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Abstract: The electric field distribution on insulators in a gas-solid insulation system after 
energizing with a dc voltage changes from an initial capacitive to a stationary resistive 
field distribution. While the capacitive field distribution - with a given geometry of the 
insulator - is determined by the permittivity of dielectric materials involved, the resistive 
field distribution is mainly controlled by the volume and surface conductivity of the 
insulating material and the volume conductivity of the surrounding gas. As a result of a 
constant generation rate of charge carriers due to natural ionization, the conductivity of an 
insulating gas is nonlinearly dependent on the electric field strength. The development of 
the electric field, i.e. the transition from the initial capacitive to the stationary resistive field 
distribution is calculated using a simulation model which takes into account the 
generation, recombination and motion of charge carriers in a gas. The influence of the 
charge carrier generation rate, the field strength and the surface conductivity of the 
insulator is investigated. The simulation results are verified by measurements of the 
surface potential on epoxy resin insulators in air under dc voltage. 
 

 
1 INTRODUCTION 

Recent studies point out that a growing number of 
HVDC-systems will be needed to transfer electrical 
energy over large distances between energy 
generation and consumption [1]. The voltage of 
those systems will rise above ±800 kV [2]. The 
design and optimization of insulators intended for 
an application under dc voltage is crucial due to 
the high electric field stress. 

Field simulation software can be used to calculate 
the electric field in electrical insulation systems. 
Thereby, it must be noted, that the electric field 
distribution in a gas-solid insulation system under 
dc voltage differs from the distribution under ac 
voltage stress. While the electric field in the ac 
case is determined by the permittivity of the 
involved dielectrics, the stationary resistive field 
distribution is governed by the volume and surface 
conductivity of the insulating materials [3]. From 
the moment of voltage application, the electric field 
distribution changes from an initial capacitive to a 
stationary resistive state. The field transition goes 
hand in hand with the accumulation of charges on 
dielectric interfaces. The duration of the capacitive-
resistive field transition depends on the dielectric 
and electrical properties of the involved dielectrics 
and may lie in the order of weeks for highly 
insulating material [4]. The insulation strength of 
systems may be reduced by the influence of 
charge accumulations during operation or polarity 
reversal of the applied voltage [5, 6, 7]. 

For the calculation of transient capacitive-resistive 
field distribution, the dielectric and electrical 
properties of the insulating materials have to be 
known. It has been shown, that the volume and 

surface conductivity of polymeric materials is highly 
influenced by the temperature and humidity of a 
surrounding gas [8]. As a consequence of a 
constant charge carrier generation rate, the volume 
conductivity of an insulating gas like air or SF6 is 
nonlinearly depending on the electric field strength 
[9]. Neglecting other possible sources of charge 
carriers like field emission from the cathode, micro 
discharges or partial discharges on particles, 
charge carriers in gas are produced because of 
natural ionization i.e. photoionization due to cosmic 
and terrestrial radiation [10, 11]. The ion pair 
generation rate ∂nIP/∂t in ambient air is subject to 
fluctuations. Though, an average value 
∂nIP/∂t = 10 IP/(cm3s) can be assumed [12]. Inside 
of vessels made of aluminium or steel, ∂nIP/∂t is 
almost constant because of the shielding effect of 
the vessel material on the terrestrial radiation but 
still depending on the type and pressure of the gas 
and the location of the vessel [13]. 

In this paper, the influence of the ion pair 
generation rate, surface conductivity and electric 
field strength on the field distribution along 
cylindrical epoxy resin insulators is investigated 
using a simulation model that takes into account 
the generation, recombination and motion of 
charges in insulating gases. The results are 
verified by measurements of the surface potential 
on cylindrical epoxy resin insulators. 

