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Partial discharge (PD) tests were carried out in a 
needle-plane geometry where the plane was covered 
by a dielectric barrier. PDs were generated by the 
application of a periodic negative step voltage. A 
typical lumped circuit model of the dielectric was 
created to simulate the bulk and surface conduction of 
space charge decay processes during corona 
discharges. The comparison was made between the 
simulation and the experimental results at the first 
cycle of the applied voltage. The result shows that at a 
lower applied voltage, the surface charges decay 
slower because of a lower surface and bulk 
conduction, however, they decay faster with the 
increasing applied voltage due to the increasing 
conduction. 

Partial discharge (PD) measurement provides a 
common tool to diagnose electrical insulation systems 
infested by defects. PDs are usually measured with 50 
Hz AC sinusoidal voltage stimulus in an on-line 
situation, but can also be measured at other voltages in 
off-line situations [1, 2].  
When a solid dielectric barrier is limiting the discharge 
activity, every discharge event deposits a certain 
amount of charges on the surface of the barrier. The 
deposited charges on the insulating surface will remain 
for a shorter or longer time depending on the decay 
mechanism due to different physical origins, such as 
bulk conduction, surface conduction, diffusion 
processes and neutralization from charges in the 
surrounding gas. Charge decay on the insulating 
surface can be investigated by the measurements or 
simulation of surface potential [3], charge density [4] 
and repetition rate of discharge activities [5].  
The lumped-circuit model of a dielectric is an 
engineering method to consider the insulating material 
as distributed capacitance and resistance [6-9]. One 
particular feature of this model is that the time 
dependent behavior of the current flowing on the 

surface will follow 1 2( )I t t [7]. The surface 

potential decay caused by the ohmic conduction of 
both the surface and the volume of the sample was 
investigated in [3]. Therefore, lumped-circuit model 
could also be a useful method to study the surface 
charge decay processes including surface and bulk 
conduction.  

In this study, a new method was explored based on a 
sequence of negative step pulses, of in principle 
variable duration T1, followed by a pause period of 
variable duration T2, with the voltage waveform shown 
in [5]. The aim is to study how such voltage 
application affects the relaxation of surface charges on 
the dielectric surface from previous discharges. The 
evolution of corona pulses at the different negative 
step voltage levels of eight consecutive cycles for the 
case of T1 = 100 ms and T2 = 10 s can be found in [5]. 
However, this paper mainly focuses on the modeling 
of surface charge decay of corona discharges based on 
the lumped-circuit model. By comparing with the 
experimental results at the first cycle of the applied 
voltage, the space charge decay processes based on the 
surface and bulk conduction was investigated.   

The time-resolved PD measurement system consists 
of an Agilent 33120A function generator, a TREK 
20/20 high-voltage amplifier, a coupling 
capacitance, a detection impedance, a Yokogawa 
DL750 Scope Corder and a computer, as shown in 
Fig. 1.  
The test voltage was generated by the function 
generator and then amplified by the high-voltage 
amplifier. The coupling capacitance CK was 250 pF 
(two 500 pF LCC ceramic capacitors in series), which 
was in series with the detection impedance Zt with a 
resistance of 1 k . The partial discharge pulses were 
acquired with the Scope Corder, with 12-bit A/D 
resolution, a sampling rate of 10 MS/s, and a deep 
memory of 250 MS, which allowed long time pulse 
sequential analysis.  

 Schematic of time-resolved PD measuirement 
system 

All the discharges were created as corona pulses in the 
needle-plane geometry, where a polycarbonate plate 
was placed on the ground electrode. The dimension of 
the ground electrode, the needle and the insulating 
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sheet used here can be found in [5]. The needle tip has 
a radius of 15 m. The distance between the needle tip 
to ground electrode was 1 cm. Before each 
measurement at a new applied voltage, the test object 
was allowed to relax by grounding the material to 
remove all the charges on the surface of the material. 
Air temperature and pressure in the test room were 
about 21 º C, 100 kPa, respectively. 

