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ABSTRACT

In the present contribution, we analyze and quantify micro-discharge currents

originating from rough electrode surfaces in HVDC gas insulated switchgear (GIS)
applications. These currents can be significantly larger than those in the gas phase
caused by natural ionization or those from bulk conduction in the solid insulators. They
may thus dominate the charging of the insulator surface and are thus a key
dimensioning criterion.
Five different electrode systems with different, but clearly defined, roughness were
designed. To quantify the amplitude of the micro discharge current as a function of the
electrical field strength on the electrode surface, the consequence of these discharges in
the form of accumulated charges on the surface of a PTFE sample was measured. The
measurements were compared to simulation results from a model that uses the
Townsend approximation for unipolar saturation ionic current, which is a widely used
approximation in many areas of applications. As a main finding of our investigations, to
avoid micro discharges, electrical field strengths of 7.1 kV/mm should not be exceeded
in HVDC GIS design using typical industrial electrode roughness around 2 pm and 0.5
MPa SF6.

Index Terms - SF6, gas insulation, HVDC insulation, charge accumulation, surface
charge, ion source, charge carrier, micro discharge, electric conductivity of gases,

charge drift in gases.

1 INTRODUCTION

HVDC transmission may solve the future problem in power
transmission capacity shortage [1]. Due to the increasing
integration of renewables, additional transmission capacity is
needed in general. Further, long subsea cables, like they are
required for offshore wind parks or long sea connections, can
only be realized with DC technology as under water
compensation is not possible [1,2].

With this expected increasing use of HVDC technology, gas
insulated HVDC equipment, such as gas insulated switchgear
(GIS) and gas insulated lines (GIL) are expected to become
more ubiquitous [1], since their compactness allows important
space saving.

Contrary to AC equipment, where the field distribution in
operation is determined by the relative electrical permittivity
of the different components, the resistivity distribution of the
insulation materials governs the stationary electric fields in
DC. Consequently, electric field design for gas insulated
systems has to be investigated in detail for future DC
applications. The main problem in DC is charge accumulation
at the boundary layers between different insulation materials.
These accumulated charges can influence the electric stress of
the insulation considerably. They can reduce the voltage
withstand capability and even lead to a breakdown of the
insulation system [3]. The most critical parts in SFs gas

insulated DC equipment are the surface of the insulators
interfacing SF¢ and the solid, and triple points [4,5].

In this article, we investigate the effect of charges arising from
the gaseous phase on the solid insulator. There are in principle
three different charge sources in the gas: Natural ionization
due to cosmic background radiation and radioactive elements
in the ground [6], micro discharges from microscopic
protrusions (roughness) on the electrodes [6-9], and field
emission at highly stressed cathodes or macroscopic
protrusions [6-9].

In the literature [10-13] it was shown that in arrangements
where partial discharge cannot be detected by classical
measurement methods, additional charges due to micro
discharge can nevertheless be present. The aim of this
contribution is to analyze these micro discharges and quantify
the resulting discharge currents and their impact on the
charging of HVDC insulator surfaces. For this purpose, an
experimental arrangement for testing electrodes with defined
roughness grades was designed. The results are compared to
simulations.

This paper is organized as follows: In section 2, the theory of
electrode roughness and of the generation of micro discharges,
as well as the modeling approach are introduced. The test
setup and experimental procedure are presented in section 3.
Section 4 presents the results from measurement and
simulation, which are discussed in section 5.



2 THEORETICAL BACKGROUND AND
SIMULATION MODEL

In case of DC stress, the field distribution is determined by the
distribution of the different electric conductivities k of the
insulation system. As the direction of the electric field does
not oscillate in DC, surface and space charges can accumulate
in and on the solid insulation and distort the initial electric
field distribution. Charges can be transported in three different
ways to the surface of the insulator: by bulk conduction in the
solid, by surface conduction or through the gas phase [6-9].
The breakdown voltage reduction due to electrode roughness
was studied in detail over the last 40 years. The reduction of
the breakdown voltage of arrangements with rough surfaces
could be shown as well as the reduction of the PD discharge
onset voltage [14-18].

The consequence of partial discharges from protrusions and
micro discharges from rough surfaces is a release of additional
ions into the gas phase that can accumulate at the insulator
surface. In this contribution, only the charges from the gas phase
are considered. They originate from natural ionization and micro
discharges at the highly stressed roughened electrodes. In this
investigation, surface and solid bulk conduction are negligible.

