Fig. 3 and 4. From the filtered current
measurement it can be seen that the current is typically
below 0.5 A. The time from primary streamer inception
to breakdown is variable and characterized by a dark
period with lower light emission and current before the
initiation of the leader-like channel.

After the primary streamer activity, the remaining frames
in all figures show an illumination of a single leader-like
channel propagating from the rod. The channel starts
from different parts of the rod and seems to have a more
or less pronounced lateral component in directly after
initiation. The lateral propagation is easiest to see when
the channel is propagating transverse to the camera axis
as in Fig. 5. Several streamers connect the leader-type
channel front to the ground plane as illustrated in Fig. 1b.
Sometimes multiple or branched channels are observed
as seen in Fig. 3 and 4. From frame 3-4 in Fig. 4 it is
estimated that the luminous channel moves with a speed
of 0.1 mm/ns.

Whereas the initial streamer current seems to be relatively
similar for the different geometries, the current induced
in the plane during the leader-type channel propagation
is varying.

Fig. 3 and 4 indicate that all parts of the discharge emit
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light in the wavelength range UV to IR. It was therefore
not possible to clearly distinguish different discharge
processes based on emitted light ranges only. However,
the PMT in Fig. 3 goes directly into saturation with the
initial streamers, which is not the case for Fig. 4 and 5.
This indicates that the initial streamers emit light mostly
in the part of the spectrum below 495 nm, possibly down
to UV.

5. Discussion

5.1. Discharge development

The period between primary streamers crossing and
leader-type channel inception is sometimes characterized
by propagation and crossing of secondary streamers [5],
[11]. As the leader-type breakdown mechanism was the
only breakdown mechanism seen when d > 20 mm, it is
assumed that a voltage higher than the 50 % BD voltage
is needed in these geometries for secondary streamers to
cause breakdown [5].

The initial lateral propagation of the leader-type channel
is likely a result of the field distortion from the pri-
mary streamer discharges. The variability of the current
induced by the leader-type channel could be a result
of the stochastic nature of the channel propagation and
branching.

The primary streamer current and charge depends on the
inception level. The current will therefore be larger in
geometries with greater homogeneity as inception levels
are higher. As primary streamer discharges seem to emit
light mostly at wavelengths below 495 nm, it is assumed
that the PMT signal in Fig. 4 during the leader-type
channel propagation mainly comes from heating of the
channel by the current supplying streamers in front of the
channel.

5.2. Breakdown voltage prediction models

As breakdown is not induced by the initial streamers
directly, it is possible that (1) should be interpreted as
a leader-type channel propagation criterion instead of a
streamer propagation criterion. Then the equation would
represent the potential needed to launch a leader-type
channel across the gap. Once the channel has propagated
a few cm into the gap, it is likely to bridge the gap as
streamers propagating from its head to ground increase
the conductivity of the channel.

The breakdown voltage dependency on the size of the
rod for gaps smaller than 40 mm (see Fig. 8) could be
explained by the fact that the channel-heating breakdown
mechanism evolves directly from the primary streamer
discharges.  As the inception voltage for primary
streamer discharges increases with homogeneity, so
does the breakdown voltage. The leader-type channel
mechanism seen in gaps from 40-100mm is on the
other hand less dependent on rod geometry. A possible



explanation is that this breakdown mechanism is less
related to the initial discharges. This view is supported
by the fact that it does not seem to evolve directly from
the initial discharges, but rather propagates around them.

6. Conclusions

Breakdown mechanisms in inhomogeneous rod-plane
gaps have been studied with a high-speed camera, PMTs
and a current measurement system. The breakdown
condition for larger gaps (40-100 mm) is inception of
a leader-like channel after the crossing of a cloud of
primary streamers. The channel is preceded by primary
streamers incepting from the rod tip and propagating to
ground. The leader-like channel does not follow the
shortest path to ground as it is affected by the electric
field distortion due to the space charges created by initial
streamers. Similarly to leaders in long (>1m) gaps,
streamers are propagating from the leader-type channel
head to ground.

The breakdown mechanism of the shortest gaps (20 mm)
is governed by heating of initial streamer channels. This
breakdown mechanism is dependent on the rod geometry
as it evolves directly from the streamer channels. The
empirical streamer propagation criterion (1) generally
fits well with the 50 % breakdown voltages for strongly
inhomogeneous fields, and the predicted voltage of (1)
could represent the potential needed for a leader-type
channel to be initiated and propagate across the gap.
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Surface charging of dielectric barriers under
positive lightning impulse stress
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Abstract—The complex g try of gas-insulated substations
makes it difficult to predict withstand voltages. A key challenge
is the characterization of the interaction between electrical dis-
charges and dielectric surfaces. A 60 mm rod-plane air gap with
a dielectric barrier is stressed with positive lightning impulse,
initiating discharges that are characterized with a PMT, a current
measurement system and a high-speed camera. The discharges
do not lead to breakdown at the tested voltages. The residual
potential on the barrier is measured with a potential probe.
Depending on the gap distance, the potential distribution is either
bell-shaped or saddle-shaped. The saddle-shape appears when
back discharges are seen from the electrode to the barrier. Back
discharges reduce the surface charge until the voltage between
barrier and rod is lower than the rod inception voltage. Charge
density distributions are estimated from the measurements using
FEM simulations. In addition to streamer discharges, leader-
type channels are sometimes observed. They are arrested close
to the dielectric surface. Streamers from these channels charge
the dielectric barrier additionally.

I. INTRODUCTION

Dielectric surfaces are common in medium voltage (MV)
switchgear insulation systems, as e.g. spacers or shafts or as
dielectric barriers. Proper use of gas-solid hybrid insulation
techniques could offer the possibility to eliminate the need for
the strong greenhouse gas SFg as insulating medium in MV
switchgear. The increase in withstand strength can be realized
by either covering parts of the electrodes [1]-[6] or with inter-
electrode barriers [7]-[10]. Such methods require simulation
models that model the relevant effects with high accuracy.
The dielectric barrier influences the withstand strength by both
increasing the shortest discharge path through the gas phase
and by altering the field distribution due to surface charge.

The charging of dielectrics during positive lightning impulse
(LI) has been studied by several researchers [1], [2], [6],
[11]-[14]. Non-contacting field-nullifying probes offer the
possibility to measure surface potential without influencing
the measurement significantly [15], [16].

Previous work by the authors [9] documented the spa-
tiotemporal propagation of positive streamers in a rod-plane
gap with a dielectric barrier. The aim of this work is to
further explore the characteristics of electrical discharges in
an inhomogeneous air gap with a dielectric barrier. The focus
is on the charge accumulation on the barrier surface during
positive LI

Atle Pedersen
SINTEF Energy Research
Trondheim, Norway
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Fig. 1. Streamers and a leader-type channel in a A mm rod-plane gap reaching
a dielectric barrier of thickness ¢, overhang b, at a distance a mm from the
rod, seen from a) the side and b) above

II. BREAKDOWN OF AIR GAPS WITH DIELECTRIC
BARRIERS

A. Breakdown mechanisms of inhomogeneous air gaps

Strongly inhomogeneous air gaps have inception levels
below breakdown levels. Typically, the discharge starts with
streamers that can easily cross the gap, leaving behind positive
charges that influence the subsequent discharge development
[17], [18].

Breakdown can occur after the primary streamer discharges
by either channel-heating breakdown or leader-type channel
breakdown [18], [19]. Channel-heating breakdown requires
crossing and sufficient heating of a secondary streamer chan-
nel. These conditions can be met in gaps of a few cm if the
voltage is high enough.

B. Streamer-dielectric interaction under impulse voltages

Streamers can propagate from the rod around the barrier to
ground without causing breakdown. They propagate along the
barrier and charge it (fig. 1), changing the field distribution
and the following discharge development [9].

The field from these charges can cause discharges from the
rod to the barrier or from the barrier to the rod at the impulse
tail. These back discharges will alter the charge distribution
on the surface, typically resulting in a saddle-shaped surface
potential [20].

The residual charge will also influence the discharge devel-
opment under following impulses. Charge of the same polarity
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Fig. 2. Experimental set-up for studying discharge behaviour in a h = 60 mm
rod-plane gap with a dielectric barrier. Impulse generator, camera, PMT, cur-
rent measurement using attenuators (Att.) and current measurement protection
(spark gaps and diodes) are shown.

as the applied voltage will typically increase inception levels
and reduce them for opposite polarity.

III. METHOD
A. Camera and PMT

A rod-plane gap with a hemispheric aluminium rod tip
of radius r, = 3.5mm placed h = 60mm over a 1 x I1m
ground plane and a = 0-55mm over a 600 x 600 x 5mm
polycarbonate barrier was stressed with 1.2/50 us positive
lightning impulses using an 1.2 MV impulse generator (see
fig. 1 and fig. 2). The applied impulse levels U = 50-70kV
were above streamer inception levels, but below breakdown
levels. The experiments were performed in ambient air with
the temperature, pressure and relative humidity being logged.
An Imacon 468 ICCD camera with 7 frames of minimum
exposure time 10 ns each was triggered with a delay generator
to capture the spatiotemporal discharge development. An 85
mm {/1.8 Nikkor lens was used with the camera which was
placed inside a Faraday cage about 1 m away from the rod.
A continuous signal of the light intensity was obtained using
a PMT about 2m away. A Philips S6UVP/TVP PMT with
different light filters was used with 2.5kV supply voltage.

B. Current measurement system

The current was measured through a 23 m 50 2 signal cable
(RG-214) with bandwidth of about 400 MHz connected to the
ground plane. The signal cable was matched at the oscilloscope
end after passing through a series of 13 GHz T-type attenuators
with a damping of up to 59.8 dB. To protect the oscilloscope
from breakdown currents, a 430 V spark gap was placed close
to the ground plane, see fig. 2. Two diodes were placed
in anti-parallel close to the oscilloscope to arrest the fastest
voltage transients. The spark gap voltage or attenuation can be
modified to measure different current ranges, but a practical
upper limit is given by the thermal rating of the first attenuator,
5000V for 400 ns.

r=0

, Scanning
axi

Probe
scan Trek 341B s

amplifier

r=2b

(a) (b)

Fig. 3. Charge measurement setup seen from a) the side and b) above. Area A
seen by the probe depends on the fixed probe-to-surface distance p. The probe
is supplied by a 20 kV amplifier and is scanned along the 2b = 600 mm long
surface S = mb?. The surface charge density distribution is estimated from
the measured potential distribution with a FEM 2D axisymmetric model.

C. Digital post-processing

The propagation times in the PMT, current and voltage
measurement cables were found using a pulse generator. These
cable delays and the internal PMT delay were compensated
in the digital post-processing of the 5GSs™! oscilloscope
recordings. The correct timing of the camera monitor pulse
was found using a PMT and a fast light-emitting diode. A
Python script that filters out the current measurement noise
and capacitive current was made. The script subtracts a scaled
measurement where no discharge activity was seen in the gap
by the camera and PMT. The original current measurement is
also plotted in the results.

As the discharges are faint, the image brightness and
contrast were enhanced with photo-editing software. These
parameters were adjusted to the same levels in all image series
to normalise the evaluation of discharge intensity. However,
the different ICCDs have somewhat different gain. Images of
background light were subtracted to normalise intensities of
the ICCDs.

D. Charge measurement

A Trek 3455ET probe was used with a 20kV Trek 341B
high voltage amplifier to measure surface potential Us(r), see
fig. 3. The probe zeroes the electric field between itself and the
surface by adjusting its potential. After the impulse, the rod
was removed and the probe was positioned p = 10 mm above
the barrier surface and scanned along a single axis intersecting
the rod position with steps of Ar = 10 mm. The probe was
calibrated by placing it over the grounded plane and zeroing it.
The barrier was then cleaned with isopropyl alcohol, resulting
in a surface potential magnitude below 300 V.

Local potential differences smaller than the surface A seen
by the probe are not resolved [21]. If it is assumed that A
extends approximately 45° from the circular probe aperture
with radius 7, = 0.76mm, A is a circle with radius r4 =
10.76 mm when the probe spacing is p = 10 mm. Potential
variations over distances smaller than 274 ~ 21.5mm are
therefore not resolved.

