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To all who fight the noise. 
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Abstract 

The power electronic equipment needed in HVDC grids produces an AC ripple voltage with 

amplitude of around one-hundredth of the main DC voltage. The high voltage can result in 

partial discharges (PDs), which are a sign of defects and degradation in the insulation 

material system of the HVDC grid components. The present work aims to simulate and 

measure how a sinusoidal AC voltage ripple influences the PD process in dielectric bounded 

cavities.  

This thesis describes a new stochastic Monte Carlo model proposed for the PD sequence at 

DC voltage and at combined DC and AC voltage, and provides statistical tools for a 

systematic extraction of physical discharge parameters from the PD data. The stochastic 

variables are the time lag and the phase-of-occurrence. The physical parameters in the 

model are the Townsend coefficient, the mean statistical waiting time, the capacitance in 

series with the cavity, and the rate of increase of the voltage over the cavity. The outputs 

for the Monte Carlo model are the individual discharge magnitude, the separation time, 

and the phase-of-occurrence. Individual discharges can be filtered out by setting a 

discharge magnitude detection threshold, emulating the conditions during the 

measurement of PD. A new statistical estimator is proposed, which performs the extraction 

of the physical parameters from PD data by the method of moments.  

From model prediction and the measured PD data it was found that the main effect of 

adding a sinusoidal ripple to the DC voltage is a higher discharge magnitude and longer 

discharge separation time, compared to ideal DC voltage conditions. This was attributed to 

the increase in the time lag when an AC ripple is superimposed on the DC voltage. The 

increase in the time lag could be described mathematically using the concept of duty cycle, 

defined as the fraction of one AC voltage time period in which the cavity voltage is above 

the critical voltage.  

The physical parameters could be estimated using the measured PD data, without resorting 
to simulations and the trial and error approach. It was found that the presence of a parasitic 

AC ripple voltage leads to a significant bias in the estimated parameters extracted by DC 

voltage estimation methods. 
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List of symbols 

 

aq   Apparent discharge magnitude. 

,a i
q   The i-th apparent discharge magnitude. 

, 1a iq −   Apparent magnitude of previous discharge. 

, 1a i
q +  Apparent magnitude of succeeding discharge. 

aq  Mean apparent discharge magnitude. 

it   The time-of-occurrence of the discharges. 

1it −  The time-of-occurrence of the previous discharges.  

1it +  The time-of-occurrence of the succeeding discharges. 

iθ  The phase-of-occurrence of the discharges. 

1iθ −  The phase-of-occurrence of the previous discharges. 

1iθ +  The phase-of-occurrence of the succeeding discharges. 

,,i pre it t∆ ∆   Discharge separation time between the i-1th and ith discharge occurrence, 

, 1i pre i i it t t t −∆ = ∆ = − , also termed time to the previous discharge. 

1 ,,
i suc i

t t+∆ ∆   Discharge separation time between the ith and i+1th discharge 

occurrence, 1 , 1i suc i i i
t t t t+ +∆ = ∆ = − , also termed time to the succeeding  

discharge. 

t∆  Mean discharge separation time, 
pre suct t t∆ = ∆ = ∆  

H   Sample total thickness. 

h   Cavity height. 

D   Ratio of the total thickness of the series dielectric to the height of the 

cavity. 

σ   Conductivity of material. 

ε   Relative permittivity of material. 

cC   Capacitance of cavity. 

bC  Capacitance of dielectric in series with cavity. 
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cR  Equivalent resistance of cavity, including volume and surface resistance. 

bR  Resistance of dielectric in series with cavity. 

ACK  The capacitive voltage distribution factor, i.e. voltage division factor for 

AC voltage. 

DCK  The resistive voltage distribution factor, i.e. voltage division factor for DC 

voltage, when t →∞  .  

ˆ
AC

V   The AC voltage amplitude over the electrodes. 

DCV  The DC voltage over the electrodes. 

PaschenV   Breakdown voltage of a gas according to Paschen’s law. 

cv   Voltage over the cavity. 

cdv

dt
 

Change in the cavity voltage per time, for DC voltage stress conditions.   

�
c

dv

dt
 

Change in the upper envelope of the cavity voltage per time, for 

combined DC and AC voltage stress conditions. 

bV  Voltage over the series dielectric. 

ignV   Ignition voltage, the voltage over the cavity just before a discharge 

occurs. 

resV   Residual voltage, the voltage over the cavity just after a discharge has 

occurred. 

cV∆   The cavity voltage drop due to a discharge. 

LV∆  The overvoltage or the lag voltage, given as the difference between the 

ignition voltage and the Paschen voltage. 

RV∆  Recovery voltage, the difference between the Paschen voltage and 

residual voltage. 

Lt   The time lag is the time required for the cavity voltage to rise to the 

ignition voltage after having surpassed the critical voltage limit.  

Rt   The recovery time is the time required for the cavity voltage to reach the 

critical voltage limit after a discharge.  

τ   Time constant of DC voltage over cavity. 

sτ  The mean waiting time for discharge inception when the critical cavity 

electric field is above the critical limit. 
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ACf   Frequency of the AC voltage. 

ACT  Period time of AC voltage. 

T   Temperature. 

r  Geometric radius of the cavity. 

A   Geometric area of the cavity. 

e  Elementary charge, � = 1.60217662 ×  10�� �. 

k   Boltzman constant, � = 1.38064852 ×  10��� �� ��

���
  .  

0ε   Permittivity of vacuum, �� = 8.854187817. . .× 10��� �

�
. 

E   Electric field strength. 

α   The first Townsend coefficient, also called the gas ionisation coefficient. 

Φ   Effective work function. 

0υ   Fundamental phonon frequency. 

eNɺ  Start electron generation rate. 

elN  Mean start electron generation rate, including both surface and volume 

electron generation mechanisms. 

dtN   Number of detrappable electrons on cavity surface. 

radC   Term in the background ionisation law, it characterises the interaction 

between radiation and gas. 

radΦ   Quantum flux density of the radiation. 

p   Gas pressure. 