2.1 GASEOUS DOMAIN AND GENERATION OF
CHARGE CARRIERS

In the gas phase, charges can be produced due to natural
ionization, field emission or micro discharges [6-9]. In electro
negative gases like SF6, free electrons are quickly attached to
neutral gas molecules and it is sufficient to consider only ionic
currents.
In the gaseous domain, negative and positive charge carriers
(expressed as charge densities p~ and p*) in an electric
potential ¢ move because of the electric field E = —V¢ and
diffusion. The resulting current density can be expressed by
the drift-diffusion equation:

J* = Futp* Vo — DVp* ¢))
where p is the ion mobility and D the diffusion coefficient.
At small applied voltages V, the current density j increases
linearly. For increasing voltages, the current density saturates
towards a value that is limited by the ion production rate of
natural ionization only as all charges in the gas phase are
extracted by the electric field. If the voltage V is increased to a
value where the electric field strength in some regions exceeds
the critical electric field strength, additional ions are created
by impact ionization, which leads to a significant increase in
the ion current.

2.1.1  Natural ionization

If no partial discharges, micro discharges or field emission are
present, natural ionization is the only ion creation mechanism
in the gas. This natural ionization is due to cosmic background
radiation and radioactive decay events occurring in the vicinity of
the gas. Consequently, the ionization rate depends on the exact
position of the laboratory where the experiment takes place [19].
In our laboratory 10 m below ground level, we measured a
natural ionization rate pip = 29 ion pairs /cm3s in 0.5 MPa SF6.

2.1.2  Field emission
Field emission from a highly stressed cathode or protrusions on

electrode surfaces can also lead to additional charges in the gas
phase. In a healthy insulation system with no protrusions at the
electrode, this effect should play a minor role as field strengths in
the range of 100 kV/mm are required for substantial currents to be
emitted [8,13].

2.1.3  Micro discharges
Local enhancement of the electric field and subsequent impact
ionization near rough electrodes (roughness is due to many micro
protrusions) on the electrode can create additional charges in the
gas phase.
At a given pressure p, due to roughness on the electrode surface,
the critical field can be exceeded at the micro protrusions
(roughness), even when the macroscopic field (neglecting the
roughness) does not exceed the critical field strength.
The microscopic shape of every single micro protrusion has an
influence on the field enhancement, and hence on the micro
discharges. Surface roughness, as it describes the average
height of micro protrusions and not their shape, is the most
accessible, however not the best parameter for measuring the
ability of a surface to induce charges in the gas. For example,
two electrodes with the same arithmetic average roughness R,,
one with slim and sharp micro protrusions will show
discharges at much lower field strengths than an electrode
with the same measured roughness but broader and rounder
shaped micro protrusions [14].
However, a correlation between surface roughness R, and the
local field enhancement factor B¢ can be observed if the surface
roughening process is the same [14, 20].
At low field stress, ionization is confined to the high field region
near the rough electrode surface, where impact ionization
increases locally the density of gas ions. Ions generated near the
electrode drift in the gas under the combined influence of the
space-charge and external fields.
As the ionization process is very localized and the number of
charges generated stays well below the streamer inception
criterion, the whole phenomenon is called micro discharge [8].
These small discharges are below the measurement threshold of a
classical PD circuit [21] and of any current measurement
device.

2.2 SURFACE POTENTIAL MODELING

As shown in the previous section, to describe the non-linear
nature of the conduction mechanism in the gas, the best
approach is to solve the drift-diffusion-reaction equations for
the gaseous ions in parallel with the Poisson equation for the
electric field [22,23,24]. This is done here with Finite Element
Modeling (FEM) numerical simulation (COMSOL) on a
rotational symmetric model of the experimental setup
described in section 3.2.

2.2.1  lIon source from natural ionization
Ion density from natural ionization is represented as a volumic
ion source with rate of value pp = p*t = p~. The ionic
current from the gas impinging on the PTFE insulator surface
is solved according to the model presented in [25]. In practice,
this is done by solving the steady-state drift-diffusion
equations (1) and (2):
-+

V-jE=p 2)



for each ion species in the gaseous domain at every time step,
making use of the fact that the time needed for newly created
ions to drift to a surface is much shorter than all the other
relevant timescales in our problem.