E. Estimation of surface charge

Determining the surface charge density distribution p(r, 6)
on the surface S (see fig. 3b) from a series of potential
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(b) Streamer discharge images, oscilloscope recordings and surface potential measurement, h — a = 40 mm, U = 66.01 kV. No breakdown occurred. PMT
wavelength detection range 180-610 nm. Back discharges seen in last frame 5. Atmospheric pressure 1.005 bar, 22 °C, relative humidity 36 %.

Fig. 4. Discharge development and surface potential in = 60 mm rod-plane gaps with a 600 x 600 x 5mm dielectric barrier

measurements requires solving an inverse problem [22]. One
way to solve it is to apply the measured potential distribution
as a boundary condition on the dielectric surface in FEM
software [23]. From Gauss’ law, p(r,0) is

P(ﬂ 9) = Dn,gas(r7 6) - Dn,diel.(T7 6) (1)

If the surface charge distribution is assumed to be rotationally
symmetric, 2D axisymmetric FEM calculations can be used.
In the simulations, ¢, = 3 for the polycarbonate barrier was
used [24]. The average measured potential of the two radials

r=>btor=2band r = b to r =0 (fig. 3b) was applied to
the barrier. In addition to the surface charge distribution p(r),
the total charge on the surface Qs = [ p(r)dS was estimated.

Error sources with this method include

1) Non-symmetrical surface potential distribution

2) Resolution/interpolation errors

3) Measurement errors — inaccurate probe stepping and
probe-to-surface distance, unparallel probe and surface,
and inherent probe errors [15], [16], [25].

4) Non-zero initial surface potential



IV. RESULTS
A. Discharge development

Fig. 4a and 4b show discharge development in rod-plane
gaps with barriers. Images, oscilloscope plots of voltage, cur-
rent and PMT, measured surface potential after the discharge
and calculated surface charge densities are shown. Color-
shaded areas indicate the timing of the camera frames.

1) Leader-type channel: In fig. 4a, a leader-type channel
propagates about 75% of the gap length after the initial
streamers in frame 1. Streamers propagate from the channel
head to the barrier as depicted in fig. 1. The leader-type
channel is arrested right above the barrier during frame 5.

2) Back discharges: In fig. 4b, the barrier surface is at h —
a = 40mm. In addition to primary streamer activity (frame 1),
back discharges are observed at the impulse tail (frame 6). In
the PMT voltage plot, these back discharges can be seen as a
series of about 35 pulses spaced 3—6 s starting at a time ¢p,ck
when the applied voltage is around U (tpack) = 24 kV, 37 % of
peak voltage U. The interval shortens as the voltage decreases
before increasing again from 150 ps. The current amplitude is
around 1-5mA, with rise and fall times of some tens of ns.
The corresponding image frame 5 shows a faint glow at the
rod during this period. Back discharges were not seen for the
tested voltages when h —a < 30 cm.

B. Surface charge

In fig. 4a, the barrier is on the ground plane and the result-
ing surface potential is bell-shaped with maximum potential
Us = 19KV, although it is not symmetric around r = b
Total calculated charge on the surface is Qs = 934nC.
Another experiment at the same voltage level, without leader-
type channel inception, resulted in a bell-shaped distribution
with Us = 11kV and total charge Qs = 682nC.

In fig. 4b, the surface potential is saddle-shaped, with a
larger spread than in fig. 4a and 4b. The calculated surface
charge density is also saddle-shaped, and negative right below
the rod.

Measurements showed that the surface potential for all
geometries was negligibly altered after about 1000 min.

V. DISCUSSION
A. Discharge development

1) Arrested leader-type channel: Leader-type channels typ-
ically cause breakdown of rod-plane gaps without barriers
when they have propagated a few cm into the gap [18]. The
local charging of the dielectric by the streamers at the channel
front is likely reducing the field between the channel head and
dielectric sufficiently to arrest the channel.

2) Back discharges: The back discharges are similar in
frequency to the relaxation pulses observed by Blennow et
al. [6] in a plane-parallel dielectric-covered electrode system
under positive LI stress. The occurence and frequency of these
restoring discharges depend upon the magnitude of surface
charge, the insulation system geometry, the time derivative of
the applied voltage and the amount of charge neutralized by
each back discharge.

B. Surface charge

1) Shape: The higher capacitance of the surface when the
barrier is closer to the ground plane leads to a narrower
surface potential for similar charge distributions. Charge dis-
tributions will likely also be narrower with the barrier on the
ground plane due to lower tangential field strengths supporting
streamer propagation.

Leader-type channel propagation as in fig. 4a will influence
the charge distribution, as streamers propagating from the
channel head also charge the dielectric surface. Leader-type
channel development therefore results in potential distributions
that are greater in magnitude and less symmetric around r = b.

2) Condition for back discharges: Back discharges start
when the surface charge induced field is high enough [6]. A
rod-plane gap with rod radius 3.5mm has a streamer onset
voltage at positive polarity of around Ujpcpos = 20kV [18].
Assuming a similar inception voltage magnitude for a streamer
at negative impulse, the potential drop between the rod and
barrier would be Ujpcneg = —20kV at ek in fig. 4b. Since
the voltage at the rod is U(tpaek) = 24kV, the maximum
potential on the barrier at tp, should be around

US,tm.ck (b) = U(tback) - Uinc,neg =44kV (2)

As back discharges in fig. 4b are observed even when the
rod potential is approximately 0, it is possible that the surface
potential is depleted such that Us(b) < 20kV, in line with
measurements.

Back discharges will likely continue until the potential
between the barrier and rod is smaller than inception voltage

US,aftcr(b) < |Uinc,ncg| (3)

Relation (3) can then be used as a rough estimate of the
maximum residual potential below the rod after an impulse.
3) Surface charge density polarity: The surface charge
density estimation method (1) results in negative surface
charge density at the center when the barrier is closer to the
rod, see fig. 4b. Although some charge on the barrier will be
neutralized by the back discharges, the surface charge density
should not change polarity locally. The local negative surface
charge density could be a result of measurement errors.

VI. CONCLUSIONS

Surface charging of dielectrics depends upon the discharge
mechanisms in play. In this work, a 60 mm positive LI stressed
rod-plane gap with a dielectric barrier has been studied. The
discharges were examined with high-speed images, PMTs and
current and surface potential measurements. Three discharge
phenomenons were observed: primary streamers, leader-type
channels and back discharges. Whenever there is discharge
activity, it always starts with primary streamers. These lead
to a bell-shaped surface potential on the barrier. Leader-
type channels develop at voltages closer to breakdown levels.
Streamers from the front of these channels charge the surface
additionally locally. It is suggested that the field from this
charge is responsible for arresting the channel development.



Back discharges are observed at the impulse tail as regular
pulses of 100-300kHz. They are seen when the barrier is
closer to the rod, as the reversed field becomes stronger.
Back discharges will neutralize surface charge until the voltage
drop between barrier and rod is lower than the rod inception
voltage. As this voltage is approximately constant for a given
rod radius, maximum surface potential after an impulse is
restricted by the rod geometry.
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ABSTRACT

The complexity of gas-insulated substations makes it difficult to predict withstand
voltages. Modeling interaction between dielectric surfaces and electrical discharges is a
key challenge. In this study, 60 mm rod-plane air gaps with a dielectric barrier 20 mm
below the rod are stressed with lightning impulses of both polarities. The discharge
mechanisms are investigated with a high-speed camera, a photomultiplier tube and a
current measurement system. The discharge development and current-velocity
relationship is leader-like. With positive polarity applied, a leader propagates from the
upper parts of the rod to ground. Negative impulses are characterized by positive leader
development from the ground plane to the rod. For both polarities, the discharge starts
with streamers propagating from the rod to the barrier. Positive streamers typically
reach the opposite electrode without causing breakdown directly. The findings imply that
empirical breakdown prediction models for short air gaps should involve conditions for
positive leader initiation and development. The results also show that dielectric barriers
increase the breakdown voltage by impeding leader development. The barriers increase
the shortest discharge path and shift the point of leader inception further up on the rod.

Index Terms — dielectric barrier, streamers, leaders, propagation, lightning impulse,

rod-plane gap, medium voltage, switchgear insulation

1 INTRODUCTION

Expected restrictions on the use of sulphur hexafluoride
(SF¢) gas in medium voltage (MV) switchgear has triggered
research efforts to develop environmentally friendly insulation
techniques. SFg has a 100-year global warming potential
(GWP) of roughly 23900 [1]. Using air as insulation has
obvious advantages, but it poses dielectric challenges as the
equipment must be compact to meet standardized requirements.
The field strengths required to initiate discharges are roughly
three times lower in air than in SF¢ [2]. Up to three times greater
electrode clearances are therefore needed in air than in SF4 for
similar geometries. Accurate withstand voltage prediction
models are therefore needed to optimize the dielectric design.

Manuscript received on 11 September 2017, in final form 1 February
2018, accepted 2 February 2018. Corresponding author: H.K. Hygen.

This requires a solid understanding of the physical processes
leading to breakdown. These processes are complex and
difficult to model accurately, so empirical models are typically
used [3], [4]. The models can, however, lead to inaccurate
results when the insulation system includes dielectric surfaces.
Such surfaces are common in switchgear insulation in the form
of shafts, spacers or dielectric barriers. Dielectric barriers can
significantly improve the withstand voltage of an air gap [S5]—
[7], and could therefore be used to design space efficient
insulation systems with low environmental impact. The aim of
this work is to investigate the influence of dielectric barriers on
breakdown development in short air-insulated rod-plane gaps.
1.2/50 ps lightning impulses (LI) are used as they are
dimensioning in typical MV switchgear type tests [8].



2 BREAKDOWN OF INHOMOGENEOUS
AIR GAPS

2.1 STREAMER INCEPTION

The discharge process of inhomogeneous air gaps begins
with an electron avalanche of critical size. The space charge left
by the avalanche turns into a filamentary discharge, a streamer.
One dielectric design strategy is to avoid field strengths capable
of initiating streamers. To calculate these field strengths, the
streamer inception integral

fa(E(x))dx > InN (1)
r

is used. The field-dependent effective ionization coefficient
a(E(x)) can be estimated with empirical fit functions [2]. The
integral is typically evaluated along a critical field line I, where
a > 0, until a critical background field E.. where a(E.) =0
is reached. E.; = 2.5 kV/mm for atmospheric air [9]. Inception
occurs when the critical number of electrons exceeds N = 108
[10]. A design approach based on avoiding inception can,
however, be overly cautious as inception does not necessarily
lead to breakdown.

2.2 STREAMER PROPAGATION

Streamers require a non-zero background field strength to
propagate as they dissipate some energy in the process. Another
design approach is therefore to allow inception, but inhibit
propagation. Positive withstand voltage Uy = Usgy, — 30 [10]
of inhomogeneous gaps increases linearly with shortest
discharge path xg [3]:

Uw = Ug + Esexs (@)
where the constant Eg; = 0.5-0.54 kV/mm can be interpreted as
the internal streamer channel field. Eg; therefore represents the
minimum background field required for stable streamer
propagation. Uy = 20-30 kV can be viewed as the excess
potential needed to cause breakdown after the streamers have
bridged the gap [3].

Propagation of streamers has been explored with fluid
simulations, e.g. [11]-[14]. The large computational burden of
such models have, however, limited their application so far,
especially for 3D.

Voltage

—— Withstand voltage Uy
Streamer inception, 2.6 kV/mm
- Streamer propagation, 0.5-0.7 kV/mm
Leader propagation, 0.1-0.2 kV/mm

Gap distance d

Figure 1. Typical relation between breakdown voltage and gap distance in
inhomogeneous fields with fixed radius of curvature [3].

2.3 LEADERS/LEADER-TYPE CHANNELS

Crossing of streamer discharges is not a sufficient condition
for breakdown in short rod-plane gaps. Secondary streamer
channel heating or “leader-type channels” are needed [15].
Leader-type channels resemble /leaders, but leaders are
traditionally considered to occur in gaps >0.5-1m only [10],
[16], [17]. For such large gaps, breakdown voltage typically
increases with 0.1-0.2 kV/mm as illustrated in Figure 1. 1.2/50
us impulse overvoltages are considered too short to support
leader breakdown for long gaps due to the slow leader
propagation speed (0.02 mm/ns) [16]. A positive leader
breakdown typically happens in the following way [17], [18]

1. Primary streamers occur, leaving residual space charges
that distort the field distribution

2. Dark period without discharge activity

3. Inception of stems/secondary streamers at the anode

4. Joule heating of stems, leading to temperatures exceeding
1500 K, reduction of gas density

5. Detachment of negative ions due to higher gas
temperature. This increases the stem conductivity and
field strength at its tip

6.  Development of streamers at the stem (leader) front, due
to the high field at the leader tip

7. Leader propagation into the gap as Joule heating extends
the channel

8. Leader reaching counter-electrode, with subsequent arc

High-speed images of leader-type channels indicate that the

above list could apply to leader-type channels as well [15],[19].