Corona discharge occurs when the applied voltage 
exceeds the inception voltage. After the corona 
starts, the corona current IC then rises with the 
increasing voltage V, following a current-voltage 
characteristic equation, such as 

2
0( )CI K V V                               (1) 

where V0 is the corona inception voltage, K is a 
constant. Assume the single discharge pulse does not 
have a cumulative effect on the background electric 
field, so every corona discharge event from the needle 
tip should give almost the same amount of charge q0.
Therefore, the cumulative corona charge Q(t) during 
discharge activities is  

0( ) ( )Q t q N t                               (2) 

where N(t) is the cumulative number of corona pulses 
from the start. The average corona current IC is then 
obtained by 

0

( ) ( )
C

dQ t dN t
I q

dt dt
                      (3) 

Every corona discharge deposits a certain amount of 
charges on the dielectric surface, leading to a charge 
accumulation, and a corresponding increase of the 
surface potential. The surface potential beneath the 
needle tip is VP. This causes reduction of the voltage 
difference across the gap to V - VP [10], leading to the 
current-voltage relation with the same constant value 
of K, given as  

2
0( )C PI K V V V                         (4) 

As corona charges build up on the insulating surface, 
VP increases. Therefore, the corona current IC

decreases, and even becomes zero if VP builds up high 
enough. Thus, from equation (3) and (4), the relation 
between the cumulative number of discharge pulses 
and the applied voltage can be achieved.  

An equivalent circuit is proposed to describe the 
surface conduction and bulk properties of dielectric on 
the plane, seen in Figure 2. Assume the discharge area 
as a circular region, as well as the dielectric.  

 Lumped-circuit model of a dielectric

Each ring-shaped element of the bulk has a 
capacitance and resistance given by  

2
1 0 1

2 2
0 1( )

r

i r i i

C r d

C r r d
                    (5)

2
1 1

2 2
1( )i i i

R d r

R d r r
                       (6) 

Each ring-shaped element of the surface has a 
resistance given as  

1 1 1

1

2

( ) 2

s s

si s i i i

R r r

R r r r
                  (7) 

where ri is the external radius of the ith ring, d is the 
thickness of the dielectric,  and s are the bulk and 
surface resistivity of the dielectric material, 
respectively. We have the voltage at node i

( )i iV V r                                (8) 

The current balance at the first node given by  

1 1 2 1
1 1

1 1s

dV V V V
I C

dt R R
                 

(9) 

and the current at the node i (1 i n ) is  

1 1

1

i i i i i i
i i

si si i

V V dV V V V
I C

R dt R R
     (10) 

where Ii is the corona current element at node i. At the 
last node, n + 1, the resistive layer is assumed to reach 
ground, therefore, Vn+1 = 0. This discrete formulation 
will yield an equation system of the form with the 
matrix M and vector b

i i

d
V MV b

dt
                        (11) 

where the matrix M and vector b can be found in [7].    
When corona occurs, the corona current density 
distribution on a conducting plate can be described by 
Warburg’s relation given as 

0( ) cosm
SJ r J                      (12) 

where J0 is the current density directly beneath the 
discharge point. Generally, m  5 for  60º has been 
found to be in harmony with the empirical data. It is 
assumed that the Warburg’s relation is even true for 
the insulating surface, as shown in Figure 3, so that the 
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radial dependent current density is considered as the 
initial distribution on the surface. Then corona current 
at node i can be given by 

5
2 2

2 2 2 5 2

3
( ( 1) ( ) )

2 ( )
i C

h
I I r i r i

h h r
      (13) 

with the corona current source IC from equation (4). 
More details of the derivation process can be found in 
[5]. A matlab program was made based on equation 
system (13) to investigate the surface potential VP and 
the cumulative number of discharge pulses N(t).

0
5cossJ J

0J

r

h

A typical needle-plane geometry showing 
Warburg’s relation on insulating plane 

The simulation results from the lumped circuit model 
here are compared with the experimental ones at one 
cycle of the applied voltage based on the cumulative 
number of corona pulses N(t). From the simulation, 
three parameters need to be adjusted in order to get a 
better fitting with the experimental results; they are the 
bulk and surface resistivity  and s, as well as the 
constant K in equation (4). All the simulations were 
carried out up to 100 ms in order to compare with the 
experimental results.  
The corona inception voltage is V0 = 3.2 kV in this 
condition. When the applied voltage is at the lower 
value of V = 4 kV, the behavior of N(t) from the 
measurement has a good agreement with two 
simulations, showing exponentially increaseing N(t) 
with a short rise time of 20 ms, as shown in Fig. 4.  
Fig. 5 shows the surface potential behavior over time 
at a fixed r position on the surface of the dielectric. 
Every curve corresponds to the surface potential at one 
specific node in the circuit shown in Fig. 2. It is 
obvious that the top curve with the highest value 
indicates the surface potential on the center of the 
dielectric beneath the needle tip; after that, the curves 
in sequence show the potential changing along the 
surface towards the edge, until the bottom one is the 
potential at the edge of the dielectric, which is set to 
zero in this simulation. Moreover, almost all the 
potential curves follow the exponential increasing with 
the increased time until 20 ms and then level off. This 
is because the surface charges deposited on the 
dielectric surface decay slower due to the higher bulk 
and surface resistivity, thus more and more charges 

