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ABSTRACT

In this paper, we investigate the time and space transition characteristics of DC electric
field stress in SFs gas from the initial state DC-on to final DC steady-state in gas-solid
composite insulation systems. Using a simple rod-electrode configuration and actual
insulating epoxy-spacer model, the electric field distributions of the epoxy-spacer in SFe
gas and time constant T of electric field formation from DC-on to DC steady-state are
calculated under DC voltage based on the electric conduction characteristics, that is, the
source of charge carrier. In addition, the emerging electric field distributions due to
accumulated charge on solid insulator surface are introduced to elucidate the time
transition process of electric field stress in the gap space between HV conductor and GND
from DC-on to DC steady-state quantitatively. As a result, we quantitatively clarify that
the time constant T of electric field formation from DC-on to DC steady-state are highly
dependent on the non-uniform factor n and location of the gap space in the electrode
configuration under non-uniform DC electric field. The locations with higher electric
field stress in the gap space have the shorter time constant t. In addition, the time
transition process of electric field stress in SFs gas depends on the gap space and the
location of maximum electric field change during time transition. Especially, we clarify
that the highest electric field stress in SFs gas may emerge in actual GIS structure from
DC-on to DC steady-state based on the time transition process of emerging electric field
due to accumulated charge.

Index Terms — HVDC insulation, DC-GIS, charge accumulation, electric field
distribution, time constant, gas-solid composite insulation.

1 INTRODUCTION

the interface between the epoxy-spacer and SFs gas [3-5]. Hence,

It is necessary to improve the reliability of HVDC power
equipment such as SFe gas insulated switchgear (GIS) for the
introduction of long distance power transmission and the
integration of renewable energy systems [1]. Especially, the
enhancement of electrical insulation performance in DC gas
insulated switchgear (DC-GIS) leads to advantages such as space
saving installations and maintaining reliability.

The electric field distributions in DC-GIS are entirely different
from those of the AC application [2]. In the case of gas-solid
composite insulation systems under DC voltage, the electric field
stresses in SFg gas are characterized by the charge accumulation at
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DC charging phenomena, which depend on the conductivity values
of the materials of gas and epoxy-spacer, will be one of the critical
parameter to be investigated. However, the conductivity values of
materials in GIS are not so easily identified, as they are influenced
by factors such as the surrounding temperature, electric field stress
and moisture content [6, 7]. Especially, the conductivity in SFs gas
would be determined by the local existence of the source of charge
carrier such as the surface roughness of the conductor, impurities,
and partial discharges [8, 9]. In particular, DC electric field stresses
in gas are forced to be changed and distorted depending on the
charging process and the location in the field space during the time
transition from the initial state to DC steady-state [4]. Therefore, in
order to better understand the distortion process of DC electric
field distributions, it is required to quantitatively investigate the
time transition of the electric field generated by the accumulated



charge on the solid insulator. On the other hand, few studies have
reported the electric field distribution generated by the
accumulated charge in detail.

In this paper, the electric field distributions and time constant t
from the initial state DC-on to final DC steady-state in gas-solid
composite insulation systems were calculated and discussed. Using
a simulation model with simple axisymmetric 3D rod-electrode
configuration and an actual insulating epoxy-spacer model, the
time transition characteristics of DC electric field stress in SF¢ gas

were investigated based on the charge activity on the solid insulator.

Especially, the electric field generated by the accumulated
charge on solid insulator surface are introduced to elucidate the
time transition process of electric field stress in the gap space
between HV conductor and GND during time transition. Note
that, we represent “the electric field generated by the
accumulated charge on the solid insulator” as “the emerging
field” in this paper.

2 DC ELECTRIC FIELD ANALYSIS METHOD
IN COMPOSITE INSULATION SYSTEMS

2.1 TIME TRANSITION OF DC ELECTRIC FIELD
DISTRIBUTION AND CHARGE ACCUMULATION
FROM DC-ON TO DC STEADY-STATE

The DC electric field distribution Epc is dependent on the
permittivity and electric conductivity of the insulating materials
such as SFe gas and epoxy-spacer. That is, the following
equation (1) based on Gauss's law is to be solved [10].

div (cH—%s) Epc=0 (1)

Where ¢ permittivity of insulating material, o: electric
conductivity. From equation (1), at initial capacitive state, the
electric field (DC-on) is determined by the permittivity € of the
insulating materials. From DC-on to DC steady-state, the
electric field distributions are forcibly changed based on
equation (1). Under DC steady-state conditions, the DC electric
field distribution is finally determined by the electric
conductivity c of the insulating materials.