The two terms are therefore used interchangeably in the

following.

The leader velocity v;, depends on the ionization activity at
its front, and is typically proportional to leader channel current
L, [17], [18]:

1

vL = EIL (3)

where g = 20-50 pC/m represents the average charge
necessary for a unit length advancement of the leader channel.
The ionization activity depends on the field strength at the
channel front, Ep, which in turn depends on the applied voltage
U and the leader channel field E|. E} decreases with leader
length in the range E;, = 0.5-0.1 kV/mm, but the reduced field
E} /n, is constant due to channel expansion and decreasing gas
density n,.

2.4 NEGATIVE BREAKDOWN

Less is known about negative lightning impulse breakdown
in air. This is partly because positive breakdown occurs at lower
voltage magnitudes, and is therefore more critical in high
voltage applications. Negative breakdown voltage is higher
than positive as negative streamers have less effective
propagation mechanisms, and require a higher background field
Eg =1-1.15 kV/mm [10].

Negative breakdown of longer gaps is known to often involve
a system of streamers and leaders of both polarities after the
dark period [20]. Typically, the negative leader propagation is
driven by space stems, bright spots from which streamers of
both polarities propagate. A dense network of streamers



Table 1. Rod-plane gap with a dielectric barrier, parameters.

Parameter Used
Voltage shape 1.2/50 pus LI
Electrical Voltage magnitude U 50-120 kV
Polarity Both
Barrier initial charge Cleaned (<300 V)
Gas mixture Ambient air
Ambient Temperature (logged) 20-24°C
Pressure (logged) 0.997 to 1.020 bar
Rel. humidity (logged) 33 t044 %
Background radiation Cosmic
Rod height d 60 mm
Rod shape Hemispheric
Geometrical Rod radius r 3.5mm
Barrier height d — a 40 mm
Barrier overhang b 0-80 mm
Barrier shape Square 600x600x5 mm
Barrier material Polycarbonate (Lexan)
Material €, @50Hz 2.96 [21]
Surface cond. <1077 Q~tem~![21]
Bulk cond. o <107 Q lem 1 [21]
Barrier roughness Unknown
Electrode material Aluminum
Electrode roughness Unknown

connects the negative leader and stem. These stems can
sometimes become leaders, which then approach the main
leader with increasing velocity.

2.5 ROD-PLANE GAPS WITH DIELECTRIC
BARRIERS
Rod-plane gaps are often used to study effects of field
inhomogeneity. While being polarity dependent, it is a simple
arrangement, which facilitates analysis and validation of
breakdown models. However, there are many parameters
involved. As can be seen in Table 1, adding a dielectric barrier
introduces at least five new parameters and a history effect if
the barrier is not completely discharged between impulses.

w

w

Figure 2. Rod-plane gap with insulating barrier seen from the side and from
above. The ratios w/b and [/b were chosen relatively large to ensure that
streamer and leader propagation would occur inside the frame and transverse to
the camera axis z.

With dielectric barriers in the discharge path, streamers
typically propagate along and around the barrier to ground [11],
[22]. Barriers can also inhibit secondary streamer development
[23], cause leaders to propagate a longer path in the gas phase
[24] or stop them [25].

Charges on the barrier will alter the field distribution as
shown in Figure 3, with different implications depending on
applied voltage and dielectric barrier charge polarity. In Figures
3a and 3b, the rod tip is shielded and the field stress is shifted
to the barrier-plane gap. These situations typically occur under
DC or during an impulse right after the barrier has been charged
by initial streamers. In Figures 3¢ and 3d, the stress is highest
in the rod-barrier gap. These situations can occur during AC or
at the declining impulse tail, when the field between the rod and
residual charge on the barrier becomes reversed. Reverse
discharges from the rod can neutralize charge on the barrier

surface in these cases [25].
+ — + -
PR , ===== R o o S
= T T T
(a) () (© (d

Figure 3. Applied rod voltage and dielectric barrier charge polarity
configurations. a) and b) rod voltage same as dielectric barrier charge polarity.
c¢) and d) different polarity between rod and barrier.

3 EXPERIMENTAL

3.1 CAMERA AND PMT

A rod-plane gap with a hemispheric rod tip of radius r =
3.5 mm placed 60 mm over a 1x1 m ground plane and 20 mm
over a polycarbonate (Lexan) barrier was stressed with 1.2/50
us lightning impulses using a 1.2 MV impulse generator, see
Figure 4. The experiments were performed in ambient air with
the temperature, pressure and relative humidity being logged.
The barrier was cleaned with isopropyl alcohol between
impulses to remove charge. An electrostatic voltmeter was used
to verify that this procedure results in a surface potential below
500 V.

— = = Fiber optic link

Imacon 468 + PMT

L2MV —
[mpulse
generator

'
Camera trigger signal
1

|

Controls
and delay
generator

Iinpulse generator trigger signal
Figure 4. Experimental set-up for studying discharge behavior in rod-plane
gaps. Impulse generator, camera, PMT, current measurement using attenuators
(Att.) and current measurement protection (spark gaps and diodes) are shown.
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Figure 5. d = 60 mm rod-plane gap with barrier at c = 40 mm with b = 60 mm overhang (see Figure 2), 1.2/50ps LI 86 kV applied. PMT wavelength
detection range 495-850 nm.

An Imacon 468 ICCD camera with 7 frames of 10 ns
minimum exposure time each was triggered with a delay
generator to capture the spatiotemporal discharge development.
An 85 mm f/1.8 Nikkor lens was used with the camera which
was placed inside a Faraday cage about 1 m away from the rod.
A continuous signal of the light intensity was obtained using a
PMT about 2 m away. A Philips S6AVP/TVP PMT was used
with 2.5 kV supply voltage. A low-pass filter blocking light
with wavelength < 495 nm and a paper-layer filter were used
in the experimental work to limit PMT saturation. The PMT
filter type used is indicated in the figure texts.

3.2 CURRENT MEASUREMENT SYSTEM

The current was measured through a signal cable (RG-214)
with bandwidth of about 400 MHz connected to the ground
plane. The signal cable was matched at the oscilloscope end
after passing through a series of 13 GHz T-type attenuators with
a damping of up to 59.8 dB. To protect the oscilloscope from
breakdown currents, a 430 V spark gap was placed close to the
ground plane, see Figure 4. Two diodes were placed in anti-
parallel close to the oscilloscope to arrest the fastest voltage
transients. The spark gap voltage or attenuation can be modified
to measure different current ranges, but a practical upper limit
is given by the thermal rating of the first attenuator, 5000 V for
400 ns.

3.3 DIGITAL POST-PROCESSING

The propagation times in the PMT, current and voltage
measurement cables were found using a pulse generator. These
cable delays and the internal PMT delay were compensated in
the digital post-processing of the oscilloscope recordings. The
correct timing of the camera monitor pulse was found using a
PMT and a fast light-emitting diode. A Python script that filters
out the current measurement noise and capacitive current was
made. The script subtracts a scaled measurement where no

discharge activity was seen in the gap on the camera or PMT.
The original current measurement is also plotted in the results.
The same script also integrates the current measurement during
each frame to evaluate the validity of equation (3).

As the discharges are faint, the image brightness and contrast
were enhanced with photo-editing software. These parameters
were adjusted to the same levels in all image series to normalize
the evaluation of discharge intensity. Images of background
light were subtracted to normalize the intensities of the ICCDs.

3.4 BREAKDOWN VOLTAGES

The 50 % breakdown voltages of the different configurations
were estimated using the “up-and-down” method [10] with n =
20 shots and steps of 0.5 kV. The results were corrected for
pressure, temperature and humidity according to [8].

In addition to the experiments with dielectric barriers,
breakdown voltages of 60-120 mm rod-plane gaps without
barriers were found.

4 RESULTS

4.1 ROD-PLANE GAP WITH BARRIER UNDER
POSITIVE LI

Figure 5 shows a typical positive breakdown. In frame 1,
positive streamers propagate from the rod to ground, without
causing breakdown. These streamers move around the barrier
with ca. 2 mm/ns [22]. After the streamer propagation and
crossing, a leader channel stem appears about 25 mm over the
rod tip stretching horizontally out from the rod. The channel
heats up sufficiently to become a leader discharge, moving in a
tortuous and branched path around the barrier toward the
grounded electrode. Streamers connect the leader channel tip to
the ground plane, supporting a current of around 0.25-1.5 A
(Figure 7).
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Figure 6. d = 60 mm rod-plane gap with barrier at ¢ = 40 mm with b = 40 mm overhang (see Figure 2), 1.2/50us LI -124 kV applied. PMT wavelength
detection range 360-650 nm with paper filter.

The current during the initial streamer discharges is around 4
A with a rise and fall time of around 30 ns and 500 ns
respectively (frame 1 and 2 in Figure 5). The leader current
ramps up slowly after the dark period. There is significant light
activity in the 495-850 nm range during the initial streamers.
The light then fades before returning during the stem
development, where a slight increase in PMT voltage is
observed in the last part of the cyan color-shaded part of the
graph. In the yellow and red frames 5 and 6 the PMT voltage
rises close to saturation levels as the leader channel grows in
length, thickness and intensity.

The positive breakdown voltages (see Figure 9) fall within
the range predicted by equation (2). The positive breakdown
voltages of gaps with cleaned barriers are marginally higher
than those of rod-plane gaps with similar shortest paths xs.
Positive leader-type channel speeds (Figure 7) generally fall
within the expected range of equation (3).

4.2 ROD-PLANE GAP WITH BARRIER UNDER
NEGATIVE LI

The image series in Figures 6 and 8 confirm that negative
breakdown involves a system of discharge mechanisms of both
polarities. Under negative lightning impulse, the negative
streamer discharges do not always seem to propagate all the
way to ground (see frame 1 in Figure 6). Instead, positive
streamers (frame 2) and a leader (frame 5) propagate from the
grounded plane right below the rod around the barrier in Figure
6 or directly from the grounded plane to the rod as in frame 3
of Figure 8. The positive and negative streamer channels re-
illuminate in frame 4 of Figure 6. The whole leader path is best
seen in frame 5 of Figure 6. It starts below the rod and
propagates along the lower side of the barrier. As it reaches the
end of the barrier, it continues along the shortest path to the rod.
Figure 8 reveals that the leader is not necessarily launched from
right underneath the rod. Negative leaders were not observed,
although a stem appears at the rod electrode during frame 3 in
Figure 8.
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Figure 7. Positive leader speed vs. current, estimated from pictures, d =
60 mm rod-plane gaps with and without barrier at c = 40 mm (see Figure 2).
41 data points, compared with equation (2). Marker shape indicates barrier
overhang b. Each point represents an image with known exposure time, such as
frame 6 in Figure 5. During that frame, the leader propagates approximately 30
mm. The average current during the frame (red color-shaded area) is 1.11 A.

The current development during negative and positive LI are
similar. The first current pulse during the negative streamer
propagation (frame 1 in Figures 6 and 8) has similar amplitude
and shape as the positive streamer pulse in Figure 5, but with
opposite polarity. After a dark period, the current quickly rises
to breakdown as the leader connects the plane to the rod. The
over-current protection is activated at the end of frame 5 in
Figure 6 and frame 3 in Figure 8. Light is recorded at the same
time as the current. In Figure 6, the paper filter ensures that the
PMT is not saturated before the arc phase. The PMT in Figure
8, however, is almost saturated directly during the initial
streamers. The re-saturation during frame 2 indicates the
inception time of the positive streamer or stem from the ground
plane.