ρ   Density. 

effΩ   Effective gas volume exposed to radiation and electric field. 
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List of abbreviations 

 

CDF Cumulative density function 

MoM Method of moments 

MSE Mean squared error 

OLS Ordinary least squares  

PD Partial discharge 

PDC Polarization and depolarization current method 

PDF Probability density function 

PDIVAC Partial discharge inception voltage, for applied AC voltage 

PDIVDC Partial discharge inception voltage, for applied DC voltage 

PE Polyethylene 

PET Polyethylentereftalate 

PRPDA Phase resolved partial discharge analysis 

PSA Pulse sequence analysis 

SEG Start electron generation 

XLPE Cross linked polyethylene 
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1 Introduction 

The capability of transporting electric energy over vast distances with low losses has been 

an essential building block for modern society and technology. It made it possible to 

consume electrical energy far away from where the actual energy sources were located, 

giving cities of any size and location the benefits that followed with the development of 

power systems. The two main types of the electric transmission system are the high voltage 

AC (HVAC) system and the high voltage DC (HVDC) system. The HVAC system is the 

predominant technology for electric power transmission, and HVDC systems have 

traditionally played a minor role. But since the installation of the first commercial HVDC 

link from the Swedish mainland to Gotland in 1954, the HVDC system has found new 

applications and gained more commercial interest. The applications of HVDC systems 

include: 

1. Subsea power transmission: 

- between countries 

- to offshore oil platforms 

- from offshore renewable energy resources 

- from mainland to islands 

2. Long-distance transmission without intermediate taps. 

3. Power transmission and stabilisation between unsynchronized HVAC systems. 
4. Facilitating power transmission between regions that use different AC frequencies. 

5. Increasing capacity of existing HVAC grid by using the old AC overhead lines for 

HVDC transmission; presently, there are several ongoing projects in the EU. 

Many of the applications of HVDC systems are in offshore grids. Repair and maintenance 

are costly offshore, and this imposes very high reliability requirements on the electric 

power components. The insulation material system of these components is one of the main 

challenges; e.g. the occurrence of partial discharges (PDs) within the cross linked 

polyethylene (XLPE) power cables rapidly deteriorates the insulation system and must be 

avoided  [1].  A PD is a localised breakdown of solid or liquid insulation that does not bridge 

the space between two conductors [2]. PDs occur in all high voltage equipment and depend 

on the types of defect present in the insulation. These defects will be starting points for the 

following main categories of PD: 

1) Internal discharges (also called dielectric bound discharges or dielectric barrier 

discharges) 

2) Surface discharges 

3) Corona discharges 

4) Treeing discharges 

At AC voltage, all the types of discharge can cause damage to the insulation and subsequent 

failures. At DC voltage, the lifetime effects of PDs are still unknown, but internal discharges 

are deemed to be the most harmful [3].  

Most publications within DC partial discharge, such as [3]–[8], assume an ideal DC voltage, 

but the DC voltage will have an AC ripple in the HVDC systems used for electric power 
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transmission, see Fig. 1-1. Moreover, the DC voltage source of the Cockcroft-Walton type 

used in many high voltage laboratories always has an AC ripple superimposed on the DC 

voltage. The AC ripple amplitude depends on, among other factors,  load current and 

construction [9]. 

The AC ripple voltage on the 

DC side due to the voltage 

source converter found in a 

modern HVDC station can be 

around 1-15 % of the nominal 

DC voltage, depending on the 

size of the filter employed 

[10]. The harmonic content 

of the ripple can range up to 

30-100 times the switching 
frequency, with the 

dominant components close 

to the switching frequency 

[10]. The switching frequency 

is usually around 1 kHz, but 

can be up to 2 kHz [11].  

As AC to DC conversion will 

result in a high-frequency AC 

ripple voltage on the DC voltage, it will also affect the partial discharge activity in HVDC 

insulation [10]. This thesis aims to study the effect of a sinusoidal AC ripple (Fig. 1-1) on the 

internal discharge behaviour in polymeric insulation. The existing literature on this subject 

is reviewed in the next section. 

1.1 Existing literature on internal discharges at combined DC and AC voltage 

A significant amount of research effort has been put into investigating PD at AC voltage, 

while PD at DC voltage has received much less attention, and PD at combined DC and AC 

voltage even less still. The existing literature on partial discharges at combined DC and AC 

voltage can be divided into the following categories: internal discharges [12]–[15], surface 

discharges [16]–[18], needle-to-plane discharges [19]–[21]. Most of the publications focus 

on partial discharges in oil-pressboard insulation [14], [15], [22]–[25].  

Some publications have addressed the influence of an AC ripple voltage on the mean 

separation time and magnitude of partial discharges. The mean discharge separation time 
is the mean time interval between two consecutive discharges, and is the inverse of the 

discharge repetition rate.  Rogers [26] and Densley  [27, p. 436] postulate a decrease in 

discharge separation time when an AC ripple is added to the DC voltage but do not provide 

experimental evidence for this. Dezenzo [12] and Fard [13] provided empirical support to 

this postulation. In the model by Rogers and Densley, there is no expected change in 

discharge magnitude with AC ripple voltage amplitude. The reason is that the model is 

deterministic; it is assumed that the discharge always occurs at the same critical electric 

 

Fig. 1-1 DC voltage with AC voltage harmonics , example 

with AC voltage amplitude 17% of the DC voltage [10]. 
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field strength and the residual electric field strength is the same after the discharge has 

occurred.  

Recent publications after 2010 on internal discharges [28], [29], and the older publications 

[23], [30], [31] focus on the effect of DC voltage on the partial discharge inception voltage 

(PDIV) for applied AC voltage. The overall conclusion was that the DC voltage has little or 

no effect on the PDIV value. These investigations give no information about the PD process 

at combined voltage. They may be of low relevance to HVDC systems where the AC ripple 

is in the order of 1-3% of the DC voltage, probably operating far below the PDIV for AC 

voltage. 