The charge accumulation under DC application is calculated
by the following equation (2) at the interface between SF¢ gas
and epoxy-spacer.

_EgasEgasn + egpEgpn = —q 2

Where Egsn: the normal component of the total electric field
stress to the insulator surface in SFs gas, Eepn: the normal
component of the total electric field stress to the insulator
surface in epoxy-spacer, q: surface charge density at the
interface.

2.2 CHARGE CARRIER SUPPLY SOURCE AND
CHARGE BEHAVIOR AROUND EPOXY-SPACER
IN SFs GAS

Figure 1 shows the schematic model of DC charge activity in
gas-solid composite insulation. The conductivity values of the
epoxy-spacer and gas depend on the state of electrode
roughness, microscopic protrusions and other sources of charge
carrier. In the case of insulation conditions without any defects,
the conduction process in solids would be predominant, that is,
(a) solid-dominant conditions (cep > 6g4as). On the other hand, in

the case of insulation defect, for example with metallic particles
and protrusions, partial discharge could be generated and DC
electric field distributions are quickly distorted by charging
phenomena through the charge carrier in SFs gas, i.e., (b) gas-
dominant conditions (ogep < Ogas) [8, 11-14].

In one example, Figure 2 shows the calculated 5% equi-
potential line and the conductivity distribution in SFs gas for an
actual insulating epoxy-spacer model, assuming the main
source of charge carrier is only natural ionization by cosmic ray.
The conductivity in SFs gas in Figure 2 is calculated based on
transport equation of positive and negative ion including the

(a) Solid conductivity
dominant condition

Epoxy

spacer

(o EP = O'gas) Ugas
®—0O ®

Mo —©

Cosmic ray etc. Recombination

OAxisymmetric 3D systems
=+ HV conductor

Roughness
Partial Protrusion
discharge: @___—>®

Diffusion

Field electron ~~
emission

:@
A’““COHISIOH
L. @ ionization
(b) Gas conductivity charged
. . Surf: arge
dominant condition e — Metallic particles
L
(Ogp < 0985) = Groundedtank =

Figure 1. Charge carrier supply sources and charge behavior under
HVDC conditions in gas-solid composite insulation systems.
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Figure 2. 5% equi-potential line (upper figure) and conductivity in SFs

gas (lower figure) around actual insulating epoxy-spacer model (id of outer

sheath ®450, od of inner HV conductor ®150 mm, +DC 100 kV
anplication. 0.5 MPa-abs).
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terms of ion pair generation, recombination, drift due to electric
field and diffusion [5]. From these results, in Figure 2, we can
find that the location and the shape of the spacer would affect
the electric field distribution and th e local distribution of gas
conductivity. The conductivity distributions in SFe gas are not
uniform and depending on the gap space. The values of
conductivity in SFe gas range from 10°1° to 10-'8 S/m. However,
this electric field and conductivity distributions in SFs gas are
under the conditions in which the influences of the surface
roughness of HV conductor, charge injection from electrodes
and partial discharge due to protrusions are negligible.
Therefore, the actual conductive characteristics in SFg gas
contributing to the charge accumulation on the solid insulator
and DC electric field distribution are not so easily identified
quantitatively.

3 SIMPLE GAS-SOLID COMPOSITE
INSULATION MODEL

3.1 TIME TRANSITION CHARACTERISTICS OF
ELECTRIC FIELD STRESS

Firstly, in order to make the time dependent characteristics
clearly understandable, a simulation model with simple
axisymmetric 3D rod-electrode configuration systems in gas-
solid composite insulation was introduced, as shown in Figure
3. The aim of the introduction of a simulation model shown in
Figure 3 is to show the relationship between the emerging
electric field and the resultant DC electric field clearly while
changing the shape of the rod-electrode under non-uniform
electric field. We investigate the time and gap space dependent
characteristics of DC electric field with non-uniformity factor n
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Figure 4 shows the time transition of the electric field stress
in SFs gas at each Point a - ¢ on the rod-electrode for Model 1.
The electric field is relaxed by the charge accumulation on the
solid insulator over time. In particular, at DC-on (t = 0 [h]), the
electric field stress at Point a shows the maximum value,
whereas after t = 500 [h], the electric field stress at Point b
shows the maximum value. This means that the locations of the
maximum electric field stress in SFe gas are changed over time
and the time constant at different location on the electrode
surface, as well.