Negative breakdown voltages increase with roughly 1.2
kV/mm for gaps without barriers, and 0.9 kV/mm for gaps with



barriers (see Figure 9). These are typical field strengths required
for negative streamer propagation [10].
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Figure 8. d = 60 mm rod-plane gap with barrier at ¢ = 40 mm with b =
0 mm overhang (see Figure 2), 1.2/50ps LI -124 kV applied. PMT wavelength
detection range 360-850 nm.
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5 DISCUSSION

5.1 DISCHARGE DEVELOPMENT UNDER POSITIVE
IMPULSE

Although the surface charge from initial streamers should
amplify the field in the barrier-plane gap (Figure 3a), it is
apparently not enough to support streamer discharges in this
region. Instead, the charge shields the rod, resulting in the
inception of a leader higher up on the rod, following the “leader-
type channel” breakdown development described in [15].

The influence of the barrier is therefore mainly geometrical,
increasing xg (Figure 2). An additional increase in xg is
achieved as the leader inception point shifts up on the rod as in
Figure 5. This shift is a result of residual charge from the initial
streamers on the barrier and in the air. The effect is also seen in
rod-plane gaps without barriers [19], [23], but it is more
pronounced with barriers as the surface charge is less mobile
than the space charge. The longer leader discharge path could
explain why breakdown voltages of rod-plane gaps with

dielectric barriers tend to be higher than rod-plane gaps with
similar xg (Figure 9).

It can be concluded from Figure 7 that the leader-type
channels exhibit similar current-velocity relationships as
leaders. This supports the view that leader discharges are not
restricted to large gaps only, i.e. that leaders and “leader-type
channels” are the same.

When the distance between leader and ground is short, there
is more intense discharge activity at the leader front. This
explains the somewhat higher average current and leader speed
in gaps without a barrier, or when the barrier is at b = 0 mm
(see Figure 7).

5.2 DISCHARGE DEVELOPMENT UNDER NEGATIVE
IMPULSE

The negative charges on the barrier (see Figure 3b) cause
positive streamer development from the ground plane up to the
barrier. The field amplification on the ground plane is likely
largest just below the rod, where the streamer starts in Figure 6.
In Figure 8, however, the positive streamer starts at a distance
from the barrier, to the left in the image.

Negative leaders and space stems as described in [20] are not
observed, and probably require larger gaps to form. The fact
that breakdown voltage is higher for negative polarity (Figure
9) is within expectations.

For a positive polarity and a given shortest discharge path xg,
the barrier measurements are associated with a slightly higher
breakdown voltage than the corresponding data points of the
pure air gap. The negative polarity does not show this
consistency (Figure 9). A possible explanation is that the
negatively charged barrier facilitates development of positive
streamers and leaders from the ground plane when the barrier
charge is negative.

6 CONCLUSIONS

Lightning impulse breakdown mechanisms of short rod plane
air gaps with a dielectric barrier have been studied. With
positive polarity applied, the breakdown mechanism constitutes
positive primary streamers and the subsequent inception and
propagation of a leader. Under negative impulses, negative
streamers charging the barrier are followed by the inception of
positive streamers propagating from the ground plane towards
the barrier. A leader discharge, which propagates from the
ground plane along the lower side of the barrier to the rod, is
the ultimate cause of breakdown. Positive breakdown
development is similar to that of leaders in larger gaps. The
findings have implications for breakdown prediction models for
short air gaps, which are typically based on assumptions of
breakdown by streamer inception and propagation only. The
dielectric barriers increase breakdown voltage by elongating the
leader path and shifting the point of leader inception away from
the barrier.
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Abstract—Surface charge on dielectric surfaces can alter the
field conditions of insulation systems substantially. In this work,
lightning impulse experiments are compared with a simulation
model for surface charging in rod-barrier-plane geometries. The
model is based on the saturation charge assumption, i.e. zero
normal electric field in air pointing onto the dielectric surface,
which prevents further charging. This hypothesis holds well
for most geometries, as long as there are no leader discharges
or restrikes (also known as back discharges). Restrikes are
discharges that occur on the lightning impulse tail when the
active electrode is close to zero potential. A method is proposed
to compute the charge distribution after a restrike. Furthermore,
the model can predict discharges on both sides of the barrier.
Saturation charge fields can be computed efficiently, so the results
are encouraging for dielectric design applications.

I. INTRODUCTION

Accurate modelling of surface charging phenomena is im-
portant for the development of SFg-free insulation systems for
the next generation of medium voltage switchgear. Discharges
can be tolerated during lightning impulse tests as long as
they do not lead to breakdown. Surface charging effects
can suppress discharges under such conditions. In this work,
experiments are compared with variations of the saturation
charge model described in [1]. Lightning impulses are applied
to rod-plane air gaps with a dielectric barrier (see fig. 1), and
the resulting surface potential is measured. A range of short
(< 100 mm) rod-barrier-plane geometries are used to test the
model and obtain an overview of the charging phenomena
involved.

II. EXPERIMENTS
A. Voltage and current
Rod-barrier-plane gaps (fig. 1 and table I) were stressed
with 1.2/50 ps lightning impulses (LI). The earth current was

monitored using a Pearson 6585 current monitor to ensure that
there was a discharge. No breakdowns were observed.

B. Surface potential measurements

A Trek 3455ET probe with a 20kV Trek 341B high
voltage amplifier was used to measure surface potential after
a discharge. The probe zeroes the electric field between itself

This work is part of the project “Electrical insulation with low-GWP gases”
(project number: 245422) supported by the Research Council of Norway and
the industrial partners ABB AS, Norway and ABB Switzerland Ltd.
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Fig. 1. Rod-barrier-plane model. See table I for parameters. The Lexan barrier
was 600x600x5 mm, the ground plane of 600x1000x1 mm. Toroid dimensions:
d =200mm, t = 20 mm, s = 40 mm.

TABLE 1
ROD-BARRIER-PLANE CONFIGURATIONS IN THIS WORK (SEE FIG. 1 FOR
PARAMETER ILLUSTRATION)

Parameter Configuration
1 2 3 4 5 6
g [mm] 15 20 10 60 35 60
b [mm] 5 15 5 5 15 40
r [mm] 35 35 2 35 3.5 3.5
I [mm] 590 590 288 ca. 600 590  ca. 600
V [kV] 35 =50 35 54 +50  —100

and the surface by adjusting its potential. After the impulse,
the barrier and ground plane were moved along a rail and
positioned 5mm + 3mm from the probe tip. The surface
potential on the barrier was then scanned along the center
line using a robot stage. In some cases a 2D raster scan was
also performed. The barrier was subsequently cleaned with
isopropyl alcohol before the next experiment, resulting in a
residual surface potential magnitude below 300 V.

Local potential differences smaller than the surface area
seen by the probe are not resolved [2]. This circular area
can be assumed to be around 6-18 mm diameter [3]. Local
charge peaks or sharp gradients are therefore smoothened. To
mimic this effect in the simulations, a moving average filter
was applied. While the robot is scanning the surface with a
speed of 30mm s, the surface potential values are sampled



with 100 samples/s. The moving average filter averages 50
samples, which corresponds to a resolution of 15 mm.

C. Measurements on both barrier sides

In some negative impulse configurations (5 and 6 in table I),
multiple discharge events were observed on the measured
current, and it was suspected that there could be positive
streamers between the barrier and the ground plane (as ob-
served in [4]). To initiate such discharges repeatably, a small
protrusion (ca. 1 mm radius copper wire protruding ca. 2 mm)
was placed on the ground plane. In addition to the initial
surface potential measurement, the barrier was turned around
carefully to measure the surface potential on the side that
was hypothetically charged by positive streamers starting from
the protrusion. Consequently, the side with negative charge
delivered from the rod was facing the ground plane during
this second measurement.

ITI. SIMULATIONS

First principles simulations of electrical discharges (see e.g.
[5]) are still too computationally heavy to be used in everyday
insulation design. Simplified calculations are therefore needed.
One approach is to assume that surfaces exposed to discharges
are charged to saturation, i.e. that the normal electric field
component vanishes at the surface facing the air [1].

The advantage with this method is that it can be quickly
calculated for arbitrary 3D and 2D geometries. The calculation
procedure used in this work is as follows (see also fig. 2
and 3):

1) Calculate background field with zero surface charge and
applied voltage U.
2) Evaluate discharge propagation paths (as field lines) and

the streamer inception voltage U; .

If a streamer collides with a dielectric surface, assume on

an area A, of this surface the saturation charge boundary

condition and compute the unknown saturation charge

osa according to (1) and (2). The outer border of A,

is determined from the maximum streamer propagation

range calculated as applied voltage U divided by the
stability fields Eg+ = 0.5 kVmm~! for positive and

Ey.=1kVmm™! for negative polarities.

Calculate saturation inception voltage U, g If Uj o, > U,

scale down U until Ujgy, = U. For the reduced voltage

the discharge, and therefore also the surface charging,
will be suppressed.

Evaluate whether there are new critical field lines that

will lead to inception and charging of other surfaces.

6) Ground the active electrode and calculate restrike incep-
tion voltage Ui es. For Uijs < U, the prediction is that
there will be restrikes between the dielectric surface and
the electrode when it is grounded.

7) If there is a restrike, remove a fraction of the surface
charge and calculate the new shape assuming that the
normal field is equalized in the region where charge is
removed. Change the fraction iteratively until the restrike
is suppressed, i.e. U < Uj res.
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Fig. 2. Charge density and normal field distributions before and after a
simulated restrike. The presented values correspond to the configuration 3
in table I. The value of Qremoved is equal to 5% of the total saturation charge
and has been estimated iteratively so that U = Uj ye.

8) Recalculate the field without the active electrode and
extract the surface potential for comparisons with exper-
iments.

The following equations are formulated for a point j repre-
senting a surface element affected by charging

En,air‘j — Lnconst = 0 (1)
EinsE‘n,in&,j + OAG — 6a\irE'rL,const = Osat,j (2)
2SjUA,j = Qremoved 3)

These equations allow computation of the ”volcano”-shaped
surface charge distribution after a restrike, as shown in fig. 2.
S; is the surface area of a surface element j and op ; is
the charge density removed for this element. E, cong 1S an
unknown value of the equalized normal field onto the surface.
Osa,j 1S the saturation charge accumulated on the surface
element j before the restrike occurred. Qremoved 1S the total
removed charge by a restrike, see fig. 2. For the computation
of saturation charge, only equations (1) and (2) are used where
Eqconst and o ; are set to zero. oy, ; is then moved to the
left side of (2) since it is an unknown quantity.

The barrier turning procedure described in sect. II-C was
also reproduced in the simulations for comparisons.

IV. RESULTS AND DISCUSSION
A. Agreement with saturation charge

The measured surface potential shape is generally close to
the simulated potential distribution, see fig. 4. There is some
spread within each configuration.

It is often seen that the discrepancy is highest at the
center. This is mainly because of restrikes (also called back
discharges), which create a ”volcano” shape. The discharges
have previously been observed by the authors as pulses with
some 100kHz at the tail of the lightning impulse [3]. Five
other tested configurations, not included in table I, show
similar agreement with the simulation model.
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Fig. 4. The surface potential measured (solid lines) and simulated (dotted and dashed lines) for: a) configuration 1. b) configuration 2, ¢) configuration 3
(table I for details on the configurations). Due to inception suppression, the simulation voltage has been reduced to 93 % in a). Both the saturation stage and

restrike stage computations are shown in c).

The surface charge density distribution variation is primarily
due to the following factors:

« Statistical time lag for inception and the stochastic nature
of discharge propagation. The effect is especially strong
when the inception occurs after the lightning impulse
peak.

Time lag between the impulse and the measurement —

this time varied within the range of 2-3 minutes. Ideally

the results should be corrected with a decay coefficient

that can be found from fig. 6.

e Measurement and positioning errors, which are in the
range of 2-3 mm in this work.

B. Charging by leaders

Leaders will charge the surface to a greater extent [6]. This
was observed in experiments partly published in [3], see fig. 5.
There, the leader discharge leads to higher surface potential
than predicted by the simulation model.

As the leader is highly conductive, it can approximately
be considered as an extension of the HV electrode. A new
saturation charge computation might then give a better fit with
the measured charge distribution.

C. Surface potential decay

As can be seen in fig. 6, the potential decays within a
couple of hours. When the probe was left near the surface, the
decay was slowed down substantially. The probe was therefore
moved away between measurements.
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Fig. 5. Leader discharges cause charging above background field saturation
charge. Surface potential along the center line and saturation charge after a
leader-less discharge. The measurements are taken from a previous publication
where a high-speed camera was also used [3]. Image of the discharge with only
streamers and image of the measured discharge with an arrested leader inset.
Barrier and rod position indicated with dotted yellow lines. Configuration 4
(see table I).