stay on the surface, leading to an increasing surface 
potential Vp in a very short time, therefore, V-Vp is 
decreased, which decelerates the discharge activities.  
Since Warburg’s relation is considered as the initial 
condition of charges built-up on the dielectric surface 
in the simulation, shown in Fig. 3, therefore, the 
potential distribution along the radial direction on the 
surface always follows the Warburg’s relation, with the 
increasing value of surface potential over time, as 
shown in Fig. 6.  

 The comparison of the cumulative number of corona 
pulses at V = 4 kV with the parameters of K = 7.2 10-12

[C/(V2 s)], s = 1011 ,  = 1012 m  in simulation 1 and 
= 1011 m  in simulation 2. 

 The surface potential behavior over time at fixed r
position on the surface of the dielectric at V = 4 kV with the 
parameters of simulation 1 in Fig. 4. The total number of 
nodes is n = 100. 

 The surface potential behavior over time along the 
radial direction on the surface at V = 4 kV with the 
parameters of simulation 1 in Fig. 4.   

As the applied voltage is increased, the cumulative 
number of corona pulses N(t) behaves differently 
compared with the case of a lower applied voltage. 
The results in Fig. 7 show a slower exponentially 
increasing behavior, and the same to the surface 
potential behavior in Fig. 8. The potential Vp is higher 
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than before because of the higher applied voltage. The 
rise time of the curves here is longer because of the 
lower value of constant K, which controls the corona 
current going to the dielectric.

 The comparison of the cumulative number of corona 
pulses at V = 4.8 kV with the parameters of K = 0.8 10-12

[C/(V2 s)], s = 1011 ,  = 1011 m  in simulation 1 and 
= 1012 m in simulation 2.

 The surface potential behavior over time at fixed r
position on the surface of the dielectric at V = 5.4 kV with 
the parameters of simulation 2 in Fig. 8. The total number of 
nodes is n = 100. 

More comparisons for the cases of higher applied 
voltage levels at V = 5.4 kV and V = 6 kV are shown 
in Fig. 9. It can be observed that the cumulative 
number of corona pulses N(t) increases almost linearly 
from the start, and then reach to a very high value. 
This is because the space charges depostied on the 
dielectric decay faster due to the higer bulk and 
surface conduction, leading to a very small increase of 
Vp compared to the applied voltage, therefore, V-Vp is 
big enough to cause a constant repetition rate of 
discharge activities.  

 The comparison of the cumulative number of corona 
pulses for the case of V = 5.4 kV with the parameters of K = 
0.6 10-12 [C/(V2 s)], s = 2 1010  and  = 1010 m, for 
the case of V = 6 kV with the parameters of K = 0.5 10-12

[C/(V2 s)], s = 5 109  and  = 109 m.  

A lumped-circuit model was proposed to simulate the 
surface and bulk conduction for the surface charge 
decay processes of corona discharge. Simulations were 
compared with experimental results acquired from the 
needle-plane corona setup after the applied step 
voltages. Two important parameters from the model 
have been investigated here, that is the cumulative 
number of corona pulses N(t) and surface potential on 
the dielectric Vp.
The results indicate that the dielectric covering on the 
surface of ground electrode strongly affect the 
discharge activities by cumulating charges on it. Thus 
corona discharge activities at the different applied 
voltage levels are quite different due to the charges 
building on the surface of dielectric, and this built-up 
surface potential is controlled by the surface and bulk 
conduction in this model. Therefore, at a lower applied 
voltage, the surface charges decay slower because of a 
lower surface and bulk conduction, however, they 
decay faster with the increasing applied voltage due to 
the increasing conduction.  
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