2.2.2  lon source from micro discharge
In the particular ring geometry chosen for these experiments, the
local field depends on the position on the torus ring surface
(macroscopic field E') and on the shape of the micro protrusion on
the rough surface (microscopic field enhancement factor Se):

Emicro = ﬁeffE (3)

The additional ionic current induced by the enhanced electric
field near the ring electrode is introduced in the model by a
boundary condition on the electrode surface.
An empirical expression for the unipolar saturation ionic current
was already proposed by Townsend: I = C(V) V (V —V,), with
V, being the onset voltage, and C(V)a voltage-dependent
prefactor [26, 27, 28]. Due to the self-regulating properties of
unipolar space charge drift, the Townsend approximation has a
large empirical field of application over many geometrical
configuration and operation parameters [29, 30]. From that, the
boundary current source for the modeling is adapted from
Townsend’s relation:

W - ’
= Fﬁe“E <.BeffE P (;>crit>

where E is the macroscopic field at the electrode surface, p is
the pressure, (E) = 88.4 kV/(mm MPa) is the critical field
crit

strength of SFq [31], and Az is the minimal distance between
ring electrode and PTFE sample. Practically, to save
simulation time, the macroscopic field E with semi-ellipsoid
shapes is calculated once in a separate run and the ratio of the
field from this full simulation to the field with only a smooth
half ring is derived. This ratio is applied in the full simulation
where only smooth half rings are simulated.

Figure 1. Modeling of roughness and ion source term on the ring electrode
surface. Charge emission is non-zero within a circular sector of angle 6. The
semi-ellipsoid shaped micro protrusions are not simulated directly; their
presence is modelled via the S factor in equation (4).

Contrary to corona-wire type experiments [32], in our
experiments the macroscopic field on the HV electrode is
nowhere close to the critical field on the electrode surface.
Consequently, in the modeling, the ion source term should
depend on the location on the electrode and on the level of
surface roughness: The roughness is represented by an array of

semi-ellipsoids on the ring electrode surface (see Figure 1).
The ratio I/r between the axes of the ellipsoid defines the
effective field enhancement factor at the tip of the micro
protrusion L [33]. Note that S.; only contributes to the
electrode boundary condition in equation (4), the electric field
within the finite-element model being calculated from the
macroscopic radius of the ring (dashed line in zoom of Figure 1).
For a given applied voltage V, . determines the angle 6 where
micro-discharges occur as long as the condition

ﬁeffE >P (g)cn’t

macroscopic electric field and the angle 6 increase as well.
Moreover, the microscopic field in front of blunter micro
protrusions now overcomes the breakdown condition. As a
consequence, micro discharges also start at these blunter micro
protrusions: this is reflected by an increase of the voltage-
dependent prefactor C (V).

is met. If the voltage is increased, the

2.2.3  Surface charge and surface potential

In this paper, to analyze and quantify the micro discharge current
at the electrode, the consequence of the discharges in form of
electric potential caused by accumulated charges on the surface of
the PTFE sample is measured instead. Since PTFE has a high
bulk and surface resistivity, conduction currents from the bulk
and along the surface are negligible. Therefore, only the gas
phase charging of the PTFE surface needs to be considered in
the present experiments, and is introduced as a boundary
current source on the gas-solid interface:

Ny jg = 0P (%)
where ng is the normal vector pointing from the surface of the
PTFE sample in the gas, j,=j* — j~ the current density from
the gas phase and p* the surface charge. So-called “open”
boundary conditions are applied to the other interfaces (
electrodes and grounded tank), i.e. using j* = Fu*p® - Vo in
regions where the charges flow out of the domain, and j* = 0
otherwise.

Electric field and surface potential are then calculated using
the Poisson equation:

p* = V-[ge(—=Vo)] (6)
3 METHODS
3.1 TEST VESSEL AND MEASUREMENT
SYSTEM

To investigate the charging process of GIS insulators in SFq
under DC stress, a gas insulated setup was designed and
constructed that combines the flexible exchange of electrodes
and insulator samples with an accurate, reliable, and
automated surface potential measurement. The test setup was
described in detail in [10,34].
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Figure 2 Schematic view of the test set up with high voltage supply and
measurement on the left, and the test specimen and surface potential
measurement system on the right. The sketch shows the position of the sample
during measurement.
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During the charging of the sample, the measurement sensor is
in its parking position away from the test sample surface on
the right-hand side in Figure 2. To measure the surface
potential, the high voltage supply is first switched off and the
PTFE plate is moved down to a level where the sensor can
scan the surface. Then the sensor on the horizontal axis is
moved towards the sample. By moving the probe and
rotational motor systems, the surface of the sample is passed
along the sensor head. The measured voltage signals are
correlated with the positions of the handling system to map the
measured surface potential.

A DC-Stable Electrostatic Voltmeter 347 from Trek was used
as measurement device. This is a high precision electrostatic
voltmeter using the principle of a vibrating Kelvin probe. The
sensor is mounted on the horizontal axis of the automatic
handling system and is positioned with 3 mm distance to the
surface of the test sample when measuring [34].