As the probe was seen to halt the decay, it seems plausible
that the probe stops neutralization by gas ions. The potentials
measured are probably slightly lower than those seen during
the discharge, as it took around two minutes to move the
barrier to the measurement position.
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Fig. 6. The surface potential disappears almost completely within two hours.
Configuration 5 (see table I). Decay after both a positive and a negative
impulse are shown. Interestingly, the amount of charge is smaller for the
negative than for positive impulse (at the same applied voltage). This can be
explained by larger stability field required for negative streamers to propagate.

D. Restrike prediction

Although there are likely restrikes in several of the mea-
surements in fig. 4, the restrike shape was only computed for
one geometry, shown in fig. 4c.

E. Discharges on both sides

Discharges on both sides of the barrier have been previously
observed by the authors with a high-speed camera (see fig. 7e
and [4], [7]). Experimental scans and simulation of the surface
potential on both sides of the barrier after such an event are
presented in fig. 7a to 7d.

On the rod side, fig. 7a and 7c, the surface potential
is, as expected, negative (similar to the result in fig. 4b).
More surprising is the potential distribution on the opposite
side (after turning the barrier). There is a significant positive
potential in the middle, which confirms the existence of the
positive charge. However, the positively charged area is limited
since it is surrounded by a negative potential originating from
the negative charge on the other barrier side. The simulation,
fig. 7d, could well reproduce the trends observed in exper-
iment, fig. 7b. It should be noted that the measurement in
fig. 7a was partly out of the probe range (which is ca. 21 kV),
so the prediction in fig. 7c could not be reached.

V. CONCLUSION

This work presents experiments and simulations of charg-
ing of a dielectric barrier in rod-plane gaps under lightning
impulse stresses. The experimental results are compared with
a simulation model based on the assumption of zero normal
electric field on the dielectric surface. The model is extended
to predict the influence of restrikes and discharges on both
sides of the barrier. There is, in general, good agreement
between experiments and simulations. The simulation model
is computationally inexpensive and applicable to real-life
switchgear insulation systems. The reader is referred to [8]
for details about the software architecture.
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Fig. 7. Discharges on both sides. Configuration 2, with a small protrusion
placed centrally on the ground plane to provoke a discharge on the ground
side. a) measured on the rod side, b) barrier turned and measured. c) and
d) simulations (corresponding to a) and b) respectively). e) High speed
image example of discharge development from both the rod and the ground
plane (configuration 6, previously published in [7]). Barrier and rod position
indicated with dotted yellow lines. Camera frame timing also indicated.
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Surface Charging Formulations for Engineering
Applications. Validation by Experiments and
Transient Models

Andreas Blaszczyk, Thomas Christen, Hans Kristian Meyer, and Michael Schueller

Abstract Electrostatic BEM (Boundary Element Method) formulations are pre-
sented for the calculation of dielectric surface charging, including saturation and
restrike phenomena. The simulation results turn out to be in agreement with surface
potential measurements in a simple rod-barrier-plane configuration, where lightning
impulses initiate streamers and charge accumulation on the barrier. The usefulness
of the given BEM-formulation is additionally supported by transient charging sim-
ulations in the framework of an electric carrier drift model.

1 Introduction

Surface charges (SC) on solid insulator surfaces can significantly influence the di-
electric performance of medium and high voltage power devices. They can mitigate
discharge inception effects during a lightning impulse test, as well as enhance them
for applied voltages with reversed polarity. Unfortunately, the simulation of the in-
trinsically transient charging, which may occur via a zoo of different gas discharge
processes like streamers, leaders, ion motion and combinations thereof, is a complex
task and thus requires simplified approaches for application to real devices.
Recently a simplified engineering approach based on the saturation-charge boundary-

condition has been proposed [1]. It works because saturation is a rather robust ex-
tremal stage of SC accumulation that allows assessment of possible changes in field
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distribution without performing the full analysis of the charging process. By ne-
glecting the influence of the space charge, a simple electrostatic computation based
on integral approach is possible (without meshing the gas volume).

In this paper we present a new formulation of the saturated SC for the 3D bound-
ary element method (BEM), which can be efficiently applied in an industrial design
environment. In addition to the saturation stage, computational models for modifi-
cation of the accumulated charge due to restrikes (back discharges after changes of
electrode potentials) are considered. The new formulation is validated based on ex-
periments and transient models. We present results for an example of a rod-barrier-
plane arrangement in atmospheric air.

2 BEM Formulation

The formulations presented in the following subsections are focused on new equa-
tions enabling surface charging computations. The other parts of the traditional
BEM formulation including the Fredholm integral equation of the first order for
electrode boundaries as well as the second order for the dielectric boundaries with-
out charge are formulated in the same way as described in [2] and [3] .

All presented formulations are applicable to arbitrary 3D geometries. However,
in this paper we explain and validate them for a simple arrangement of rod-barrier-
plane shown in Fig. 1a and Fig. 3c. If the applied voltage U, is larger than the
inception voltage Uj,. at the rod tip (estimated according to [1]) a discharge will
start to propagate and initiate the charge accumulation along the barrier surface. All
equations are formulated for points i (corresponding to mesh nodes) on the boundary
of the dielectric barrier affected by surface charging.

2.1 Saturation

We assume that the saturation stage at the dielectric boundary is achieved when the
amount of accumulated SC is so large that the normal component of the electric
field in the gas is zero. In order to fulfill the Gauss law, the saturation charge density
must then be equal to the flux density on the solid insulation side. In the traditional
BEM formulation ( [2], [3]), both relationships can be expressed for a collocation
point i on a dielectric surface as follows:

Gi
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where o; and Oy, are unknown densities of the virtual and saturation charges,
€15 18 the relative permittivity of the solid insulation, and E,; is based on Green’s
function integration over all surfaces of the model:

1 n; - Ijj
idS 3
o) / e 3

Vij

E, =

1

where nj is the normal vector at collocation point i pointing into the gas and r;; is
the distance between collocation point i and the surface element represented by the
integration point j. An example of the computed saturation charge distribution Oy;
has been shown in Fig. 1b (bell-shaped curve).

2.2 Subsaturation

Saturation is considered as an extremal charging stage, which can be achieved only
if a sufficient amount of charge is delivered. However, the accumulated charge may
decrease the field strength at original inception points and extinguish the discharge
before a saturation is achieved. The reduced value of the density of accumulated
charge can be defined as

Oyi = kyiOsari = KsConst Osari 4)

where the reduction factor k; is approximated for simplification by a constant
ksconst < 1 (to be independent of location i). The value of kyc,ns needs to be esti-
mated iteratively so that at the original inception points Uj,cs = Uqppi» Where Ujyes is
calculated with the presence of surface charge. If in the saturated stage Uines < Ugppi
then kyconss = 1 and no iterations are required.

In order to solve the subsaturation case, the oy; can be applied to the continuity
equation as follows ( [2], [3]):

— ErIns + &.Gas Oi o Gsi
ni _ 2 - _ .
Erlns er, Gas 4€0 & ( Er,[ ns — €r,Gas )

(%)

2.3 Restrikes

Restrikes, called also back discharges, may occur due to changes of the applied
voltage. For example, the maximum voltage applied to the rod during the standard
lightning impulse test 1.2/50 us lasts approximately a few microseconds. The rod
is grounded after a few hundreds microseconds. Due to the charge accumulated
on the barrier a new inception may be initiated at the grounded rod tip. The new
discharge will bring the charge of the opposite polarity to the dielectric, which will
recombine with the previously accumulated charge reducing its total amount by a
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value of Qjemoveq- We assume that in the new equilibrium the normal field strength
component at the dielectric will converge to a constant value E,c,,s Within a surface
region affected by the charge removal. For a collocation point ¢ within this region
the following equations can be formulated:

_ Oi
Em' + 278’0 - EnCunst =0 (6)
— O; OAi €:.Gas Osi
L DAl F ony 28 = O5t 7
ni 28() €0811us nConst 471'8() P ( )

The unknown value of E, ¢, requires an additional equation specifying the amount
of removed charge as a fraction of the total accumulated charge:

ZGA[Si = Qremoved = (1 - ernnst)Qto/al ®)
i

where 0,; is the surface charge density removed in a point i and S; is the surface
area assigned to point i. The factor k,c,,s, representing the fraction of the remain-
ing charge, has a value in the range between 0 and 1, which has to be estimated
iteratively using the similar criterion like in subsection 2.2: the inception voltage
initiating the re-strike Uj,cr should be equal to U,pp. The whole restrike compu-
tation can be skipped if initially Uj,cg > Uqppr- Examples of the computed charge
density (volcano-shaped curve) and normal field distributions are shown in Fig. 1b.
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Fig. 1 (a) Rod-barrier-plane configuration. (b) distributions of charge density and normal field
strength before and after the restrike calculated for: Uy,=35 kV, D=4 mm, dp=10 mm, dp=5 mm.

2.4 Surface Potentials

The last step in evaluation of surface charging is the computation of measured sur-
face potentials. Typically a measurement has to be performed in a different ge-
ometrical configuration, which may significantly differ from the initial one used
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for background field, saturation and re-strikes. This requires re-computation of the
whole model while preserving the already computed surface charge. For all charged
points i the equations (4) and (5) can be used with the factor kycong = 1 or smaller
if decaying effects should be considered.

3 Iterative Procedure

Using a static approach only snapshots of the final or intermediate charging stages
can be evaluated. For complex geometrical configurations such an analysis is not
straightforward and may require several computational steps in order to properly
reflect the process of surface charge accumulation and the related discharge devel-
opment. We propose an iterative procedure consisting of the following steps:

1. Compute electrostatic background field without any surface charge.
2. Find location of saturation boundary condition and compute the corresponding
saturation charge density according to (1)-(3):

a. Evaluate the critical spots and identify points with the lowest inception voltage

b. Select a discharge path starting from the most critical point and ending at a
dielectric

c. Find and verify the surface patch for saturation boundary condition. This patch
must fulfill the following criteria:

e it must include the point where the discharge arrived ("seed point™)

o the initial patch includes all neighboring points with the same orientation
of the normal field component as in the “’seed point”

e the polarity of the resulting charge density must be the same as the polarity
of the discharge; points with the opposite polarity of surface charge density
must be rejected

e surface patches detached from the ’seed point” must be rejected

e all points within the patch must fulfill the stability field criterion [1]: dis-
tance from the discharge start point is not larger than Uy i/ Esabitity -

Note: For complex geometries the above procedure may require several steps

(typically 2-4) including re-computation of saturation charge for the corrected

patch. For simple examples like in Fig. 1 the surface patch represented by a

circle of approximately 70 mm radius (= 35kV /0.5kVmm™") could be cor-

rectly defined within the first iteration.

(98]

. Compute sub-saturation according to (4)-(5) if required.

4. Repeat steps 2 and 3 above if new inception points and possible discharges ap-
peared due to computed surface charge. For example, the charge accumulated on
the top of the barrier in Fig. la can trigger a new inception bellow the barrier,
which will bring the charge of opposite polarity to the barrier bottom.

5. Compute re-strikes according to (6)-(8) if required.

6. Compute surface potentials for comparison with measurements.
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4 Experimental Validation

The experimental test arrangement includes a HV rod with diameter D=7 mm (or 4
mm), a dielectric barrier 600x600x5 mm with &.7,,=3, and a grounded plate elec-
trode. The rod-barrier distance, dg, and rod-plate distance, d,,, vary between 0 and
100 mm. A standard lightning voltage impulse (LI) with 1.2/50 us and a peak value
in the range between 20 and 100 kV is applied to the rod. The positive streamer
discharge initiated at the spherical rod tip r=3.5 mm (or 2 mm) deposes SC at the
barrier surface. After the impulse and a possible restrike the barrier together with
the grounded plane are moved to another location where the surface potential due
to accumulated charge is scanned by a robot-driven measurement probe. Before ap-
plying the next impulse the barrier is cleaned with alcohol in order to remove the
SC.