2 EXPERIMENTAL SETUP 

Measurements of the surface potential are 
performed on cylindrical insulators made of Al2O3-
filled epoxy resin material with embedded 
aluminium electrodes with radius rI = 40 mm and 
height hI = 132 mm. The insulators are installed 
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between a high voltage electrode and a plate-
shaped ground electrode (Figure 1). In order to 
guarantee defined field conditions, the high voltage 
electrode and the insulator are surrounded by a 
grounded screen. The surface potential is 
measured using an electrostatic voltmeter “Trek 
341B”, which uses the field compensation 
principle. The probe is installed in a distance of 
2 mm in front of the insulators surface. The probe 
can be moved axially and the insulator can be 
rotated around its vertical axis using stepper 
motors. To avoid an influence of the probe on the 
electric field between two measurements, it is 
parked in a weak-field area inside of the ground 
electrode. The whole setup is installed in a vessel 
with controlled environmental conditions under a 
temperature ϑ  = 20°C and relative humidity 
RH ≤ 2%. 

 
Figure 1: Electrode arrangement, cylindrical 
insulator and probe for the measurement of the 
surface potential 

Before installation in the test setup, the insulators 
are dried in an oven at ϑ  = 100°C for at least 48 h 
and afterwards stored at a ϑ  = 20°C and RH ≤ 2% 
for at least 24 h. After installation, they are cleaned 
with isopropanol and checked for surface charges 
using surface potential measurements without 
applied voltage. 

3 SIMULATION 

A gas model was developed, that takes into 
account the generation, recombination and motion 
of charges in an insulating gas. It is combined with 
the model of a solid insulator. The current density 
JI in the solid dielectric is calculated using the 
equation of continuity [3]: 

I VIt
κ∂

= + ⋅
∂
DJ E

 
(1)  

D electric flux density 
κVI volume conductivity of the solid insulating 

material 
E electric field strength 

3.1 Gas model 

Charge transport in insulating gases with high 
electron affinity like air and SF6 occurs in form of 
ion drift [14]. The dynamic change of the density of 
positive and negative ions n+ and n- can be 
described in form of transport equations [15]: 

( ) 2IP
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kr recombination coefficient 
,b b+ −  mobility of positive/negative ions 
,D D+ −  diffusion coefficient for positive/negative 

ions 

The electric field strength E can be calculated from 
the electric potential φ which can be described in 
dependence of a space charge density via the 
Poisson-equation: 

( )grad ϕ= −E  (4)  

( )2
e n nρϕ

ε ε

+ −⋅ −
∇ = − = −  (5)  

e elementary electric charge 
ε permittivity of the gas 

The diffusion coefficient is calculated using the 
Einstein-equation [16]: 

/ / k TD b
e

+ − + − ⋅
= ⋅  (6)  

k Boltzmann constant 
T temperature 

The current density through the gas JG is the sum 
of conduction current JC and displacement current 
JD: 
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t
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+ + − −
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∂
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∂
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3.2 Surface conduction 

Surface conduction on gas-solid interfaces is 
simulated using a thin layer with thickness dL and 
volume conductivity κVL, acting like layer 
conductivity κS [17]. The development of the 
surface charge density σS on the interface is 
described as [18]: 

( )S Gn In
In Gn S t

D D J J div E
t t t
σ

κ
∂ ∂ ∂

= − = − − ⋅
∂ ∂ ∂

 (8)  

S VL Ldκ κ= ⋅  (9)  
JIn, JGn normal component of the current density 

on the insulator/gas-side of the interface 
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DIn, DGn normal component of the electric flux 
density on the insulator/gas-side of the 
interface 

Et tangential component of the electric field 
strength 

For the following simulations, a layer thickness 
dL = 50 μm is used. The layer conductivity κS is 
chosen by varying the volume conductivity of the 
layer κVL. 

3.3 Boundary and starting conditions 

The potential on the high voltage electrode φHV and 
on the ground electrode φGND is assigned as 
Dirichlet-condition: 

HV Uϕ =  (10)  
GND 0ϕ =  (11)  

U applied voltage 

The potential on the insulator surface φS has to be 
continuous on the gaseous and solid side φSG and 
φSI of the interface: 

S SI SGϕ ϕ ϕ= =  (12)  

The boundary conditions of the charge carrier 
density are defined according to the direction of the 
current flow on an interface. On boundaries from 
which a current flow occurs, the density of positive 
ions and the gradient of the negative charge 
density are zero. On boundaries into which a 
current flow occurs, the density of negative ions 
and the gradient of the positive charge density are 
zero. 