The Kelvin probe has a sensitivity level of 1 V and a step of
1kV can be followed within 3 ms. Fast measurement
procedures are possible and the impact of the measurements
on the surface charge distribution is small [34]. A resolution of
5 mm? can be achieved placing the sensor 3 mm away from
the sample surface. The overall measurement repeat accuracy
of the setup with another electrode configuration is ~10% of
the measured value [34]. The probe was calibrated before
every measurement by setting it exactly to zero when
measuring the potential of the grounded frame on the sample
upper side.

3.2 TEST SPECIMEN & ELECTRODE
ARRANGEMENT

The aim of this contribution is to analyze and quantify micro
discharges occurring at electrodes due to surface roughness.
The test setup is thus designed to fulfill the following
requirements:

a) The surface of the electrode should have a defined
roughness.

b) Changing the roughness of the electrode should be
possible in an easy way.

¢) The sample material should have a high bulk and surface
resistivity.

d) The electric field lines connecting the surface of the
sample with the rough electrode should only meet a
certain defined part of the sample surface.

/

High \201@%6 electrode
4

Ring with defined

] " ‘- - - F
B )( roughness
- o A &
S

Grounded edge

4 _— PTFE Sample

Ground electrode / =

Figure 3 Photo of the electrodes and sample configuration. Note that during
charging, the spacing between the electrode and the sample is smaller than
depicted here.

The sample and electrode geometry that was chosen and
designed is shown and plotted in Figure 3 and Figure 4. The
test samples are made of PTFE, because it has a high bulk
resistivity of >10*Qm and surface resistivity of
>10"® Qsquare [35]. The permittivity of the PTFE used is €, =
2.1. The samples are square plates with 140 mm side length
and 5 mm thickness. The bottom side of the sample was
treated with conductive silver paint to ensure no potential
difference between the grounded electrode and the sample.
Further, the ground potential was brought with this conductive
paint over the side of the sample up to a 5 mm frame around
the sample on the upper side. This was done to make a
calibration of the sensor possible and to reduce the impact of
the edges of the sample. An active area of 130 x 130 mm? was
conserved on the upper side.

The active part of the high voltage electrode system consists in
a ring shaped electrode. The inner diameter of the ring is
70 mm and the outer diameter 100 mm. The rings can be
easily exchanged at the mounting system. Considering a cut
through view of the experiment, the centers of the metallic
part of the rings would be located at position -42.5 mm and
42.5 mm on the active surface of the sample.

Three different types of rings with defined roughness were
produced by sandblasting. To have a perfectly smooth ring
surface with nearly no imperfections and field enhancement,
one ring was polished. The resulting RMS roughness is
R, =(0.0610.005) um. The other rings were sandblasted with
grain size F80 and F1000 resulting in a surface roughness of
R,=(2.14£0.18) pm and R, = (10.942.5) um. Further one set
of rings was coated after the sandblasting procedure with
60 pm epoxy-based, metal-oxide filled dielectric paint of 107"
S/m DC conductivity. The RMS roughness of the roughest



rings (F1000) after coating was R, = (0.61+0.08) um with a
few single sharp metal tips still sticking out of the paint.

The PTFE plate sample is placed at a distance Az =5 mm
from the high voltage ring electrode. This leads to electric
field strengths within which micro discharges should occur.
As the gap is quite small it has to be ensured that the rings and
the sample were placed perfectly horizontal into the set up. If,
for example, the sample is put a little aslope on the earth
electrode, the electric field strength would be much higher on
one side of the sample because the gap is a little smaller there.
To avoid this effect, the sample and rings were installed with
great care with a highly precise mechanic’s level to guarantee
proper alignment.

electric field in KV /mm

L

=70 -30 =30 -1 0010 30 50 70
position on sample in mm
Figure 4 Field calculation for 100 kV of the test arrangement with high
voltage electrode (top), ring with field lines, ground electrode (bottom), and
test specimen and electric field lines.

The highest electric field strengths are reached at the bottom
of the rings. With a voltage of 100kV, the maximal
macroscopic electric field strength is 17.7 kV/mm. This is well
above the maximal electric field strength used for designing
GIS AC equipment and well below the critical field strength
of SF¢ at 0.5 MPa.

Furthermore, in 0.5 MPa SF¢ gas this value is clearly lower
than the measurable PD onset voltage. A partial discharge
measurement according to IEC 60270 standard was
performed. The entire setup showed a based level of 4.4pC at
100kV. Using the roughest ring F1000 with a roughness of
10.9 um, no partial discharges could be detected up to a
voltage of 100 kV DC. As no PD onset could be measured
with the roughest ring, no more partial discharge
measurements were performed with the other, smoother rings.
The active gas volume [9, 36] is the volume that is connected
via field lines to the surface of the insulator. Only charges
inside the active gas volume will drift towards the insulator
surface and accumulate. In the present set up, the active gas
volume is around 1300cm3®. With the ion production rate
prp = 29 ion pairs/cm3s, 1.38:10% ion pairs were produced
after one hour in the active gas volume by natural ionization.
That corresponds to a charge Q = 2.22:10"" C. In the present
electrode configuration this leads to a surface potential in the
order of 1 V. In other words, if the measured surface potential

increases by a few V/h only, natural ionization is the
responsible charge source.