Many of the publications are experimental investigations, where the measurement and 

recognition of partial discharge patterns themselves are of primary interest. Piccin [32] and 

several other researchers in [14], [15], [22], [25] treat the measurement of PD at DC and 

AC, but provide no statistical model based on physical parameters for discussing the 

resulting PD patterns.  

A few publications address modelling and physical understanding of the internal discharge 

process at combined voltage [4], [27]. Still, the PD process is modelled as a deterministic 

process, ignoring the stochastic nature of the phenomenon [33]–[36]. Furthermore, the 

discharge separation time and the magnitude are often treated separately [37], or only one 

of the parameters is considered. A correlation between the separation time and the 

magnitude should be expected if the PD process is modelled as a PD sequence [38].  

1.2 Research gap 

The development of measurement methods for PDs has progressed rapidly in the last few 

decades. However, the analysis and interpretation of the PD data at combined voltages is 

still a challenge. Some models for PD at DC voltage offer a stochastical, physical model [39], 

but the parameters are found by trial and error. There is a need for a stochastic, physical 

model, and tools for analyzing the PD process at combined DC and AC voltage. The model 

must be able to predict the effect of an AC voltage ripple on the discharge separation time 

and magnitude. The stochastic model must predict similar PD patterns as the measured 

data so that the data can be interpreted in the context of the physical parameters. It must 

also be shown that the statistical tools developed can characterise the physical parameters 

without resorting to simulations and the trial and error approach.  
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1.3 Research objectives 

The main objective of this thesis is to: 

Assess the effect of a sinusoidal AC ripple on stochastic discharge separation time and 

magnitude in an internal cavity, by theoretical and experimental investigation of the 

following hypotheses: 

 

H.1: The discharge separation time decreases with increasing AC ripple voltage 

amplitude. 

 

H.2: The discharge magnitude is constant when the AC ripple voltage amplitude 

increases. 

 

H.3: The discharge separation time and discharge magnitude are not influenced by the 

frequency of the AC ripple voltage. 

 

The sub-objectives are: 

1) The formulation of a stochastic PD sequence model at DC voltage and 

combined voltage conditions. 

2) The creation of a statistical estimation tool to extract relevant physical 

parameters from the PD process.  

1.4 Scope 

The characteristics of a discharge process at combined AC and DC voltage depends on the 

amplitude of the applied DC and AC voltage [31], compared to the AC and DC partial 

discharge inception voltage of the test object. Four main conditions can be identified, 

where the discharge process may have very different characteristics in terms of discharge 

separation time, magnitude and polarity:  

1) Condition A: |VDC|<|PDIVDC| and VAC<PDIVAC 
2) Condition B: |VDC|<|PDIVDC| and VAC≥PDIVAC 

3) Condition C: |VDC|≥|PDIVDC| and VAC<PDIVAC 

4) Condition D: |VDC|≥|PDIVDC| and VAC≥PDIVAC 
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 In Fig. 1-2, conditions are 

delimited by certain values of 

PDIVAC and PDIVDC, which may 

change with time, temperature 

and type of object, as treated in 

2.1.1.2. The red box indicates the 

conditions used in this thesis. In 

this framework, the AC voltage 

discharge process can be 

considered a special case of 

condition B, where VDC = 0. An 

ideal DC voltage discharge 

process can be considered a 

special case of condition C, where 
VAC = 0. The focus in the present 

work is on how the AC ripple 

voltage influences the discharge 

separation time and magnitude of 

discharges when the AC voltage is 

below the measured AC inception voltage and the DC voltage is assumed to be above the 

voltage that would produce repetitive DC discharges, i.e. condition C. 

 

1.5 Research contributions 

The thesis contributes to the body of research within partial discharges with the following 

items not previously covered in the available literature: 

• A stochastical model based on physical parameters, for internal discharges under 

both DC and combined DC and AC voltage, verified by experimental data. 

• A method-of-moments (MoM) estimator to retrieve the physical parameters 

without simulation. 

• An analytical mean model for prediction of discharge magnitude and separation 

time, as a function of AC voltage amplitude. 

• A test setup for combined DC and AC voltage with high noise rejection, high 

sensitivity and broad discharge magnitude detection range. 

 

1.6 Outline of thesis 

Chapter 1 reviews the state-of-the-art and the research objectives for PD at combined 

voltage. Chapter 2 presents the theoretical foundations necessary to create a stochastic 

model of the internal partial discharge sequence at DC voltage and combined voltage 

conditions. A new stochastic model and estimator methods for partial discharges at DC 

voltage and combined voltage is developed in chapter 3. The experimental techniques and 

procedures for measuring partial discharges and material parameters are detailed in 

  

Fig. 1-2 The four main conditions A-D for partial 

discharge processes at combined DC and AC voltage. 

The total voltage is the sum of the DC voltage and the 

AC voltage component.  



 

19 

chapter 4. Chapter 5 presents the simulated and the experimental data for the PD process 

at DC voltage and combined voltage, the validity of the proposed model and the results is 

discussed. Conclusions and further work are found in chapters 6 and 7. 
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2 Theory 

This chapter presents the theoretical foundations necessary to create a stochastic model 

of the partial discharge sequence at DC voltage and combined voltage conditions, for a 

cylindrical cavity bounded by insulated surfaces.  

An understanding of the partial discharge process at DC voltage serves as a reference for 

the discharge process at combined voltage conditions; this is given in section 2.1. The scope 

in section 2.2 is limited to high voltage DC with a superimposed low amplitude AC ripple, 

i.e. 1-10% of the DC voltage. Section 2.3 treats how to extract physical parameters from 

the PD process itself using statistical estimation theory. 

 

2.1 Partial discharges at DC voltage 

This section presents the main characteristics of the partial discharge process at DC voltage 

when the AC ripple voltage amplitude is zero. In contrast to PDs at AC voltage stress, the 

PD process at DC voltage is characterised by: 

• Unipolar discharges; the electric field in the cavity always works in one direction. 

• Low voltage rise rate over the cavity, governed by the conductivity of the 

surrounding insulation material. 