Figure 5 shows the time constant t of the electric field in SFg
gas from DC-on to DC steady-state along the rod-electrode
surface ¢ while changing the tip curvature radius r (non-
uniformity factor 1 = 1.24 - 4.20, Model 1 - Model 3) i
gomparison with € parallel plane electrode model(H="1:00).
From this figure, the time constant t of the electric field in SFg
gas are dependent on the locations of the gap space under “non-
uniform” electric field. In addition, the larger the non-

uniformity factor n and the conductivity ratio ogp/cgas, the
longer time constant 1 of changing electric field in SFe.
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Figure 3. Simulation model of DC transient electric field in gas-solid
composite insulation.

50

N
o

w
o

Electric field in SF¢ gas [kV/cm]

0 500 1000 1500 2000
Time [h]

Figure 4. Time transition of DC electric field stress in SFs gas on the
different location of HV rod-electrode surface for Model 1 (ogp/Gges =
1017/10%).
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Figure 5. Time constant T of DC electric field transition in SFg gas on HV
rod-electrode surface.



3.2 TIME TRANSITION CHARACTERISTICS OF
EMERGING ELECTRIC FIELD DUE TO
ACCUMULATED CHARGE

Figure 6 shows the time transition of the emerging field due
to the accumulated charges on the solid insulator (left side) and
the resultant synthetic electric field stress distributions in SFe
gas (right side) for Model 1. The emerging field E. distributions
due to the charge accumulation are calculated by the following
equation (3).

EDC =Ea +Ec (3)

Where E.: capacitive electric field at DC-on, Epc: synthetic
electric field from DC-on to DC steady-state.

The emerging field due to positive potential is expressed by
red color filled and negative potential is blue color filled. From
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Figure 6. Emerging field E; (left figure) and synthetic electric field Epc
(right figure) distributions for Model 1 (cgp/gas = 10™7/107%6).

these figures, in the case after 100 [h], the synthetic electric
field in SFg gas is mainly concentrated at the rod-electrode tip
surface. On the other hand, the synthetic electric field in SFe gas
is relaxed corresponding to the emerging field during the time
transition. First of all, the emerging electric field is distributed
around at the rod-electrode tip, Point a, after 100 [h]. Finally,
the emerging electric field progress in the direction of Point b
and c during time transition. This means that the location of the
maximum electric field in SFs gas transits from DC-on to DC
steady-state as shown in Figure 4.

As a result, we found that the time transition characteristics
of DC electric field stress in SFs gas depends on the location of
the gap space and the location of the maximum electric field
stress may change over time. This is because the emerging field
due to the accumulated charge on the solid insulator progress
during time transition. In addition, the smaller conductivity
ratio oep/ogss, the shorter time constant from DC-on to DC
steady-state. The time constant tends to be short at the location
of electric field concentration such as Point a.

4 ACTUAL INSULATING GAS AND EPOXY-
SPACER MODEL

4.1 ELECTRIC FIELD DISTRIBUTION

In this section, we investigate the time transition process of
the accumulated charge and resultant DC electric field
distribution depending on the location by using an actual GIS
structure based on the previous section. Figure 7b shows the
electrode configuration of an actual insulating epoxy-spacer
model with a coaxial electrode system and solid insulator in SFg
gas. Figure 7a shows the electric field distribution at DC-on,
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Figure 7. Actual epoxy-spacer model in gas-solid composite insulation
systems (lower figure, id of outer sheath ®450, od of inner HV conductor
@150 [mm], +DC 100 [kV] application) and electric field distribution at
DC-on (upper figure, eep/egas = 6/1).
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Figure 8. Electric field distributions under DC steady-state (egp/€gas =
6/1, ogp = 107, G4es = 1072 (upper figure) and 10™° (lower figure) [S/m]).

capacitive field. The electric field stress is mainly concentrated
around the HV conductor shield surface at Point A and D in SFs
gas.