For comparison between computations and experiment we selected 3 geometri-
cal configurations representing different combinations of computational steps in the
iterative procedure from section 3: (a) subsaturation with kycong = 0.975, Steps:
1,2,3,6 (b) re-strike with k,conse = 0.95, Steps: 1,2,5,6 (¢) charge accumulated
on both barrier sides due to inception triggered by a small protrusion placed at
grounded plate under the rod, Steps: 1,2,4,6. The corresponding comparisons pre-
sented in Fig.2 show reasonable agreement. Multiple measurement curves illustrate
the statistical behavior obtained when repeating the experiments. More experimental
results are included in [4].
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5 Validation with a Transient Drift-Diffusion Model

Surface charging is, in general, a dynamic process, and should thus be simulated
with a transient simulation. Note that the iterative procedure discussed in Sect. 3
mimics a kind of transient charging. Of course, there are different types of charging
processes, e.g., by streamers, Corona, or DC ion drift, etc. with different physics
and which may thus lead to different details of the final charge distributions. Here
we show for a specific illustrative example that the previous approach reproduces
well the result, which is obtained from a drift-diffusion model for space charge.
The details of the drift-diffusion model are described in Refs. [5, 6] and will not be
re-iterated here. It consists of the drift-diffusion equation for charge carriers with
a mobility p, which are injected from the contact. In principle, one can take into
account in this model [5, 6] the effect of space charge in the Poisson equation, the
effect of suppression of the inception in the electrode boundary condition model for
charge injection, and the stability field in the carrier drift model. But we will only
include here the effect of the surface charge density, o, in the Poisson equation, dis-
regard all other effects, and compare the result with the approach of Sect. 3. Surface
charging is modeled by a local surface-charge source term on the solid dielectric
surface, do /dt = j, where j is the normal component of the current density onto
the dielectric surface. The surface charge density is thus just the time integral of the
current density.

The cylindrically symmetric geometry allows to perform the simulations in 2d
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Fig. 3 a) Surface charge
and b) normal surface field
at different times during

the transient charging up. i:
capacitive state, ii: 0.2 us, iii:
1 ws, iv: 10 us, v: 100 us,
vi (blue dots): exact normal
field nullification (Sect. 3), vii
(dashed): with space charge
(see text). ¢) Simulated final
state: equipotential curves
(blue), field lines (black), and
surface charge (color) (the
box contains a refined mesh).
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cylindrical coordinates (r,z). Furthermore, although we will not discuss details of
the charging dynamics, we mention that there are two quantities which affect the
duration of the charging process: the speed of the charge propagation, and the in-
jection current density. The speed is generally very high for streamers as compared
to, e.g., ion drift velocities. Although it is rather artificial to model streamers by a
charge density cloud, we will assume a carrier mobility of u = 0.1 m?/Vs, which
leads in fields of the order of a few kilo-volts per millimeter to velocities which are
comparable to typical streamer velocities. Nevertheless, due to the artificiality of the
model, the mobility value should not be taken too serious but rather as a mean to
control the characteristic time scale.

The simulation results are shown in Fig. 3. Parts a) and b) provide the space charge
and field distributions, respectively, at different times during charging up. The final
saturated state (curve v) is in good accordance with the normal field nullification
approach obtained from a separate simulation, shown as curve vi. Of course, if one
includes further phenomena, like space charge effects, the normal field component
does not necessarily vanish on charged surfaces. As an example, the dashed curves
in Fig. 3a and 3b show the result for a case study, where the transient is simulated
with taking space charge into account. The presence of space charge increases the
accumulated saturation charge density by approximately 20 % (curve vii in Fig.
3a). After charging (steady state) the space charge is removed, such that the final
field distribution is only due to the applied voltage and the surface charge. The nor-
mal field, which nullifies in presence of space charge, leads to a nonzero reversed
field when the positive space charge is removed (curve vii in Fig. 3b). However, the
inclusion of space charge can lead to a strongly nonlinear behavior (e.g., the forma-
tion of space charge limited currents [5,6]), and requires additional justification and
validation which is not the purpose here.

6 Conclusion

A comparison with experiments and transient modelling indicates that the numeri-
cally efficient steady-state surface charging model based on the discussed saturation
concept can be used for a reasonable prediction of electric fields during high voltage
tests.
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ABSTRACT

Streamer behaviour near dielectric surfaces is an important characteristic of air-solid
electrical insulation systems. Accurate predictions are important for dielectric design,
but dynamic aspects such as surface charging during streamer propagation are not well
understood. A drift-diffusion model is used here to simulate positive streamer
behaviour in non-uniform fields. The 2D-planar simulation domain includes air gaps
between a tip of a HV electrode and a dielectric barrier laying on a grounded plane.
The resulting surface charge distributions approach saturation charge conditions, i.e.
zero normal electric field on the air side of the boundary. Such charging behaviour was
also reported in lightning impulse (LI) experiments. The simulations are also aligned
with empirical streamer propagation range estimates. It is demonstrated that
saturation charge levels are reachable within a few tens of nanoseconds of exposure to
positive streamer channels. Ion drift is shown to be the dominating mechanism of
surface charging during positive streamer propagation, although photoemission also
plays an important role. Discharge suppression by streamer-deposited surface charge is
also demonstrated. Furthermore, the influence of back discharges at the LI tail on the
surface charge distribution is shown. Simulating realistic streamer surface charging
behaviour with arbitrary electrode and dielectric shapes is an important step toward
first principles discharge prediction models.

Index Terms — gas discharges, gas insulation, dielectrics, surface charging, air gaps,

surface discharges, electron emission, plasma simulation

1 INTRODUCTION

PREDICTING discharge behaviour is important in many
high voltage applications. Charging of dielectric surfaces may
affect the insulation properties of a high voltage device
significantly. Recent experiments on rod-barrier-plane air gaps
under lightning impulse voltage (LI) have shown that charging
by streamers can be estimated with a zero (saturation) or
equalized normal electric field at the charged surface [1]. Such
conditions can be computed with electrostatic simulations.
They can therefore be used to evaluate surface charging during

Manuscript received on 12 November 2018, in final form 12 February
2019, accepted 14 February 2019. Corresponding author: HK. Meyer.

voltage tests in complex geometries [2]. If surface charge
effects are predictable, they can be used to the benefit of the
insulation system. It is, for example, conceivable that surface
charging by streamers may inhibit the secondary discharge
phenomena necessary for LI breakdown [3-5]. Such aspects
can only be explored in detail with dynamic simulation models
and experiments.

The dynamics of surface charging by streamers are in
general not well known. The streamer-exposed surface is
charged by drifting ions or electrons from the streamer
channel and by electron emission processes from the dielectric
surface [5]. These mechanisms occur in different regions of
the streamer and on different time scales, and their relative
importance is not clear. The aim of this work is therefore to
investigate, using drift-diffusion simulations, the dynamics of



streamer-dielectric interaction in short non-uniform air gaps.
Specifically, to clarify the time scale, range and mechanisms
of surface charging during positive surface streamer
propagation. Also, to understand how saturation charge levels
can be reached during a LI. Another aim is to demonstrate
discharge suppression by streamer-deposited surface charge,
as this is an important insulation system feature. Furthermore,
it is an aim to reproduce the influence of back discharges at
the LI tail on surface charge distributions [1,6].

Comparisons of drift-diffusion models with experiments are
few when it comes to streamer-dielectric interaction and
surface charge accumulation [7,8]. An overarching goal of this
work is therefore to demonstrate that drift-diffusion models
can reproduce experimentally observed characteristics of
streamer discharges near dielectrics.

2 SIMULATIONS OF STREAMERS NEAR
DIELECTRIC SURFACES IN AIR

2.1 STREAMER DISCHARGES

If an electron avalanche grows to a critical size (10°
108 electrons), its internal field can sustain discharge processes in
relatively low background fields. The field strength around the
space charge head is then high enough (Ecr ~ 2.6 kV/mm for 1
bar air) to support further electron avalanche processes in the
vicinity [9]. These so-called streamer discharges can be either
cathode-directed (positive) or anode-directed (negative). For
positive streamers, the electrons from the secondary avalanches
are neutralized by positive charges in the streamer head, leaving
behind new positive charge a little closer to the cathode. The
secondary electrons are generated by impact ionization and
photo-ionization. As the process continues, the space charge wave
propagates until it meets the cathode or until the electric field is
not able to sustain the ionization processes.

Electron avalanches from negative streamers start from the
negative space charge head and propagate toward the anode, into
a lower field region. Negative streamers therefore require higher
background fields in air than positive ones to propagate. Detailed
information on characteristics of negative streamers, which are
not the focus of this paper except of back discharges discussed in
Section 5.6, can be found in [10].

2.2 DRIFT-DIFFUSION MODELING OF STREAMERS

Drift-diffusion models are widely used to simulate streamers
in air [4, 7, 8, 11-19]. They are based on a set of drift-

diffusion-reaction continuity equations describing the
evolution of each type of charged species i:

on,

E-Fv.(vi”i_Divni):Siﬂ ()]

where 7; is the density of the charged species i. Three species
are used in this work: electrons (i=e), positive and negative
ions i = + v; is the drift velocity and D; the diffusion
coefficient. Ion diffusion is usually neglected as it is slow on
streamer propagation time scales. The expressions for source
terms S; are given below. If it is assumed that streamer channel
currents are low, magnetic fields can be disregarded, and the
remaining Maxwell equation for the evolution of the
electromagnetic field is Poisson’s equation

V- (~eV®) = p,. @
where @ is electric potential, ¢ is permittivity, and p; is the free
charge density. The way used to incorporate surface charges in
Equation (2) is explained in [16].

Additionally, solutions to a set of radiative transfer equations
(RTE) are approximated with the Eddington and three-group
approximation [20] to model photo-ionization.

Equations (1) and (2) and the RTEs are coupled through S;,
D;, and v; with the streamer plasma kinetics model described
in [11], which has been widely used (e.g. in [15,19]). The
source terms S; are given by:

S. =Sy +na|v,|-nn|v,|-nnp

S, =8y +nal|v |-nnf-nnp 3

S =nalv,|-nn,
where a, f, and # are ionization, attachment, and
recombination coefficients respectively, for which simplified
empirical expressions are given in [11]. Note for example that
the same f is used for ion-ion and electron-ion recombination.
More accurate reaction rates relevant to streamers in air can be
found in e.g. [21] and references therein. Sy, is the photo-
ionization source term, see [20] for details.

A charge-neutral uniform density of positive ions and
electrons, 10'® m, which is a typical level inside buildings
[21], is applied as a simplified initial condition (same
approach as in [7, 12, 18]). Other typical initial conditions in
such simulations are constant background ionization rates
[15], stochastic charge carrier densities [17] or initial plasma
clouds [20-22]. Either way, the initial conditions used here are
justified since the goal of computation is the surface charging
and not the initial stage of the discharge. One should
nevertheless keep in mind that the measured surface charge
shows statistical deviations when repeating the same
experiment (see measured surface charge in Figure 1). One of
the reasons explaining such a behavior may be initial
conditions. At the electrodes, there is a free outflow of
charged species.

2.3 DIELECTRIC SURFACES IN DRIFT-DIFFUSION
MODELS
As the streamer propagates near a dielectric surface, there is
a net charge flux (current density)

J,=doldt=q (F,-F +F) @)
into the surface. J, is integrated over time and becomes
surface charge o. ¢. is the electron charge, F., F, and F. are
fluxes of charged species onto the surface. The software (see
section 2.4) uses embedded boundaries, so the fluxes are
extrapolated from the air to the surface (see [16] for details).
Charged species are not emitted from the surface if the
extrapolated flux points out of the dielectric:

F._=max(0,F,)

F_=max(0, 1:"_)

F, = max(0, F,) - A(yFy, + «F,) Q)
{1, ifE-n<0

0, otherwise



Hereﬁ+ S 1:1 , and 1:; are linearly extrapolated fluxes from

the air to the surface, E = -V® is the electric field and n is
the surface normal pointing into the air. Fyy is the photon flux
into the surface (the method of calculating photon fluxes is
based on the gradient of the radiative density [16]). Two
electron emission mechanisms are implemented in the electron
flux F.: photoemission (y electrons released per incident
photon) and positive ion bombardment (x electrons released
per incident positive ion). These only contribute when the
electric field points into the dielectric, hence the conditional A.
Emission mechanisms contribute to surface charging, as every
emitted electron leaves behind an electron hole, which is
equivalent to an immobile, positive surface charge in the
model.