• Long discharge separation time.  

• Low discharge magnitude and high probability for Townsend-like discharges, i.e. a 

discharge mechanism where free electrons are accelerated by the electric field and 

freeing new electrons by collision, resulting in avalanche multiplication.  

 

2.1.1 The discharge sequence at DC voltage 

Shihab [30], Bartnikas [40] and Fromm [7] describe the partial discharge sequence at DC 

voltage using the ABC model, including the resistances aR , bR and cR , as well as the 

capacitances a
C , b

C  and c
C , see Fig. 2-1. cR  and c

C are the equivalent resistance and 

capacitance of the cavity, respectively; the equivalent resistance includes both the surface 

resistance and the volume resistance. bR and b
C are the volume resistance and the 

capacitance of the dielectric in series with the cavity, respectively. a
C and aR  are the 

volume resistance and capacitance in parallel with the column containing the cavity, 

respectively.  
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Fig. 2-1 ABC equivalent circuit with material resistances included. The internal impedance of 

DC voltage source is in series with the ABC circuit. 

 

2.1.1.1 Voltage and electric field strength in a discharge-free cavity 

The electric field strength in a flat cavity will be proportional to the cavity voltage assuming 

that the insulated surfaces at opposite sides of the cavity are at the same potential level. 

The voltage over the cavity when no discharge occurs can be calculated as [27]: 

( )( ) 1
t

c DC DCv t K V e τ
−

= ⋅ −    (2.1) 

where DCK is the resistive distribution factor: 

c

DC

c b

R
K

R R
=

+
  (2.2) 

When the cavity is cylindrical, the ABC-model with RC elements is identical to a Maxwell 

capacitor model [41], so 

1

1 c
DC

b

H h
K

h

σ

σ

−
 −

= + 
 

(2.3) 

where H is the total thickness of the insulation, h  is the height of the cavity, c
σ is the 

equivalent conductivity of the cavity and b
σ is the conductivity of the insulation material 

in series with the cavity. The time constant of the cavity voltage is [8]: 

( )
1 1

b c

b c

C C

R R

τ
+

=
 

+ 
 

 (2.4) 

Or, in terms of the material and geometric parameters: 
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0b c

b c

H h

h

H h

h

ε ε ε

τ
σ σ

− 
+ 

 =
−

+

 (2.5) 

where b
ε is the relative permittivity of the insulation material and c

ε is the relative 

permittivity of the gas in the cavity. 

The voltage over the cavity will have exponentially converging behaviour, with a time 

constant τ . This time constant is in the order of minutes to hours when the conductivity 

of the materials is low. If no discharge occurs, the cavity voltage will reach a value 

determined by the resistive distribution factor times the applied DC voltage, DC DCK V , see 

Fig. 2-2. If discharges occur, the cavity voltage will vary around the critical voltage, given by 

Paschen’s law, and resemble an irregular saw-tooth-like curve. The criteria for discharges 

to occur and the resulting cavity voltage are covered in the next two sections. 

 
Fig. 2-2 Voltage over a cavity with discharges. Cavity voltage is not to scale. 

 

2.1.1.2 PD inception voltage 

Discharges will occur in the cavity when the DC voltage is above the partial discharge 

inception voltage and if there are free electrons available for starting the avalanche 

process. For AC, the partial discharge inception voltage (PDIV) is defined as the voltage over 

the object at which repetitive partial discharges are first observed. The theoretical limit is: 

paschen

AC

AC

V
PDIV

K
=   (2.6) 
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where AC
K is the capacitive distribution factor. 

1

1 c
AC

b

H h
K

h

ε

ε

−
 −

= + 
 

(2.7) 

In practice, the 
AC

PDIV can be higher or lower than the value given by (2.6). Mason [42] 

found that the 
AC

PDIV of non-ventilated voids in polyethylene is in fair agreement with the 

Paschen breakdown voltage between plane parallel metal electrodes, Paschen
V , but some 

10-20% lower. At DC voltage, the PDIV concept is difficult to use, because at the theoretical 

limit: 

paschen

DC

DC

V
PDIV

K
=   (2.8) 

the repetition rate goes to zero, i.e. it is impossible to measure. In practice, it is also difficult 

to use a certain repetition rate as a threshold for
DC

PDIV , since the repetition rate exhibits 

a strong temperature and moisture dependence [43]. Varying the temperature and 

moisture content can change the conductivity considerably and thus the repetition rate, as 

treated in section 2.2.2. It is clear, however, that the applied DC voltage should be much 

higher than 
DC

PDIV  to produce a sufficiently high repetition rate.  

 

2.1.1.3 Voltage over a discharging cavity – the PD sequence 

If discharges occur, the voltage over the cavity is given by [44]: 

( ), , 1
( ) exp

c i DC DC DC DC res i

t
v t K V K V V

τ
−

′ 
′ = − − − 

 
 (2.9) 

The change in cavity voltage and the PD sequence can be described as follows, see Fig. 2-3: 

1) ' 0t =  when the cavity voltage has dropped to the residual voltage 
, 1res i

V −  after the 

previous discharge. The cavity voltage starts rising again and reaches the critical 

voltage after a recovery time 
, 1R i

t − . 

2) A start electron will be available within a time lag 
,L i

t . When the discharge is 

ignited 
,

'
pre i

t t= ∆  and 
, , ,
( ' )

c i pre i ign i
v t t V= ∆ = . The cavity voltage drops to 

,res i
V   

and a discharge of apparent magnitude 
,a i

q  is registered at time it . 

3) The discharge process continues from step 1. 

The recovery time will depend on the residual voltage from the previous discharge, and the 

time lag is defined by a stochastic waiting time for start electrons [33]. The time to the 

previous discharge and the time to the successive discharge is a sum of the corresponding 

recovery time and the time lag: 



 

24 

, , 1 ,pre i R i L i
t t t−∆ = +  (2.10) 

, , , 1suc i R i L i
t t t +∆ = +  (2.11) 

The term discharge separation time can refer to both these quantities, as a more general 

notion of the time between discharges. 