Figure 8 shows the electric field distributions and 5% equi-
potential lines under DC steady-state, resistive field, in the case
of gas-dominant conditions ((a) upper figure, cep < Ggas) and
solid-dominant conditions ((b) lower figure, oep > 6gas). Firstly,
the electric field distribution under DC steady-state in the case
of gas-dominant conditions (cep < 6gss) is entirely different from
that at DC-on. In the case of DC steady-state under gas-
dominant conditions (cep < ogas), the electric field stress is
mainly concentrated inside the epoxy-spacer. Especially, the
location of the maximum electric field stress in SFg gas shifts
from Point A and D to Point B on the HV conductor shield.

On the other hand, the electric field distribution under DC
steady-state under solid-dominant conditions shows almost the
same characteristics as with DC-on. These characteristics of the
electric field distributions are due to the fact that the value of
conductivity of SFg gas is greatly dependent on the source of
charge carrier and the charge accumulation process on the solid
insulator surface under DC voltage application.

4.2 CHARGE DENSITY DISTRIBUTIONS ON
EPOXY-SPACER SURFACE UNDER DC VOLTAGE
Figure 9 shows the charge density distributions along the

spacer creepage length £ under DC steady-state on both the
concave and convex sides. In the case of gas-dominant
conditions (oep/ogs = 0.5 - 0.1), positive charges are
accumulated on the concave side and negative charges on the
convex side, as shown in Figure 1b under positive DC voltage

application. On the other hand, in the case of solid-dominant
conditions (oep/ogs = 10 - 100), negative charges are
accumulated on the concave side and positive charges on the
convex side, as shown in Figure 1a under positive DC voltage
application. These charge polarities and amount characteristics
may strongly depend on the electrical conduction
characteristics of gas-solid composite insulation, that is, on the
type of the source of charge carrier. In the case of gas-dominant
conditions (oep < ogas), the main source of charge carrier is
expected to be ionization by partial discharge in high electric
field region, while in the case of solid-dominant conditions (cep
> 64as), from the inside of the epoxy-spacer. Therefore, in the
case of gas-dominant conditions, DC electric field distributions
could be greatly distorted by remarkable charge accumulation
on the epoxy-spacer as shown in Figure 8.

Figure 10 shows the time dependent characteristics of the
charge density distributions along the spacer creepage length £
under gas-dominant conditions (cep < 6gas) ON both the concave
and convex sides from DC-on to 300 [h]. The amount of charge
density on the epoxy- spacer surface is built up during the time
transition on both the concave and convex sides. On the
concave side, the charge density during the time transition from
DC-on to DC steady-state shows almost the same shape of
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Figure 9. Charge density distributions under DC steady-state along spacer
creepage length € while changing conductivity ratio 6gp/cgas (€ep/€gas = 6/1,
oep = 10, 6ges = 10°2° - 108 [S/m], +DC 100 kV application).



distributions, which indicates a peak value around Point 1, as  charge density on the solid insulator from DC-on to DC steady-
shown in Figure 9a and 10a. On the other hand, on the convex  state depends on the location of the epoxy-spacer surface.
side, the charge density distributions during the time transition  Especially, the growth of charge density at Point 3 on the
show the different distributions characteristics, indicate that the ~ convex side is remarkable, where the electric field in SFg gas is
location of peak shifts from Point 3 to Point 4, as shown in  concentrated at DC-on, as shown in Figure 7.

Figure 9b and 10b. From these results, the time constant t of the
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Figure 10. Time transition characteristics of charge density distributions along spacer creepage length ¢ under gas conductivity dominant conditions (&gp/€gas
= 6/1, ogp/Oges = 1017/10 = 0.1, +DC 100 kV application).

+DC 100 [kV] +DC 100 [kV]

Emerging negative potential Emerging positive potential [T e | | | | |
—12.4kV] ] 0 16 [kV/cm]

(a) Emerging electric field after 50 [h] (b) Electric field distribution after 50 [h]
+DC 100 [kV] +DC 100 [kV]
Emerging negative potential Emerging positive potential 0 20 [kV/cm]
—29.3[kV]

(c) Emerging electric field after 200 [h] (d) Electric field distribution after 200 [h]
+DC 100 [kV] +DC 100 [kV]
Emerging negative potential Emerging positive potential [ | R |
—43.7[kV] +35.6kV] 0 27 [kvicm]

(e) Emerging electric field under DC steady-state () Electric field distribution under DC steady-state

Figure 11. Time transition of emerging electric field due to accumulated charges on solid spacer and resultant electric field distributions in DC-
GIS under gas conductivity dominant conditions (gp/gs = 6/1, Gep/Gges = 10™7/10°26= 0.1, +DC 100 kV application).