3.3 EXPERIMENTAL PROCEDURE

The micro discharges are investigated by a step up experiment
procedure with voltage steps of 5 kV. The maximal applied
voltage is 100 kV DC negative polarity. The voltage level is
applied for one hour and after that time the surface potential is
measured and compared to the surface potential measured at
the step before. Due to measurement limitations, a maximal
surface potential of 3 kV can be measured. If only a slight
increase of the surface potential is detected, the voltage is
increased once more. The increase of the micro discharge
current can be easily seen with this procedure as the measured
surface potential increases strongly in a short period of time.
Particular care has to be taken when installing the insulator
sample, as the effect of a slightly misaligned sample is
significant. The gap between the ring and the PTFE sample is
only 5 mm. If the sample is lying just a little aslope on the
earth electrode, then the field strength is changed. If the
sample is 0.5 mm aslope resulting in a gap of 5.5 mm on one
side and 4.5 mm on the other side, the maximal field strength
is decreased by 5.1 % and increased by 6.2 %, respectively.
This has a noticeable impact on the current amplitude from the
micro discharges. An increase of voltage of 5 kV, like it was
done in the step up experiments, increases the electric field
strength by ~7 % as well. This effect can be seen in Figure 5.
Further, it has to be mentioned that in case of a slightly
misaligned sample also the measuring gap between sensor and
sample is not always 3 mm. The influence of spacing between
sample and sensor was investigated in [34] in detail
According to these findings, this effect has small impact on
our present measurements.

4 RESULTS

All measurements and simulations were done with an SFg
pressure of 0.5 MPa absolute with the electrode and sample
configuration as shown in Figure 3 and Figure 4.

The increase of surface charges is measured after every hour.
By measuring AV after one hour, it is possible to determine
the increase of micro discharge currents in the gas phase.

4.1 LOW SURFACE ROUGHNESS

Surface potential measurement on the PTFE plate were done
after 1h voltage application of sequentially setting -85 kV, -
90kV, -95kV and -100kV DC on the polished ring. The
initial surface potential increased uniformly at most by 3V per
voltage step and hour, and no clear signature of the position of
the ring could be found.

4.2 MEDIUM SURFACE ROUGHNESS

In Figure 5 a), the result of a measurement with the ring
sandblasted with F80 grain size (R, = 2.1 um) is shown.

Applying -60 kV (resulting in a macroscopic field strength at
the ring surface of 10.5 kV/mm) to the arrangement for 3
hours did not result in a surface potential higher than 15V
(magenta line). Increasing the voltage to -65kV
(11.5 kV/mm), some additional charges could be observed



around position y =40 mm, resulting in a maximal surface
potential of -150 V after one hour and -180 V after 3 hours
(green and cyan lines). At the other ring position around
position y=-40 mm, no additional discharges could be
observed.
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y position on spacer in mm y position on spacer in mm

Figure 5 Surface Potential on the PTFE sample as a function of applied
voltage and time for the 2.1um R, electrode. a) Measurement, b) Modeling.

Increasing the voltage to -70kV (12.4 kV/mm) results in
additional charges producing a peak with -1650 V, -2050 V
after 1, 2 and 3 hours at position y =40 mm and a small
surface potential increase on the other side of the sample (y=-
45 mm) where the other position of the ring was (black, blue
and red lines). In addition, a very local increase of the
potential at position y=52mm can be observed (outer side of
ring).

Applying -75kV  (13.3kV/mm) for one hour to the
arrangement results in a very high surface potential at both
sides of the sample exceeding the measurement range of the
probe (green line). The position of the peaks of the surface
potential reflects the geometrical position of the ring in this
cut-through measurement.

In these experiments, the sample was most probably not
perfectly aligned. That led to a higher field strength around
position y =40 mm as the sample was a little closer to the
electrode on this side. Consequently, on this side of the sample
additional discharges start at a lower voltage level than on the
other side, where the field strength was lower.