 

Fig. 2-3 The voltage over a discharging cavity at DC voltage conditions. Shown together with 

the discharge time of occurrence, it  (s), and apparent discharge magnitude, 
,a i

q  (C). Cavity 

voltage is not to scale. 

 

2.1.1.4 The measurable quantities at DC voltage  

When a discharge occurs, it is possible to detect the apparent discharge at the terminals of 

the test object, 
,a i

q , and the time of the discharge, it . The basic pulse sequence data for 

a DC discharge process are depicted in Fig. 2-4. 
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Fig. 2-4 Measurement of discharges occurring at DC voltage as a function of time, it  , with 

corresponding time separations and apparent discharge magnitude, 
,a i

q .  

 

The measurable quantities from the PD process are the time of the discharge occurrence, 

it , and the apparent discharge magnitude, 
,a i

q , giving the following data sets for n  

discharges:  

1 ,..., , ...,i nt t t t =      (2.12) 

,1 , ,,..., ,...,a a a i a nq q q q =      (2.13) 

The measured quantities are the basis for the derived quantities: time to preceding 

discharge, 
,pre i

t∆ , and time to succeeding discharge, 
,suc i

t∆ :  

, 1pre i i i i
t t t t −∆ = ∆ = −     (2.14) 

, 1 1suc i i i i
t t t t+ +∆ = ∆ = −     (2.15) 

Pulse sequence analysis (PSA) is widely used to interpret discharge processes [45]. In PSA, 

information about the discharge process can be inferred from the correlation between 

pairs of quantities such as ( ), ,,a i pre iq t∆  and ( ), ,,a i suc iq t∆  [44]. A method to estimate mean 

time lag and recovery time based on these data pairs is described in section 3.2.4.1. 

2.1.2 Mean discharge separation time 

Rogers [26] and Bartnikas [40] and found an expression for the mean discharge separation 

time, t∆ , by imposing the following deterministic conditions: the discharge always occurs 
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at the same ignition voltage 
ign

V and drops to the same residual voltage 
res

V  every time. 

By setting ( ' )c ignV t t V= ∆ =  and  
, 1res i res

V V− =  in (2.9),  and solving for t∆ : 

ln
DC DC ign

DC DC res

K V V
t

K V V
τ

 −
∆ = −   − 

   (2.16) 

The mean discharge separation time can be found by assuming a small voltage drop, 

c ign res
V V V∆ = − , and linearising around the Paschen breakdown voltage: 

c paschen

c

c

v V

dv
t V

dt =

∆ ⋅ = ∆ (2.17) 

c

DC DC paschen

V
t

K V V
τ

∆
∆ =

−
(2.18) 

The maximum discharge separation time can be found by assuming 
ign paschen

V V=  and 

0
res

V = , and linearising around zero voltage: 

max

0c

c

paschen

v

dv
t V

dt =

∆ ⋅ = (2.19) 

max
paschen

DC DC

V
t

K V
τ∆ = (2.20) 

The mean discharge separation time at DC voltage conditions can be compared to the 

separation time at AC voltage as follows: 

1) A mean discharge separation time at AC voltage conditions can be estimated [46], 

[47], based on the assumption of a constant ignition voltage equal to the Paschen 

breakdown voltage, and zero residual voltage, as: 

max ˆ4

AC Paschen

AC

AC AC

V
t

K V

τ
∆ =    (2.21) 

where ACτ  is the AC voltage time period, ˆ
AC

V  is the amplitude and AC
K is the 

capacitive distribution factor.  

2) Dividing (2.20) with (2.21) yields: 

max

max

ˆ
4DC AC AC

AC DC DCAC

t K V

K Vt

τ

τ

∆
= ⋅ ⋅

∆
   (2.22) 
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The time constant at DC conditions, τ , is in the range of minutes to hours. The AC period 

time, T , is in the range of milliseconds. If ˆ100
DC DC AC AC

K V K V≤ ⋅  it can be concluded 

that the discharge separation time at DC voltage should be several orders higher than at 

AC voltage conditions. 

Assuming 0cσ =  in (2.20) yields: 

1b

b DC

t
V

ε

σ
∆ ∝   (2.23) 

Thus, the ABC model predicts that the discharge separation time is proportional to the 

permittivity of the series dielectric and inversely proportional to the applied DC voltage and 

the conductivity of the series dielectric. The conductivity of the series dielectric depends 

strongly on temperature and electric field strength in the series dielectric. The effect of a 

transient polarization current on the discharge separation time, interpreted as a decrease 

in the series dielectric conductivity after DC voltage application, is discussed next.  

 

2.1.2.1 Transient discharge separation time due to polarization current 

The conductivity of the surrounding medium bσ  shows a non-linear dependence on 

temperature and electric field strength. Classic conduction mechanisms in polymer 

materials include bulk, electrode and space charge limited behaviour [48]. The conductivity 

in polymer materials will display a temporal dependency after voltage application, due to 

slow polarization phenomena in the material. After voltage application, the initial 

polarization current exhibits the Curie-von Schweidler power law for a wide range of 

dielectric materials [49]: 

' n

p DC
i A t I−= ⋅ +     (2.24) 

where 'A , n and DCI    depend on bulk material, electrode material, electric field 

magnitude and temperature. DCI is the conductive, steady-state part of the polarization 

current 
p

i . The behaviour in (2.24) has been observed for PET [50] and PE [40]. The 

polarization current can be interpreted as a function of time-varying conductivity 

,

n

b b DC
A tσ σ−′′= ⋅ +   (2.25) 

which is assumed to stabilise to a finite value ,b DC
σ   when t → ∞ , see Fig. 2-5. The 

discharge separation time will therefore increase with time of voltage application, 

according to  (2.23).  However, the volume conductivity of the dielectric in series with the 

cavity might not show the same behaviour, due to space charge accumulation on the cavity 

surfaces and varying voltage over the series dielectric. If the mean voltage drop is small and 

the space charge effect is negligible, then the bulk conductivity in the insulation material 

in series with the cavity can be considered constant, after a suitable stabilisation time. The 
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stabilisation time can be calculated in terms of an allowed maximum deviation from DCI . 