4.3 TIME TRANSITION CHARACTERISTICS OF
EMERGING ELECTRIC FIELD DUE TO
ACCUMULATED CHARGE

Figure 11 shows the time transition of the emerging electric
field due to the accumulated charges on the solid insulator and
resultant synthetic electric field distributions in an actual
insulating spacer model. From these figures, the electric field
due to negative accumulated charges on the convex side
emerges more than the electric field due to positive
accumulated charges on the concave side. This phenomenon
can be explained by the remarkable evolution of negative
charges at Point 3 in Figure 10a. The electric field stresses in
SFe gas on the HV conductor shield surface are enhanced by the
emerging electric field due to negative accumulated charges on
both the concave and convex sides. Finally, the emerging
electric field due to positive accumulated charges emerges late
on the concave side.

Figure 12 shows the time dependent characteristics of the
electric field stresses in SFe gas during time transition from DC-
on to 300 [h] on the HV electrode shield surface under both gas
and solid-dominant conditions. From this figure, in the case of
solid-dominant conditions (cep > ogas), the time evolution of
electric field stresses at each points in SFes gas show little
change.

On the other hand, in the case of gas-dominant conditions
(oep < ogss), the electric field stresses in SFs gas are greatly
dependent on the time transition and the location of the gap
space. At DC-on (t = 0 [h]), the electric field stress in SFe gas
at Point D shows the largest value. On the contrary, after 100
[h], the evolution of the electric field stress in SFs gas at Point
C can be recognized with peak value. Finally, the electric field
distributions are determined by the accumulated charge on the
epoxy-spacer surface, and the electric field stresses at Points D
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Figure 12: Time and space dependent characteristics of electric field
stress in SFg gas during time transition from DC-on to 300 [h] on HV
electrode surface at points A - D (gep/egas = 6/1, 6ep = 1077, 6455 = 1026 and
1018 [S/m], +DC 100 kV application, gas conductivity dominant
conditions: ogp/ogas = 0.1, solid conductivity dominant conditions: ogp/cgas
=10).

and C are relaxed, and the electric field stress at Point B shows
the highest value. These time and gap space dependent
characteristics can be explained by the above discussions about
the emerging electric field due to the accumulated charges on
the solid insulator.

As aresult, we quantitatively clarified that the time transition
characteristics of the electric field stress in SFg gas are
dependent on the location of the gap space based on charge
activity. In addition, the location of the maximum electric field
stress in SFe gas shifts and the most severe condition emerges
through the charging process on the epoxy-spacer surface
during the time transition from DC-on to DC steady-state.

5 CONCLUSIONS

In this paper, the time and space transition characteristics
from DC-on to DC steady-state of the HVDC electric field
stress in SFs gas and accumulated charges on the epoxy-spacer
were investigated in gas-solid composite insulation systems.
The following conclusions were quantitatively addressed:

1. The time transition characteristics of the DC electric field
and charge density distributions are highly dependent on
the electric conduction characteristics in the gap space.
This means that the identification of the source of charge
carrier, such as electron emission from the conductor
surface, partial discharges and so on, is important. Thus,
the conductivity values and the local conductivity in the
gap space could be critical for DC electrical insulation
performance.

2. Under non-uniform electric field in DC composite
insulation systems, the time constant t of electric field
formation from DC-on to DC steady-state highly depends
on the non-uniformity factor n and location of the gap
space in the electrode configurations. The time constant t
would not be a uniform value but different depending on
the location in the gap space under non-uniform electric
field. Moreover, we clarified that the locations with higher
electric field stress in the gap space have the shorter time
constant 1 of electric field formation.

3. The time transition characteristics of accumulated charge
on solid insulators would determine the DC electric field
distributions  in  composite insulation  systems.
Accordingly, we found that the maximum electric field
stress may appear in between initial DC-on and final DC-
steady state based on the time transition of emerging
electric field due to accumulated charge, depending on the
locations and electric field concentrations in the gap space.
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