At the time t0 = 0, the electric potential in every 
point is set to 0 V. The charge carrier density is in 
the equilibrium state: 

( ) ( ) IP
0 0

r

1nn t n t
t k

+ − ∂
= = ⋅

∂
 (13)  

3.4 Discontinuous Galerkin-method 

When a partial equation system contains dominant 
convective terms, the common solver method of 
FEM-programs – the continuous Galerkin-method 
(CGFEM) – tends to create oscillations of the 
unknown variables and may lead to non-
converging results [19]. Therefore, the 
discontinuous Galerkin-method (DGFEM) with 
terms for “interior penalty”- and “upwind”- 
stabilization is used to support convergence of 
calculations [20, 21]. According to the DGFEM the 
equation system for the gas model is implemented 
in weak formulation in the FEM-program COMSOL 
Multiphysics. 

4 SIMULATION RESULTS 

Calculations are performed using a rotationally 
symmetric model of the test setup presented in 
Figure 1. A mobility b+ = 1.36 cm2/(Vs) and 

b- = 1.87 cm2/(Vs) for positive and negative ions 
and a recombination coefficient kr = 1.4×10-6 cm3/s 
are used for air at 0.1 MPa and 293 K [22, 23]. As 
volume conductivity of the solid insulating material, 
a value for epoxy resin κVI = 3.33×10-20 S/cm from 
literature is assumed [8]. The high voltage 
electrode is energised by a linearly rising voltage 
from 0 V at t0 = 0 to reach the dc voltage U within 
100 ms. The duration of the capacitive-resistive 
field transition is analysed using the time t90%, 
which describes the time that is needed until the 
difference of the potential at a point i between the 
potential at the time t90% φi(t90%) and the potential in 
the stationary resistive state φi(t∞) on the insulator 
surface is ≤ 10% of the initial difference: 

( ) ( )
( ) ( )

i i 90%

i i 0

0.1
t t
t t

ϕ ϕ

ϕ ϕ
∞

∞

−
≤

−
 (14)  

4.1 Ion pair generation rate 

For investigations of the influence of the ion pair 
generation rate, a negligible surface conductivity 
κS = 0 is assumed. After application of a dc voltage 
to the high voltage electrode, charges move along 
the electric field lines and accumulate on the gas-
solid interface due to the differing conductivity of 
the dielectrics (Figure 2). 
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Figure 2: Simulated surface charge density in the 
stationary resistive state along an insulator for 
different values of ion pair generation rate ∂nIP/∂t; 
U = 15 kV; εrI = 5; κVI = 3.33×10-20 S/cm; κS = 0; 
b+ = 1.36 cm2/(Vs); b- = 1.87 cm2/(Vs); 
kr = 1.4×10-6 cm3/s 

For ∂nIP/∂t < 2.5 IP/(cm3s) mostly positive charges 
are found on the insulator surface. The charges 
reach the interface through the insulator volume, 
i.e. volume conductivity of the solid insulating 
material dominates the charging process. The 
positive charges influence the electric field 
distribution, leading to an increased surface 
potential along the insulator in the stationary 
resistive state (Figure 3). With increasing ion pair 
generation rate, the conductivity of the gas rises. 
For ∂nIP/∂t > 2.5 IP/(cm3s) mostly negative charges 
accumulate on the insulator, traveling through the 
gas volume to the gas-solid interface, i.e. volume 
conductivity of the gas dominates the stationary 
resistive state. The surface potential decreases as 
a consequence of the negative gas ions. As a 
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consequence of a neglected surface conductivity, 
the distribution of surface charges correlates to the 
distribution of the normal component of the electric 
field strength En in the initial capacitive state 
(Figure 4). According to equation (8), the stationary 
resistive state is reached, when the normal 
components of the current density on both sides of 
the interface match each other. 
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Figure 3: Simulated surface potential in the initial 
capacitive and stationary resistive state along an 
insulator for different values of ion pair generation 
rate ∂nIP/∂t; U = 15 kV; εrI = 5; 
κVI = 3.33×10-20 S/cm; κS = 0; b+ = 1.36 cm2/(Vs); 
b- = 1.87 cm2/(Vs); kr = 1.4×10-6 cm3/s 
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Figure 4: Simulated normal and tangential 
component of the electric field strength in the initial 
capacitive and stationary resistive state along an 
insulator for different values of ion pair generation 
rate ∂nIP/∂t; U = 15 kV; εrI = 5; 
κVI = 3.33×10-20 S/cm; κS = 0; b+ = 1.36 cm2/(Vs); 
b- = 1.87 cm2/(Vs); kr = 1.4×10-6 cm3/s 