Figure 5 b) shows the simulated surface potential curves for
the F80 ring at 5 mm spacing between sample and ring. The
modeled surface potential includes the convolution with the
spatial response function of the measurement sensor. Field
enhancement factors used are . = 3.8 for measurements at -
60 kV and -65kV and B.y = 3.6 for voltages below. Semi-
ellipsoids of aspect ratios I/r = 1.2-1.3 are assumed. With these
parameters, it is possible to reproduce the saturation in surface
potential after 3h (Figure 6).

The prefactor C(V) increases for each voltage step up to
-70 kV absolute voltage, indicating that an increasing fraction
of the rough surface contributes to micro-discharges between
voltages (-60...-70kV).

F1000 Ring
Voltage [kV] | C(V) [Am*/V’] Voltage [kV] | C(V) [Am*/V?]
-65 4.3%x10°%7 -30 2.3x107!
=70 1.5x107%° -40 3.3x107!
75 1.5x10%° -50 6.6x107"

-55 8.0x107!

-60 9.3x107!

-65 9.3x107!

Table 1 Voltage-dependence of the prefactor C(V).
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Figure 6 F80 ring, time-dependence of the minimum value of surface
potential.

The width of the profile is, however, underestimated (see
-75 kV curve). This implies that the Townsend approximation
is a too steep current-voltage characteristic in this case.

4.3 HIGH SURFACE ROUGHNESS

In Figure 7, the results of measurements and simulations of the
ring sandblasted with F1000 grain size (R, = 10.9 um) are
shown.

The position of the ring can be clearly seen as there are peaks
observed in the surface potential. In these experiments with
the roughest ring, micro discharges can be observed already
with lower applied voltages. Even the application of only -
20 kV resulted in a measured surface potential of S0V after 3
hours at the location of the rings, but not at other locations
(green curve). Thus, already at this lowest applied voltage first
indications of micro-discharges can be observed. After three
hours of applying -30 kV, the surface potential increased to -
135 V at location y=-35 mm and -270 V at y=+42 mm (black
line). After one hour with -40kV, the maximal surface
potential is approximately -350V (blue line). Applying -
50 kV for one hour results in maximal -750 V (red line), after
one hour -55 kV, the maximal accumulated surface potential is
-1400 V (green line), and after one hour -60 kV -2400 V
(magenta line). The surface potential exceeded the maximum
measurement range after a further increase to -65kV and
application of 1 hour.

The simulated surface potential for the roughest electrode is
compared to the measured one. Again only one half of the
simulation results is shown in Figure 7 b). An effective field
enhancement factor of Be; = 23 (semi-ellipsoid with //r= 6) is
necessary to reproduce the observed charge profiles. The
prefactor C(V) increases for each voltage step up to -60 kV
absolute voltage, indicating that an increasing fraction of the
rough surface contributes to micro-discharges between
voltages (-20...-60kV).
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Figure 7 Surface Potential on the PTFE sample as a function of applied
voltage and time for the 10.9 um R, electrode. a) Measurement, b) Modeling.

4.4 COATED ELECTRODE SURFACE

Performing the experiment with a polished ring that was
coated with 60 pm paint did not lead to any measurable
discharge up to a voltage of -100 kV (17.7 kV/mm). Coating
the F1000 ring with 60 pm paint thickness did result in a
surface roughness of R,=0.61+0.08 um. Performing an
experiment with an F1000 ring coated showed a significant
improvement of the transition of the voltage current
relationship due to micro discharges. Up to a voltage of -
90 kV, only one spot at the whole sample showed additional
charges. Increasing the voltage to -100 kV did result in a
surface potential larger than the -3 kV value measurable with
our probe, over the whole sample. This indicates a very strong
micro discharge activity at this voltage level. No burned marks
due to micro discharges could be detected with the naked eye
at the coating after the experiment.

5 DISCUSSION

The partial discharge measurement performed according to
IEC 60270 did not show any partial discharges even for the
roughest ring up to -100 kV. However the measurements
presented in Figure 6 and Figure 7 show substantial charging.
These charges have to originate from discharges at the rough
ring as the only other active ion source in these experiments is
natural ionization, a process that was shown to increase the
surface potential only by a few volts per hour in our
experimental arrangement.

Thus, discharges have to take place that cannot be detected by
classical PD measurement. These can be very small discharges
with low amplitude or continuous discharges.

This observation is very important for designing and
constructing HVDC GIS equipment in the future. It shows that
even in a classical “PD-free” case, ion sources can be active
that generate a large amount of charges in the gas phase.
These charges can accumulate on the surface of insulators,
distort the field distribution and may thereby influence
(reduce) the withstand voltage of the equipment.