The deviation is given by the factor 1k > : 

( )
1

1

'

n
DC

stabilize

I k
t

A

−
− 

=  
 

  (2.26) 

DCI  , 'A   and n  can be obtained by the polarization current measurements described in 

4.2.1. 

 

 

Fig. 2-5 Variation of the current with time of DC voltage application. Arbitrary units on x- and 

y-axis. 
DC

I I
∞

=  
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2.1.2.2 The distribution of discharge separation time under stationary conditions  

After a transient period, as treated in the previous section, the discharge process will reach 

the stationary stage. It is then possible to measure the distribution of discharge separation 

times under stationary conditions. In section 2.1.1, the discharge separation time was 

defined as the sum of the recovery time after preceding discharge and the time lag before 

the ith discharge. Fromm and Kreuger [51] identify the time lag as the main stochastic 

parameter, and assume that the time lag has an exponential probability density in 

accordance with experiments with metal gaps by Zuber [52]: 

,

1
( ) exp

L i

L
t L

s s

t
pdf t

τ τ

 
= − 

 
 (2.27) 

where sτ  is the mean statistical waiting time for discharge inception when the critical 

cavity electric field is just above the required critical field. The distribution is shown in Fig. 

2-6a. Fromm assumed a constant recovery time (2.28) and predicted the distribution for 

discharge separation time in Fig. 2-6b. 

, ,pre i R L i
t t t∆ = +     (2.28) 

 
a) 

 
b) 

Fig. 2-6  a) Time lag probability density, and b) Discharge separation time, at DC voltage 

conditions.  
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2.1.2.3 Mean statistical waiting time and mean start electron generation rate 

The PD process may in general be regarded as a life time process with an intensity function1 

equal to the start electron generation (SEG) rate
e

Nɺ  [54]. If the SEG rate is constant, i.e. 

e el
N N=ɺ , and elN  is the mean SEG rate, the time lag probability density function will be 

given by (2.27) with 

1
s

elN
τ =  (2.29) 

The mean statistical waiting time is known as the scale parameter, and the mean SEG rate 

is known as the rate parameter. The probability density function may be described either 

in terms of the scale parameter or the rate parameter.   

2.1.2.4 Start electron generation mechanisms 

Several SEG mechanisms can be present in any cavity, and depend on temperature, electric 

field strength, the composition and pressure of the gas in the cavity, and type of material 

the cavity is embedded in [55].  The SEG mechanisms can be divided into surface- or volume 

generation. The total SEG rate is a sum of the volume and surface electron generation rates: 

, ,
( ) ( ) ( )

e e volume e surface
N t N t N t= +ɺ ɺ ɺ  (2.30) 

In spherical cavities with a small surface-to-volume ratio, volume ionisation in the gas is the 

dominating mechanism [56]. In flat cavities, the surface-to-volume ratio is high and surface 

generation dominates [55]. Experimental data [57],[58] suggest that the surface emission 

process approximately follows a Richardson-Schottky scaling for both insulating and 

conducting surfaces [56]: 

,

0

1 exp exp
4

e surface

A e e
N S E

e kT kT

η

α πε

 Φ   
= − −            

ɺ    (2.31) 

where A  is the surface area, e  is the elementary charge, k  is the Boltzman constant, T  

is temperature, 0ε  is the permittivity of vacuum and h  is the height of the cavity, E is the 

electric field out of the surface. At insulating surfaces S  is given by the amount of 

detrappable electrons from the surface: 

0
dtN

S e
A

υ=   (2.32) 

where dtN  is the number of electrons available in detrappable states, and 0υ is the 

fundamental phonon frequency. There is a range of processes that can add or deplete the 

number of available start electrons from detrappable states [56], [59], [60]: 

 
1 The intensity function is sometimes called the hazard rate or mortality rate, and in reliability theory 

it is called the failure rate [53]. 
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a) Deployment of electrons from discharges of opposite polarity, increases dtN  

b) Conduction of electrons through series dielectric, increases dtN  

c) Conduction along insulation surface walls, decreases dtN  

d) Conduction through cavity gas volume, decreases dtN  

e) Diffusion into deep traps, decreases dtN  

The process in a) holds high importance in bipolar discharge processes, as seen under 

sinusoidal or other bipolar voltages. The effect is exploited in dielectric barrier discharges 

(DBD), where the residual charge is used to create a stable and efficient discharge process. 

By switching the voltage polarity after an appropriate time delay, a back-ignition is 

achieved [61]. At DC voltage, the residual charge from last discharge will not contribute to 

the pool of available start electrons, since the voltage polarity is not reversed. At DC 

voltage, the process in b) may be of higher importance.  

Since many of the parameters in (2.31) are often unknown, Forssén [62] proposed a simpler 

function: 

0 0

( ) ( )
( ) exp expc c

e e e

cr cr

v t E t
N t N N

V E

   
= =      

   

ɺ   (2.33) 

where 
c

v  is the voltage over the cavity centre, 
cr

V  is the critical voltage for discharge and 

0e
N  is a constant. The physical process is better understood using (2.31), while (2.33) may 

be better for modelling purposes. As long as 
e

Nɺ  is a non-negative function, the probability 

density function of a discharge occurring after a time lag Lt  is [54]: 

0

( ) exp
Lt

L e epdf t N N dt
  

′= − 
  
ɺ ɺ      (2.34) 

The corresponding cumulative distribution function is 

0

( ) 1 exp
Lt

L ecdf t N dt
  

′= − − 
  
 ɺ  (2.35) 

The distribution of the time lag determines the discharge magnitude distribution, as 

treated in section 2.1.3.3. 

 

2.1.3 Discharge mechanisms and apparent discharge magnitude 

The discharge sequence depends on the stochastic time lag, as discussed in the previous 

section, but will also be influenced by the discharge mechanisms which are active in the 
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cavity. This section provides a brief overview of the type of mechanisms that may be active 

in the discharge process, the discharge magnitude, and the importance of the overvoltage. 