Positive and negative ions are not emitted from the surface
in the model. If the extrapolated flux is positive, the respective
charge carriers are flowing onto the dielectric (becoming
surface charge according to Equation (4)). If, on the other
hand, the extrapolated flux is negative, the respective charge
carriers would normally flow out of surface. To avoid such
emission, max() functions are used in Equation (5). The
charge exchange at the dielectric surface in the model is
limited to charged species drifting onto the dielectric, and
emission of electrons due to photon and positive ion
bombardment. For ion bombardment, a high value of x = 0.1
is used here as in [7, 18]. A low value of ¥ = 10* was also
briefly tried. This parameter does not alter the streamer
characteristics in the model, but it accelerates the surface
charging rate (the surface charging rate is ca. 10 % higher with
x = 0.1). y (photoemission efficiency), depends on both the
material and gas properties. Experimental data on
photoemission from dielectrics is limited, especially in the
presence of a discharge. Estimates for y fall in the large range
from 107 to 1 for polymers (references can be found in [22]).
The photoionization model in this work models only UV-
photons around 100 nm, as those are considered to be
responsible for photoionization in air. Longer wavelength
photons may contribute to photoemission from dielectric
surfaces in air, but the effect is small as y decreases with
decreasing photon energy. In this study, y was set to 10° and
10" to study its influence on the surface charge accumulation
and positive streamer dynamics.

2.4 IMPLEMENTATION AND COMPUTATIONAL
RESOURCES

A finite volume code [16] was used for the dynamic
simulations. The implementation uses Cartesian cut cell grids
to handle material boundaries and adaptive mesh refinement to
limit the grid size. The local mesh size is mainly controlled by
the relative electric field strength and its gradient in this work.
The same refinement criteria as in [16] are used.

Drift-diffusion simulations of streamers in atmospheric air in
realistic ~ geometries are computationally demanding.
Streamers span several spatial and temporal scales, with
typical minimum resolutions in the low or sub pm and ps
range when streamers propagate on dielectric surfaces [22].
The main computational bottleneck is the Poisson’s equation
[17]. 3D simulations with branching (see e.g. [17]) are

required to realistically model streamers, but they are currently
too computationally expensive for larger domains with sub um
grids and complex geometries. The simulations here were
therefore in 2D, and used up to 512 computer cores when the
mesh size was 0.61 pum at the finest level and 312.5 pm at the
coarsest. The number of cells varied from a few million to 14
million. The minimum time steps were around 0.3-0.6 ps,
mainly controlled with the Courant-Friedrichs-Lewy condition
(see [16] for details).

3 ENGINEERING SIMULATIONS BASED
ON SATURATION CHARGE

Predicting the influence of surface charge on the dielectric
strength of gas-insulated high-voltage devices is still outside
of the capabilities of drift-diffusion models. Therefore, a
simplified approach based on a saturation boundary condition
has been suggested as an engineering approach for complex
geometries [1, 2]. The saturation is defined by zero normal
field on the air side of a dielectric interface:

E, . =0, (6)

n,air
whereas the unknown saturation charge oy, is balanced by the
electric flux density on the solid dielectric side

einsE nins ~ Fsat = 0 (7N
Here eins is the permittivity of the dielectric and Enjns the
normal field inside the dielectric at the gas-dielectric interface.
The region of the surface where this condition is applied is
estimated by assuming that the propagation is limited by the
maximum streamer range
s, =U/E,, ®)
where Ey is the background field required for streamer
propagation along insulating surfaces in atmospheric air and U
is the applied voltage. For positive streamers along insulating
surfaces, Eg ~ 0.4-0.6 kV/mm [23]. Eyq = 0.5 kV/mm is used
here.

Commercial finite element method (FEM) software
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Figure 1 Surface potential measurements on rod-barrier-plane gaps
stressed with 35 kV 1.2/50 ps LI [1]. The measured potentials (grey solid
lines) are partly close to the predicted saturation (black dashed line based
on equations (6)-(8)). The characteristic volcano shape can be explained by
back discharges at the LI tail. They can be computed according to [1] by
removing a part of the accumulated charge and equalizing the normal
electric field (blue dotted line). 2 mm rod radius, tip 10 mm above ground.
5 mm thick polycarbonate barrier resting on the ground plane. 5
independent measurements, surface cleaned and discharged between
experiments.



(COMSOL Multiphysics) and an in-house ABB engineering
tool called VHVIlab based on the boundary element method
(BEM) [2] were used to compute saturation charge conditions
in this work and in [1]. In [1], the procedure described above
(Equations (6)-(8)) was tested with experimental results on
rod-barrier-plane gaps under LI (see Figure 1).

4 SIMULATION CASES

Blade-barrier-plane gaps were used for the dynamic and
engineering simulations. Since the dynamic code does not
support cylindrical coordinates and the 3D code is
computationally too heavy, we cannot obtain dynamic results
that can be directly compared with the experiments in [1].
Instead, an indirect approach has been applied: for an
equivalent 2D-planar arrangement the results of the dynamic
code are compared with the results of the experimentally
validated engineering codes.

Two simulation geometries were used, see Table 1 and
Figure 2. Throughout, the dielectric was 5 mm thick with & =
3, resting on the ground plane and centered. The barrier is
assumed to be ideally insulating. The assumption is that on the
time scale of the streamer, conduction through the dielectric
slab is negligibly slow compared to the conduction in the
streamer-ionized air. The barrier edges were rounded with 0.2
mm radius.

A constant potential U was applied in the simulations
instead of a 1.2/50 ps LI pulse. The total duration of the

Table 1. Simulation parameters. See also Figure 2.

Geometry
Parameter
Gl G2
Domain [mm?] 40x40 80x20
Blade tip radius [mm] 2 0.5
Blade potential U [kV] 35 14/35
Barrier width [mm] 22 72
Photoemission efficiency y 1010 10

simulations was only between 15 and 115 ns. If it is assumed
that the first electron avalanche will appear close to the LI
peak, the voltage level variation during 115 ns is only a few
percent, so a constant potential is a reasonable approximation.

5 RESULTS AND DISCUSSION
5.1 COMPARISON WITH SATURATION CHARGE

The drift-diffusion simulations typically show a streamer
initiated from the blade tip, propagating vertically, and then
hitting the dielectric. It then continues horizontally along the
dielectric surface (see illustration in section 5.4, Fig 7).
Finally, the streamer propagates around the barrier edge,
detaches partly from the surface, and then propagates toward
the ground plane. Meanwhile, the surface charge density
distribution on the dielectric surface evolves toward saturation
levels, see Figure 3.

The streamers in geometry G1 reached the ground plane
after around 15.5 ns, whereas the simulations in G2 were
stopped before the streamers reached ground. The position of
the optical streamer head at the simulation end is indicated in

40 - —— Live electrode and constant potential (® = U) 9 10 —— Present study (G1)
a) 35 === Grounded walls (®=0) e Field conditions as in [1]
_____ - RS B —— Present study (G2)
30 N.eumarTn bouhdary condition (n - €E =0) £E 0.8 - Field conditions as in [1]
Dielectric barrier (g,=3) gé
25 20- £z
E o) =g
20- 15- 3&
£ - L
15 € 2
€ 10- €8
10- =
= =]
5- e°
)
0- g-; : ; 3 7 : ) y i
0 10 20 30 40 0 10 20 30 40 50 60 70 80 5 2 =
[mm] [mm] Distance from barrier center [mm]

Figure 2 Simulation domains with boundary conditions for the electric field. The simulations are 2D planar, meaning that the dimensions are infinite into
and out of the paper. So the geometries are blade-barrier-plane gaps. a) Geometry G1 b) Geometry G2 (See also Table 1). ¢) distribution of the tangential
background field strength E, along the barrier surface with 35 kV applied to the live electrode. Note: The grounded vertical wall reflects the experimental
condition in HV labs. Therefore, we keep the same conditions for both cases in spite of the fact that the computational domain is limited to a rather small
area. E, is higher in the blade-barrier-plane simulations here than in the corresponding rod-barrier-plane gaps in [1]: not due to the reduced distance to
vertical grounded walls but because of differences between background field surrounding live electrodes (blade versus rod).
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Figure 3 Surface charge density distribution ¢ (dotted and dashed lines) evolves toward saturation charge o (solid lines) on the dielectric surface.
Numerals indicate elapsed simulation time in ns. a) Geometry G1, photoemission increases surface charging rate b) Geometry G2, effect of applied voltage
level. Small vertical arrows indicate the optical streamer head position in G2. The simulations in G2 were stopped due to excessive computation time before
the streamer reached the edge of the dielectric barrier. The reason is that the streamer slows down in the low-field regions (especially for the 14 kV case).
This requires much more time steps that remain small (below 1 ps) and consequently the simulation needs up to a few davs on a computer cluster.



Figure 3b. It is the point of the most intense photon production
and is obtained from the photon source term.

For the positive ions in the streamer channel to charge the
surface up to saturation, the number of positive charge carriers
in the streamer channel must exceed the total saturation charge
Osa (negative charge carriers drift away from the dielectric
surface and do not contribute to surface charge). The value of
QOsat in geometry G1 (Figure 3a) is 2.8 uC/m. s0 1+ 5= 1.75 x
10"3/m positive charge carriers are needed (the values of
surface charge and carriers are given here per m due to the 2D
planar approximation). Integrating the positive species density
in the streamer channel at the time instant in Figure 4a, it
contains 4 x 10'/m > nigu, so there are sufficient charge
carriers to reach saturation (ca. 20 times more than needed).
Similarly, it was found that there are sufficient charge carriers
to reach saturation in the streamer channels in geometry G2.

Charge levels above saturation are also possible, if the
electric field distortion from the streamer space charge density
(Figure 4b) is substantially higher than the field distortion
from the saturation charge density. Most of the streamer
channel is a quasi-neutral, i.e. apparently charge neutral,
plasma. There are high densities of charge carriers of both
polarities in the channel, but they cancel out. However, there
is a ca. 20 um thick layer of space charge partly surrounding
the quasi-neutral streamer channel (Figure 4b). All in all, the
electric field contribution from the streamer space charge is
not high enough to achieve significant super-saturation in the
simulations here.

5.1 CHARGING DYNAMICS

The charge carriers must reach and cover the surface within
the relevant time scale to charge it. Firstly, the streamer must
cross the air gap. The time of crossing depends on the applied
field strength (see section 4.4).

As the streamer propagates along the dielectric surface, the
comparatively slow positive ions need time to drift onto it.
The surface charge decay mechanisms are slow on streamer
propagation time scales, so the charge accumulation rate
depends mainly on ionization rates, surface emission rates and
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Figure 4 Streamer at the barrier edge in geometry G1 at 7= 11.56 ns, with y
= 10", a) Density of positive ions in 10*° m™ b) Space charge density in
Cm c¢) Electric field strength in kV/mm with a few field vectors.

positive ion drift velocities
v, =u,E=234.10"[m’/ Vs]-E )

In the first few tens of pm above the surface in Figure 4c,
the field points into the dielectric with a strength of around 10
kV/mm. Such a region with comparatively high field strength
and low charge carrier density is typically observed when
simulating positive streamer propagation along dielectrics
[13]. Its thickness is sensitive to photoemission efficiency as
shown in Figure 5. With 10 kV/mm, the positive ion drift
speed towards the surface according to equation (9) is around
2 pm/ns. The time needed for the ions to drift onto the surface
through the 20-40 pm layer is therefore in the tens of ns,
which is fast on a 1.2/50 ps LI timescale. The outer parts of
the barrier did not reach saturation before the simulation ended
(Figure 3), as they are only exposed to the streamer channel
for a few ns.

Charged species are neutralized through recombination, see
equation (3) (recombination coefficient # = 2 x 103 m¥/s
[11]). If the recombination in the trailing streamer channel is
too fast, the charged species recombine before they can charge
the surface to saturation. In the present simulations, the
positive species in the quasi-neutral streamer channel are
initially being neutralized at a rate of a few 102 /m’s, see
Figure 5. As the positive species density behind the streamer
head is a few 10% /m? (see Figure 5), the charged species will
be reduced considerably by recombination during some tens of
ns. Nevertheless, saturation charge levels are reached before
the charged species in the channel are neutralized in the
simulations here.
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Figure 5 A higher photoemission efficiency y moves the streamer closer
to the dielectric surface. Positive charge species n; and source S
(equation (3)) above the dielectric surface shown, d,= 0.5 mm and d,=5
mm behind the streamer head. The source is negative since positive
species are recombining in the channel. The streamer has propagated 10
mm along the barrier surface (same as in Figure 6). Geometry G1.