In section 4.1, it was shown that the polished ring does not
generate additional charges. The surface potential increase in

that case is in the range of 3 V per hour, a result consistent
with natural ionization being the only charge source in the gas
phase. Thus, it can be concluded that no micro discharge takes
place in the case of the polished ring up to a maximal
measured field strength of 17.7 kV/mm at 0.5 MPa SFg.

Figure 8 shows the simulated emitted current density on the
electrode (r = 42.5 mm, point of maximum macroscopic field)
after 1h of voltage application on the PTFE sample as a
function of negative applied voltage for the electrodes with
R,=2.1 and R,=10.9 pm. The micro-discharge current is
determined by the local electric field at the electrode surface.
As this local electric field strength decreases with increasing
amount of charges accumulated on the PTFE sample in our
arrangement, the emitted current decreases with time. The
micro-discharge current shortly after voltage application is
higher than the value displayed here. As an example, the
maximum current density on the PTFE plate after 1h at -75kV
on the F80 ring and pre-charging by lower voltages (-40 to -70
kV) is 2.6x10” A/m* (see Figure 8). If no pre-charging takes
place (single step of -75kV on F80 ring, uncharged PTFE), the
modeled current density is about 20x higher after 10s voltage
application (5.7x10™ A/m®). This latter current might be more
relevant for the application in real-size GIS, where the
distance between the emitting surface and the insulator can be
larger, and hence the screening effect by deposited charges
lower.

The micro-discharge current for the F1000 ring increases
gradually with increasing field strength, with no observable
sharp transition. At the contrary, a steep transition occurs in
the current-voltage characteristics of the F80 ring around 12
kV/mm applied electric field. However, both electrodes induce
more additional gas ions than natural ionization already from
the lowest applied absolute voltages (see Figure 9 for
comparison). This indicates that micro-discharges dominate at
absolute voltages lower than the lowest measured voltages of
20 kV and 40 kV respectively.

Macroscopic Field on electrode [kV/mm]
6 14
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Figure 8 Left y-axis: Simulated current-voltage characteristics at the point of
maximum macroscopic field (»r = 42.5mm) corresponding to the measured
surface potential increase AV during 1h (Right y-axis). Current density value
after 1h of voltage application. As a comparison, current density from natural
ionization corresponds to 2-10"* A/m*at this position.

Insulator surface charging from micro-discharges may
dominate already at field strengths lower than previously



expected, if bare metal electrodes with technical-grade
roughness are present in DC GIS.

In Figure 5, the results obtained using a ring electrode with a
roughness of 2.1 um are shown. This roughness value is the
most interesting one as it is close to the roughness of real GIS
applications.

The effect of the reduction of the macroscopic field due to
accumulated surface charges can be seen in the measurements
presented in Figure 5. At -70kV, the increase in surface
potential from hour 1 to hour 2 is 419 V, but from hour 2 to
hour 3 the increase is only 9 V. The accumulated charges have
negative polarity. Thus the electric field at the ring is reduced
due to the field caused by the accumulated charges. Due to the
reduced field, the critical field p(E/p)ci at the micro
protrusions is not exceeded anymore and the micro discharges
stop. The same effect can be seen at -65 kV. This saturation
effect limits the total charge accumulated on an insulator
surface. The effect of micro discharges at low fields in real
HVDC components could be reduced by these accumulated
charges for electrode surfaces close to the insulator like shown
in [12]. For larger distances this effect is of limited influence
as screening of the rough metal surface by accumulated
charges on the insulator becomes less effective.

In Figure 7, results obtained using a ring with a roughness of
10.9 um are shown. Like explained in section 2.1.3, for large
roughness R, many small and sharp micro protrusions are
present but larger and blunter micro protrusions as well [14].
With an increase in the applied voltage, the slowly increasing
ionic current observed in measurements can be attributed to
the slowly increasing amount of micro protrusions causing
discharges. This can also be seen in the current-voltage
characteristics of Figure 8.

The current density impinging on the PTFE insulator is
directly obtained from the simulation (see Figure 9b). Note
that in this particular configuration, micro-discharges at -20
kV in front of the rough electrode (radius = 42.5mm) already
exceed the maximum current from natural ionization. For
increasing applied voltages, micro discharges are induced on a
wider portion of the electrode, see Figure 9 insets c) and d).
The level of natural ionization sets the lower limit for detectable
micro discharges, in this particular case j = pjpedz =2
107* A/m? [25] as seen in Figure 9. At the other extreme, the
micro discharge regime ends when the streamer criterion is
fulfilled [37]. The streamer inception threshold depends on local
field enhancement at the surface, and hence on surface roughness.
We calculated the streamer inception level by adding the field
enhancement due to a single micro protrusion to the macroscopic
field obtained from our finite element model. We used a semi-
ellipsoid-on-a-post model, where the total length of the micro
protrusion is chosen according to the measured surface roughness
R value (maximum height of the profile), and its aspect ratio was

chosen to correspond to the S used in the model. As seen in

Table 1, the streamer inception voltage is always considerably
higher than the observed onset voltage for micro discharges. The
onset definition used here is the voltage value at which the current
density caused by natural ionization is exceeded. This confirms
that electron impact ionization is not active in most of the gas gap
between electrode and PTFE plate, and the applicability of