2.1.3.1 Discharge mechanisms in dielectric bounded cavities 

At least two important discharge mechanisms are active in dielectric bounded cavities, 

according to Devins [63]: 

1) The Townsend-like discharge  

2) The streamer-like discharge  

In the Townsend-like discharge, free electrons are accelerated by the electric field and 

ionise gas molecules by collision, thus creating new electrons; ionisation repeats itself with 

new electrons available and causes avalanche multiplication. In the streamer-like discharge 

space charge distorts the electric field considerably, the high local space charge field 

creates high energy photons, and successive avalanches are initiated by these photons. Due 

to the high speed of the photons, the streamer-like discharge propagates faster than the 

Townsend-like discharge. Townsend-like discharges tend to cover a large area of the cavity, 
while streamer-like discharges are more localised, but may ignite several parallel streamer 

channels due to photoionisation feedback [64]. Townsend-like discharges tend to stop 

when sufficient charge has been dumped at the anode surface to overcome the 

overvoltage, which results in a higher residual voltage, closer to the critical voltage. 

Streamer-like discharges tend to discharge the cavity so that the residual voltage is close 

to zero. This is due to the avalanche-sustaining high field enhancement on the ends of the 

positive streamers [65].  

According to Devins [63] the discharge mechanism is governed by the overvoltage, which 

is the voltage above the critical voltage before discharge occurrence. A low overvoltage will 

increase the probability of observing Townsend-like discharges [63], [64]. For a critical 

overvoltage the discharge mechanism changes, increasing the probability of observing 

streamer-like discharges [66]. Fromm [44] observed both the Townsend-like and the 

streamer-like discharge mechanism during the PD process at DC voltage, although the 

Townsend-like mechanism appeared to dominate. The main properties of Townsend-like 

and streamer-like discharges are summarised in Table 2-1.  

Table 2-1 Properties of Townsend-like and streamer-like discharges [44], [63], [66] 

Townsend-like discharges Streamer-like discharges 

1) Low overvoltage 

2) Low discharge magnitude 

3) Cover a large part of the cavity 

surface 
4) Residual voltage closer to minimal 

breakdown voltage 

1) High overvoltage 

2) High discharge magnitude 

3) Cover a fraction of the cavity 

surface 

4) Residual voltage is close to zero 
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2.1.3.2 The discharge magnitude and cavity voltage drop at DC voltage conditions 

The magnitude of the discharge itself can be detected indirectly as charge displacement on 

the terminals of the test object; this is called the apparent discharge magnitude. The classic 

ABC-equivalent [46] predicts an apparent charge of 

a b c
q C V= ∆    (2.36) 

where cV∆   is the cavity voltage drop and bC  is the capacitance in series with the cavity. 

The ABC model does not include the space charge field due to movement of charged 

species in the dielectric during breakdown. Several researchers have pointed to this 

deficiency in the ABC-model [63], [67], [68]. Devins [63] found an expression for the 

apparent charge for a Townsend discharge, including the effect of the movement of the 

positive ion space charges during the cavity gas breakdown:  

 a b Lq h C Vα= ⋅ ∆     (2.37) 

α  is the first Townsend ionisation coefficient, h is the height of the cavity and L
V∆ is the 

overvoltage defined in Fig. 2-3. The first Townsend ionisation coefficient depends on the 

pressure and the electric field strength in the gas [69], as well as temperature [70], type of 

gas [71] and humidity [72]. The Townsend coefficient in dry air has been measured for 

different field strengths and pressures; Kontaratos [69] found that the measured values fits 

the following equation: 

( )
( )

1
2

4

222
( , ) 0.57 exp

1 4 10

c

c c

E
p

c E E
p p

E p pα
−

  
 = ⋅ ⋅ − ⋅ 
 + ⋅   

     (2.38) 

where cE  is the electric field strength in air in V/cm, and  p  is the pressure in mmHg. Eq. 

(2.38) is valid for 10,1000 / ( )c
E

V cm mmHg
p

∈ ⋅  . The apparent discharge model by 

Devins predicts a relationship between the overvoltage, L
V∆ ,  and the recovery voltage, 

R
V∆ ; this was pointed out by Dissado [73]:  

 

 1R

L

V
h

V
α

∆
= −

∆
      (2.39) 

The total voltage drop is the sum of the overvoltage and the recovery voltage, see Fig. 2-3. 

By using (2.39), the total voltage drop can be calculated as: 

 

 
c L R L

V V V h Vα∆ = ∆ + ∆ = ∆       (2.40) 

Thus the apparent discharge magnitude for Townsend discharges can be interpreted as a 

version of the classic equation in (2.36) with a voltage drop value equal to (2.40). 
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2.1.3.3 The distribution of the discharge magnitude under stationary conditions  

Devins [63, p. 485] argues that the probability density of the discharge magnitude follows 

the distribution of the time lag. Linearization of the cavity voltage around c criticalv V=  

yields the following expression for the discharge magnitude as a function of the stochastic 

time lag: 

( ) ,

,

L i

a i b DC critical

t
q h C V Vα

τ
= ⋅ ⋅ −     (2.41) 

valid for 
,L i

t τ≪ . If all the other parameters are constant, the discharge magnitude 

distribution will be determined by the exponential probability density of the time lag. This 

seems to be confirmed by measurements from Fromm [74].  

 

2.2 Partial discharges at DC voltage with an AC ripple voltage  

In this section, the main characteristics of the partial discharge process at combined DC and 

AC voltage is presented as described in the existing literature.  

2.2.1 The electric field strength in a cavity at combined AC and DC voltage 

At combined DC and AC voltage, the same representation of the test object can be used as 

for DC voltage, see Fig. 2-7. The total electric field in the cavity is then a superposition of a 

DC- and a sinusoidal AC electric field. The electric field strength in the cavity may be 

approximated by the voltage over the centre of the cavity divided by the height of the 

cavity: ( ) ( )c
c

v t
E t

h
= . 