Charges accumulate, until the normal component 
of the current density on both sides of the interface 
matches each other. In the case of dominating 
volume conductivity of the solid insulator, 
especially the normal component of the electric 
field strength is increased. In the case of 
dominating gas conductivity, it is reduced 
considerably, i.e. the electric field lines run 
preferably in the gas (Figure 5). The time t90% 
differs significantly along the insulator surface 
(Figure 6). It decreases with increasing ion pair 
generation rate as a consequence of increasing 
gas conductivity and a rising current density 
through the gas. For ∂nIP/∂t < 0.1 IP/(cm3s), t90% 
doesn’t change anymore, because the duration of 
the field transition is determined by the dominating 
volume conductivity of the solid material. For 

∂nIP/∂t > 150 IP/(cm3s), the distribution of  charges 
doesn’t change anymore. As a consequence of the 
stationary field distribution, just a small portion of 
generated gas ions reach the insulator surface. 
Nevertheless, the time t90% decreases further, due 
to the increasing gas conductivity. 

 
Figure 5: Simulated electric field lines in the 
stationary resistive state along an insulator for 
different values of ion pair generation rate ∂nIP/∂t; 
a) ∂nIP/∂t = 0.1 IP/(cm3s); b) ∂nIP/∂t = 10 IP/(cm3s); 
c) ∂nIP/∂t = 150 IP/(cm3s); U = 15 kV; εrI = 5; 
κVI = 3.33×10-20 S/cm; κS = 0; b+ = 1.36 cm2/(Vs); 
b- = 1.87 cm2/(Vs); kr = 1.4×10-6 cm3/s 
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Figure 6: Simulated time t90% along an insulator for 
different values of ion pair generation rate ∂nIP/∂t; 
U = 15 kV; εrI = 5; κVI = 3.33×10-20 S/cm; κS = 0; 
b+ = 1.36 cm2/(Vs); b- = 1.87 cm2/(Vs); 
kr = 1.4×10-6 cm3/s 

4.2 Surface conductivity 

The surface potential for different values of surface 
conductivity κS is shown in Figure 7. For 
κS ≤ 1.00×10-20 S, surface conduction is negligible. 
For κS ≥ 1.00×10-19 S, an influence of surface 
conductivity can be observed in the surface 
potential distribution. For κS ≥ 1.00×10-17 S, it is the 
dominant mechanism in the charging process. 
Surface charges accumulate in correlation to the 
tangential component of the electric field strength 
(Figure 8), leading to an almost homogeneous 
distribution of Et and an almost linear distribution of 
the surface potential. As a consequence of the 
altered field distribution, the distribution of surface 
charge density doesn’t change for 
κS ≥ 1.00×10-17 S. Though, with rising surface 
conductivity, the current along the insulator is 
increased and the accumulation of surface charges 
is accelerated. Therefore, t90% decreases with 
increasing surface conductivity (Figure 9). 
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Figure 7: Simulated surface potential in the initial 
capacitive and stationary resistive state along an 
insulator for different values of surface conductivity 
κS; U = 15 kV; εrI = 5; κVI = 3.33×10-20 S/cm; 
∂nIP/∂t = 10 IP/(cm3s); b+ = 1.36 cm2/(Vs); 
b- = 1.87 cm2/(Vs); kr = 1.4×10-6 cm3/s 
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Figure 8: Simulated surface charge density in the 
stationary resistive state along an insulator for 
different values of surface conductivity κS; 
U = 15 kV; εrI = 5; κVI = 3.33×10-20 S/cm; 
∂nIP/∂t = 10 IP/(cm3s); b+ = 1.36 cm2/(Vs); 
b- = 1.87 cm2/(Vs); kr = 1.4×10-6 cm3/s 
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Figure 9: Simulated time t90% along an insulator for 
different values of surface conductivity κS; 
U = 15 kV; εrI = 5; κVI = 3.33×10-20 S/cm; 
∂nIP/∂t = 10 IP/(cm3s); b+ = 1.36 cm2/(Vs); 
b- = 1.87 cm2/(Vs); kr = 1.4×10-6 cm3/s 