Townsend’s saturation current model used equation (4) is
justified.
Onset

Field
[KV/mm]

Streamer
inception
voltage
[kV]

Micro
discharge
onset
voltage
[kV]

Sandblast
grain size

Measured
roughness
R, [um]

R 0.06
2.1 <40 <7.1%* >200
10.9 <20 <3.6 >100
Polished [l >100 >17.7 -
coated measured
F1000 0.61 100 17.7 -
coated

Table 2 Results of the experiment series. Applied voltage has negative
polarity, p = 0.5 MPa SFs. *Note that the ionic current increases sharply
only above 12 kV/mm.

The effect of coated electrodes was studied as well. Coating a
polished ring did not show any effect in our measurements. Up
to the maximal applied voltage of -100 kV, no micro discharge
could be observed.

Coating the roughest ring with a 60 pm paint layer did result
in a reduced measured roughness of 0.61+0.08 pm and
showed a significant reduction of the measured micro
discharge activity, even though some metal tips of the ring did
stick out of the paint. With the coating, the onset of micro
discharges was raised to -100 kV. This can be attributed to the
partial covering of the sharp micro protrusions by the paint.

In Table 2, the results of our experiment series are
summarized. The roughness of each ring and its micro
discharge onset voltage and field strength is shown.
Furthermore, the theoretical streamer inception voltage was
calculated for the uncoated rings. In real AC GIS applications,
the maximal electric field strength does normally not exceed
10 kV/mm [38]. This value might not be taken as design rule
for HVDC gas insulated systems according to our findings.
The roughness of R, =2.1 um represents real GIS electrode
surfaces quite well. Like shown in Table 2, the discharge
current due to micro discharges increases over the level of
natural ionization at an electric field strength of 7.1 kV/mm.
Thus in a real GIS application insulator, charging from ions
formed by micro discharges has to be expected. To avoid this
charging in real DC GIS applications using the same materials
as in AC GIS, the electrical field strength of 7.1 kV/mm
should not be exceeded. Another possibility to avoid this
unwanted charge source is to use smoother electrodes, see
polished measurements shown in Table 2. Coating the
electrode can also be of positive effect like shown with the
F1000 coated measurement but as discussed before, a possible
influence of the used paint has to be studied in detail.
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Figure 9 a) Field line in contact with the PTFE sample (active gas volume).
b) Average current density on the PTFE plate sample for ions from natural
ionization only (black line), and with additional ion generation from the
electrode with 10.9 um R, at -20kV and -65kV, respectively. Insets: ¢) and d)
corresponding ion density in the gas originating from the rough electrode
surface.

6 CONCLUSION AND OUTLOOK

In this paper we investigated the relation between surface
roughness and currents originating from micro discharges for
different electrode surface field strengths. The effect of micro
discharges is quantified by measuring surface potential
accumulation on PTFE plate samples. The current-voltage
characteristics of each electrode roughness grade are then
obtained by FEM modeling of the ion generation, drift-
diffusion and surface accumulation processes.

In Table 2, a summary of the micro discharge onset voltage
(and field) as function of surface roughness is presented. An
important finding is that micro-discharges may dominate gas
conduction already at much lower field strength than
previously expected when electrode surfaces with technical-
grade roughness are present in the system. However, limited
charge accumulation on neighboring insulating surfaces is
sufficient to reduce the field to sub-critical values and stop the
micro discharge activity after a few hours of DC stress slightly
above the onset voltage.

Current-voltage characteristics for certain surface roughness
grades are given which may serve as a base for design rules to
avoid micro discharges when constructing gas insulated
HVDC equipment.

Significant increase of the micro discharge inception voltage
is demonstrated when coating a rough electrode with a slightly
conductive paint. However, further measurements have to be
done to assess long term behavior of such paints and to draw
conclusions on their general applicability on HVDC
components.

Finally, the chosen modeling approach of ion generation and
drift in the gas delivers amplitude and spatial distribution of
the ionic current density impinging on insulators. Therefore,
these results can be transferred to real size GIS components
for determining design field strengths on technical surfaces,
thus controlling micro discharges’ occurrence and subsequent
detrimental charge accumulation on insulator surfaces.
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