5.2 EFFECT OF PHOTOEMISSION

Photons release electrons from the surface in a highly
localized region near the streamer head, where the photons are
produced (see green solid line in Figure 6). The surface
charging contribution from ion drift (dotted lines in Figure 6)
therefore dominates in most of the streamer channel. A higher
photoemission efficiency y leads to a quicker charging of the
surface (see Figure 3a). Also, the streamer moves closer to the
surface (see Figure 5). Therefore, the ion flux into the surface
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Figure 6 Surface charging by photons (solid lines) is dominant at the
streamer head when y = 0.1, but charging by ion drift (dotted lines)
dominates in the rest of the streamer channel. Small vertical arrow indicates
streamer head position, which is at 10 mm from the barrier center. y=0.1: ¢
= 8.7 ns, green lines. y = 10°: = 9.9 ns, orange lines. Geometry G1.

is higher in first few mm behind the head of the streamer
channel when y = 0.1 (see green dotted line vs. orange dotted
line within the distance range 5-10 mm in Figure 6). With y =
107, charging by photoemission is negligible along the whole
streamer path (orange solid line).

5.3 STREAMER VELOCITY AND STABILITY FIELD

Streamer velocities from 0.1 up to a few mm/ns are typical
experimental values in high voltage literature [10], [23], and
similar velocities are seen here (see Figure 7 and 8). The
velocities increase with voltage and decrease with distance
from the live electrode. Positive streamers generally move
faster along insulating surfaces than in air, and it has been
suggested that photoemission is responsible for this effect
[23]. The streamer speed in geometry G1 is a few percent
higher when y = 0.1 than when y = 10°°. Another explanation
for increased streamer velocity along insulating surfaces in
uniform fields is that surface streamers are thinner (Figure 7).
This promotes a higher streamer head field, and therefore
higher ionization intensity and streamer velocity. In the non-
uniform fields used here, however, the streamer slows down
along the insulator, as it is moving into regions with low
background fields (Figure 7 and 8).

The accuracy of the velocity computation for a streamer
propagating along a dielectric surface is sensitive to mesh size.
An acceptable accuracy level has been observed for mesh size
in the range of 1 um [14]. Reduction of the mesh size below
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Figure 7 Electric field strength along streamer propagation path for geometry G2, U = 35 kV: a) ¢ = 0 ns (background field), b) # = 0.3 ns (streamer
initiated from the blade tip, propagating towards the barrier), ¢) =7 ns (streamer propagation along barrier) d) # = 16 ns, e) t = 59 ns, f) = 80 ns
(streamer at the barrier edge) g) electric field after removing the space charge and restarting the simulation at 80 ns (the surface charge is shielding the
blade tip, see section 4.5), The field is only plotted in regions where [E| > 2.6 kV/mm. Maximum field strength indicated in each plot. The maximum field
strength in air is located at the streamer head. Note: As the streamer propagates along and charges the barrier, the electric field strength in air behind the

streamer head is reduced below the ionization threshold in air £ = 2.6 kV/mm (except in the 20-40 um thin high-field region between the streamer and

the surface discussed in section 4.2).



1 um does not significantly improve accuracy. In the present
work a minimum size of 0.61 pum is used.

According to the stability field rule (equation (8)) the
streamer in the 14 kV simulation cannot propagate over a
distance larger than 28 mm. Consequently, the saturation
charge condition has been applied along the barrier surface up
to this distance only (red solid curve in Figure 3b). The 14 kV
simulation could not be run long enough to confirm that the
streamer stops at 28 mm (Figure 8).

However, it can be assumed that the streamer will continue
to slow down, as in the 35 kV simulation. Even if it keeps the
same speed as it had at the simulation end, it will reach the
stability limit for the 14 kV simulation after ca. 400 ns.
Considering that the streamer will likely slow down further, it
may reach a distance close to the 28 mm limit predicted from
equation (8) in a few us, which fits in to the timescale of
1.2/50 ps LI. Such arrested streamers along insulating surfaces
due to low background fields have been observed in pulse
voltage experiments [23]. Furthermore, the radius of the
surface charged region after a 1.2/50 ps LI was well
approximated with equation (8) in [1].

Another confirmation of the stability field concept is
provided in the results shown in Figure 9. The average field
gradient along the first 15 mm of the surface streamer is 1.2
kV/mm for the 35 kV case, and 0.35 kV/mm for the 14 kV
case. Gradient values lower than 0.5 kV/mm indicate that the
positive streamer stagnates, and its propagation may stop
before reaching the opposite electrode.
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Figure 9 Potential drop along the surface streamer. Surface potential @5 on
the dielectric surface, normalized to electrode potential U . Elapsed time in ns
indicated on each curve. Streamer head position indicated with arrows. Upper
plot 35 kV, lower plot 14 kV. Geometry G2.

5.4 DISCHARGE SUPPRESSION BY SURFACE
CHARGE

The accumulated surface charge on dielectric barriers can
contribute to the LI strength of the insulation system if the
exposed points are shielded sufficiently by the streamer-
deposited surface charge. Streamers do not automatically
cause breakdown, even if they reach the opposite electrode
[3]-[5]. If the first streamer does not induce breakdown, the
surface charge it deposits on dielectric surfaces may inhibit
further discharge activity. The streamer channel will then
decay and eventually disappear, leaving surface charge but
zero space charge (the surface charge needs a few hours to
decay considerably [1]).

Discharge suppression by streamer-deposited surface charge
was observed in experiments by the authors (see [1], [3] for
description of the experimental setup). For some rod-barrier-
plane configurations, an initial LI produced inception
(observable with current and surface charge measurements,
photo-multipliers and cameras) but additional LIs without
discharging and cleaning the surface would not lead to
inception.

This effect was investigated in the present work as well.
Starting a new simulation with the same initial conditions
(resetting the volume charge to a uniform, neutral distribution
of 10'° m?), but with the acquired surface charge distribution
at the end of the 35 kV simulation (see Figure 7g) did not lead
to new discharges, as the field was below the ionization
threshold everywhere in air. The field reduction in air due to
streamer propagation is evident in Figure 7. As the streamer
propagates along the barrier, it shifts the initial high-stress
region around the blade tip (Figure 7a) to the insulator and to
the streamer head (Figures 7b-7f). The ionization is therefore
only sustained near the streamer head and directly behind the
head in the thin high-field region between the channel and
surface (see section 4.2 and Figure 4c).

Whether and how the streamer-deposited surface charge can
inhibit breakdown mechanisms such as leader inception is not
investigated here. The streamer-deposited surface and space
charge will likely play an important role, as it alters the field
distribution considerably [5] (see also Figure 7) .

5.5 BACK DISCHARGE (NEGATIVE STREAMER)
Starting a new simulation with initial conditions for volume
charge, but with the acquired surface charge and a grounded
HYV electrode can lead to a back discharge (negative streamer)
initiating from the grounded blade tip. Such a simulation is
shown in Figure 10, where the surface charge distribution of
the 14 kV geometry G2 simulation is used. Back discharges
have also been observed experimentally under LI conditions
[1], [6]. They are not disruptive, but they affect the surface
charge distribution. Both the resulting volcano-shaped surface
potential and negative charging beneath the electrode
presented in Figure 10 have been observed in experiments (see
Figure 1 and references [1], [6]). Negative streamers (like the
back discharge simulated here) differ from positive ones in a
number of ways. Importantly, they attach to the surface,
leaving no high-field region between the streamer channel and
surface. An analysis of the surface charge dynamics of
negative streamers is, however, left to another study.
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Figure 10 Grounding the blade electrode after removing the space charge
(but keeping surface charge) results in negative streamer inception from the
blade tip, which changes the surface charge density ¢ (upper plot) and surface
potential ®, (lower plot). The resulting characteristic volcano-shaped surface
potential is qualitatively consistent with experiments (see Figure 1). Geometry
G2,14 kV. Grounding ¢ = 61.2 ns after simulation start.

6 CONCLUSIONS AND NEXT STEPS

In this paper, simulations of positive streamer propagation in
2D planar non-uniform electric fields near dielectric barriers
are presented. The results obtained using the drift-diffusion
model are compared with surface charge predictions by an
engineering tool. The engineering tool uses a saturation charge
model that has been validated with experiments in simple rod-
barrier-plane geometries stressed with lightning impulse
voltages. It is shown that the drift-diffusion simulations
reproduce the characteristics of the observed charging
behaviour. Simulated streamer ranges are consistent with
empirical streamer stability field estimates. In the obtained
simulation results, ion drift is the dominating surface charge
accumulation mechanism, and saturation is achievable within
tens of ns. Furthermore, photoemission from the surface
increases the charge accumulation rate in the model.

Moreover, surface charge deposited by the streamer
suppresses further discharge activity in the simulated
geometries.

As drift-diffusion simulation models and computer

capabilities are improving, such models may become highly
useful in dielectric design applications in the near future.
Further steps in the development of such models include
computation of streamer-dielectric interaction in atmospheric
air, in 3D and in larger 2D domains, and improving plasma
kinetics models. An important next step is to model surface
charging by a single streamer channel in 3D. Other further
steps include simulation of negative streamer-dielectric
interaction, simulation of leader inception and simulating the
influence of surface roughness on streamer-dielectric
interaction.
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Appendix A

Additional surface potential
measurements

Here, surface potential measurements at HSR that were not included in
the papers or in the main text are shown. The different configurations are
summarized in table A.1. Measurements on configuration 4, 7, 6, 9 and 5
shown previously in figs. 5.12a, 5.12b and 5.13 to 5.15 respectively.

Table A.1: Surface potential measurements at HSR: Parameters (see fig. 3.1). g: rod
height, b: barrier surface height, [ : rod length. r : rod radius. U : applied voltage.

Param. Configurations

1 2 3 4 5 6 7 8 9
g [mm] | 60 | 60 |80 | 15 35 20 10 | 25 |60
b[mm] | 40 |30 |40 |5 15 15 5 5 5
[ [mm] | 590 | 590 | 590 | 260/590 | 590 590 288 | 590 | 590
r[mm] | 3.5 | 3.5 |35 | 35 3.5/2 | 35/2 |2 3.5 |35
UlkV] [ 50 |50 |50 |35 +50 | £50 |35 |50 | 65
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A.1 Line plots

In fig. A.1, a few more surface potential measurements that were not dis-
cussed in the papers or in the main text are included. Although the mea-
surements are statistically spread out, the simulation results are decent
approximations of the maximum surface charge.
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Figure A.1: Additional surface potential measurements (see table A.1 for description of
geometries) a) Config 3 b) Config 8 ¢) Config 2 d) Config 1 e¢) Config 6 (negative impulse)

f) Config 5 (negative impulse)
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A.2 2D scans

A few 2D scans are shown here in fig. A.2 to give a qualitative impression
of the 2D surface potential distribution. The measurements are taken in
a ca. 600x400 mm rectangle (see fig. 3.4b for illustration of the scanning
pattern). Each scan took ca. 15 min.

It can be observed that the distribution is relatively symmetrical around
the rod position, and that the different geometries give different spread in
the surface potential. Sometimes “volcano™like shape (e.g. fig. A.2c) are
seen where back discharges have occurred. A quantitative comparison with
simulations is not included here (see fig. A.1 or section 5.2 for quantitative
comparisons).
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Potential contour plot (2018-03-08, shots)
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Figure A.2: A few 2D surface scans (see table A.1 for description of geometries) a)
Config 3 b) Config 2 ¢) Config 6 (2 mm rod radius) d) Config 5 (2 mm rod radius) e)
Config 1 f) Config 9 g) Config 6 (negative impulse) h) Config 5 (negative impulse)
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Appendix B

Signal propagation times in
cabling
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Figure B.1: Signal propagation times in the different cabling to the oscilloscope in the
NTNU high voltage lab (see also fig. 3.2). a) To obtain correct timing of current, PMT,
voltage and camera gate signals, these delays must be compensated for, for example by
prolonging cables or by post-processing the oscilloscope recordings (measured delays in
red). In RG-58 signal cables, the signal uses ca. 5 ns per meter cable. b) In this work
the propagation times were found with a signal generator, and a reference cable of known
length. ¢) For the camera frames, a fast diode and PMT was used to find the delays.
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