4.3 Electric field strength 

The influence of the electric field strength on the 
stationary resistive field distribution and the 
capacitive-resistive field transition is investigated 
by varying the applied voltage U. The normalized 
surface potential for different values of U is shown 
in Figure 10. For U < 75 kV volume conduction 
through the gas dominates the stationary resistive 

state. The surface potential decreases for 
decreasing electric field strength. That means that 
more negative charges accumulate on the gas-
solid interface. The applied voltage wasn’t 
increased to values U > 75 kV because the electric 
field strength would exceed the critical field 
strength of ambient air and the gas model wouldn’t 
be valid anymore. 
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Figure 10: Simulated normalized surface potential 
in the initial capacitive and stationary resistive state 
along an insulator for different values of applied 
voltage U; εrI = 5; κVI = 3.33×10-20 S/cm; κS = 0; 
∂nIP/∂t = 10 IP/(cm3s); b+ = 1.36 cm2/(Vs); 
b- = 1.87 cm2/(Vs); kr = 1.4×10-6 cm3/s 

With increasing field strength, the velocity of 
charge carriers in the gas increases. Therefore, the 
charge carrier density in the gas decreases, 
because generated ions reach the electrodes or 
the insulator surface in shorter time, i.e. the gas 
conductivity decreases and the duration of the 
capacitive-resistive field transition increases 
(Figure 11). For decreasing electric field, the 
charge carrier density and the conductivity in the 
gas are increased and t90% decreases. 
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Figure 11: Simulated time t90% along an insulator 
for different values of applied voltage U; εrI = 5; 
κVI = 3.33×10-20 S/cm; κS = 0; ∂nIP/∂t = 10 IP/(cm3s); 
b+ = 1.36 cm2/(Vs); b- = 1.87 cm2/(Vs); 
kr = 1.4×10-6 cm3/s 

5 MEASUREMENT RESULTS 

After application of a dc voltage U = 15 kV to the 
high voltage electrode of the test setup described 
in chapter 2, the surface potential on an insulator is 
measured periodically. It has to be noted, that the 
probe influences the electric field during 
measurement. This influence can be calculated 
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using 3-dimensional field simulation under 
consideration of the probe geometry and 
characteristic. The complete procedure is 
described in [24]. The presented measurement 
results are corrected by the probe’s influence if not 
mentioned otherwise. The measured surface 
potential for different times after application of a dc 
voltage is shown in Figure 12. 

0

5

10

15

0 0.2 0.4 0.6 0.8 1

po
te

nt
ia

l i
n 

kV

normalized height z/hI

S: t = 0
S: t = 2000 h
S: t = 8000 h
S: t = 25000 h
M: t = 0
M: t = 2000 h
M: t = 8000 h

capacitive
t = 2000 h
t = 8000 h
t = 60000 h
t = 0 h
t = 2000 h
t = 8000 h

 
Figure 12: Simulation (S): Initial capacitive and 
stationary resistive surface potential along a 
cylindrical insulator for different times t after 
application of a dc voltage; U = 15 kV; εrI = 5; 
κVI = 3.33×10-21 S/cm; κS = 1.00×10-20 S; 
∂nIP/∂t = 7 IP/(cm3s); b+ = 1.36 cm2/(Vs); 
b- = 1.87 cm2/(Vs); kr = 1.4×10-6 cm3/s 
Measurement (M): Mean values around the 
insulator’s circumference corrected by the probe’s 
influence along a cylindrical insulator for different 
times t after application of a dc voltage; U = 15 kV; 
ϑ  = 20°C; RH ≤ 2% 
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Figure 13: Simulation: Surface potential in 
different points on a cylindrical insulator after 
application of a dc voltage; U = 15 kV; εrI = 5; 
κVI = 3.33×10-20 S/cm; κS = 1.00×10-20 S; 
∂nIP/∂t = 7 IP/(cm3s); b+ = 1.36 cm2/(Vs); 
b- = 1.87 cm2/(Vs); kr = 1.4×10-6 cm3/s 
Measurement: Mean values around the insulator’s 
circumference corrected by the probe’s influence in 
different points on a cylindrical insulator after 
application of a dc voltage; U = 15 kV; ϑ  = 20°C; 
RH ≤ 2% 

The surface potential decreases with time, i.e. 
charge carrier transport through the gas dominates 
and negative gas ions accumulate on the gas-solid 
interface. The volume conductivity of the 
investigated epoxy resin material at room 
temperature couldn’t be determined with the 

available measurement systems, i.e. it is less than 
1.00×10-18 S/cm. The measurement results match 
simulation results for κVI = 3.33×10-21 S/cm and 
∂nIP/∂t = 7 IP/(cm3s). A very low surface 
conductivity κS = 1.00×10-20 S was assumed, which 
was extrapolated from measurements of the 
surface conductivity at ϑ  ≥ 40°C. The 
measurement was stopped after 8800 h. It can be 
estimated, that the stationary resistive state would 
be reached after approx. 40000 h (Figure 13). 

The influence of surface conductivity was 
investigated on coated insulators. The coating 
consists of a mixture of insulating varnish and 
slightly conductive fillers. The resulting layer 
conductivity was κS = 9.1×10-11 S. An almost linear 
potential distribution was measured directly after 
application of a dc voltage (Figure 14). The 
measurement results aren’t corrected by the 
probe’s influence, because it can’t be assumed, 
that the accumulation of surface charges is 
negligibly slow compared to the response time of 
the measurement system in this case [24]. The 
measurement results match simulation results 
using a surface conductivity κS = 9.1×10-11 S in the 
stationary resistive state. In the presented 
simulations, the applied voltage was increased 
within 1 ms to its full value, to avoid an influence of 
surface conduction during voltage application. As a 
consequence of the duration of a complete 
measurement of approx. 2.5 min only the 
stationary state can be measured on the insulator. 
Simulations indicate that the resistive state is 
reached after approx. 0.3 s. 
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Figure 14: Simulation (S): Initial capacitive and 
stationary resistive surface potential along a 
cylindrical insulator for different times t after 
application of a dc voltage; U = 15 kV; εrI = 5; 
κVI = 3.33×10-21 S/cm; κS = 9.1×10-11 S; 
∂nIP/∂t = 7 IP/(cm3s); b+ = 1.36 cm2/(Vs); 
b- = 1.87 cm2/(Vs); kr = 1.4×10-6 cm3/s 
Measurement (M): Mean values around the 
circumference of a coated cylindrical insulator after 
application of a dc voltage; U = 15 kV; 
κS = 9.1×10-11 S; ϑ  = 20°C; RH ≤ 2% 

6 CONCLUSION 

The charging of insulators and the duration of the 
capacitive-resistive field transition in gas-solid 
insulation systems under dc voltage stress depend 

PA-14 

126



on the ratio of charge transport through the solid 
material, the gas and along gas-solid interfaces. 
The conductivity of the gas is highly dependent on 
the charge carrier generation, the electric field 
strength and the geometry of the insulation system. 
A transient gas model was developed, which takes 
into account the generation, recombination and 
motion of charge carriers. It can be used to 
calculate the electric field distribution and the 
duration of the field transition in gas-solid insulation 
systems under dc voltage. The simulations were 
verified by measurements of the surface potential 
on epoxy resin insulators in air. 
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