 

Fig. 2-7 ABC-equivalent at combined DC and AC voltage on the right side of terminals, DC and 

AC source with internal impedance on the left side. 
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2.2.2 Discharge separation time and magnitude 

Rogers [26] and Densley [27, p. 436] postulate an increase in discharge repetition rate when 

an AC ripple is added to the DC voltage. Densley represents the test object as in Fig. 2-7, 

and assumes as in the case of Rogers that: 

1) a discharge will occur whenever the cavity voltage reaches the ignition voltage. 

2) the cavity voltage is reduced to the same residual voltage after each discharge. 

3) the period time of the AC voltage is much lower than the time constant of the DC 

voltage component. 

Under these conditions, it appears as if the cavity DC voltage is offset by the cavity AC 

voltage. For a discharge to occur, the DC component of the cavity voltage does not have to 

build up to the full ignition voltage, see Fig. 2-8b. 

 

 

a) DC voltage process 

 

b) Combined DC and sinusoidal AC voltage 

Fig. 2-8 Applied voltage (red) and cavity voltage (blue) for a discharging cavity under a) Only 

DC voltage, and b) Combined DC and AC voltage.  

Applied DC voltage 

Residual voltage 

Ignition voltage 
Cavity voltage 

Applied DC + AC voltage 

Cavity voltage 
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The voltage over a discharging cavity under these conditions is shown in Fig. 2-8. The 

resulting discharge separation time rate is lower at combined DC and AC voltage, see Fig. 

2-8b, compared to pure DC voltage conditions, see Fig. 2-8a. 

Under the deterministic conditions assumed by Rogers [26] and Densley [27, p. 436], it is 

possible to find the discharge separation time by modifying (2.16): 

( )ˆ

ln
DC DC ign AC AC

DC DC res

K V V K V
t

K V V
τ

 − −
 ∆ = −
 −
 

   (2.42) 

As for DC voltage, the minimum and maximum discharge separation time can be found as: 

min

ˆ
c AC AC

DC DC paschen

V K V
t

K V V
τ

∆ −
∆ =

−
(2.43) 

max

ˆ
paschen AC AC

DC DC

V K V
t

K V
τ

−
∆ = (2.44) 

The relative change in separation time, from DC to combined DC and AC voltage is found 

by: 

max

max

ˆ ˆ( )
1 1

( 0)

DCAC

AC AC AC AC

DC

paschen ACAC

t V K V Vt

V PDIVt Vt

∆∆
= = − = −

∆ =∆
 (2.45) 

Based on (2.45) the discharge separation time is predicted to linearly decrease with 
increasing AC ripple voltage amplitude, see Fig. 2-9a. When the AC voltage approaches the 

AC inception voltage, the predicted separation time goes to zero, or correspondingly, the 

repetition rate goes to infinity. There is no expected change in discharge magnitude with 

AC ripple voltage amplitude, because it is assumed that the discharge always occurs at the 

same ignition voltage and drops to the same residual voltage.  
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a) Relative change in discharge separation time with AC voltage ripple amplitude 

 

b) Relative change in discharge magnitude with AC voltage ripple amplitude 

Fig. 2-9 Relative change in: a) Discharge separation time, and b) Discharge magnitude, as a 

function of AC ripple voltage amplitude, given as the ratio of the AC amplitude to the AC 

inception voltage. 

 
  



 

38 

2.3 Estimation of PD sequence parameters 

This section presents the main properties of estimated PD sequence parameters. Estimated 

physical parameters provide information about the physical quantities that can be 

compared to their measured values. Furthermore, the simulation of the PD sequence with 

the estimated physical parameters can be used to compare the measured probability 

densities and analyse the validity of the PD sequence model.  

2.3.1 Estimation methods 

The PD processes in section 2.1 and 2.2 can be described in terms of physical PD sequence 

parameters and stochastic variables. The physical PD parameters are constant within the 

simulation time, and the stochastic variables take values corresponding to the probability 

density of each stochastic variable. Examples of physical PD parameters are the series 

dielectric capacitance bC  in (2.41) or the mean statistical waiting time sτ  in (2.27) while a 

stochastic variable would be the time lag for each discharge Lt  in (2.27). The values of the 

physical parameters are found in several ways, including measurement, empirical 

relationships, and published data. The physical PD parameters can also be found using 

estimation methods. The estimation methods are statistical tools for a systematic 

extraction of the physical parameters from PD sequence data itself. In statistics, several 

methods exist to estimate parameters involved in a stochastic process.  

2.3.2 Estimator requirements 

The estimated value of the parameter is called the estimator, and the real value of the PD 

sequence parameter is called the estimand. An estimator is marked with a hat symbol, e.g.

ˆ
sτ .  For the estimator to be of value, it must satisfy some requirements [75]: 

1) The value of the estimator must be within the known range of the true parameter 

value.  

2) The estimator should approach the estimand when the number of observations n  

increases, i.e. it should be consistent. 

3) The value of the estimator should be at the centre of the estimator distribution, 

i.e. it should be unbiased. 

4) The estimator should have the lowest possible variance, i.e. it should have high 

efficiency. 

Satisfying the requirements above are not a guarantee that the estimator will perform well 

on measured data, as the real process can deviate from the model assumptions which the 

estimator is based on. In addition to the requirements 1 to 4, the estimator should also be 

robust [76]; if the assumptions are only approximately met, the robust estimator will still 

have a reasonable efficiency and small bias.  

A parameter extraction method should not only give an estimated value of the physical 

parameter but also a confidence interval [36]. This is treated in the next section. 
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2.3.3 Estimator confidence intervals and performance 

The confidence interval for the estimator can be obtained in several ways. One of the most 

versatile tools is the non-parametric Bootstrap method [77], used by Heitz [36]:  

1) The estimator ˆ
sτ  is calculated using any method on PD data sets 

,1 ,2 ,
, ,...,

pre pre pre pre n
t t t t ∆ = ∆ ∆ ∆   and ,1 ,2 ,, ,...,a a a a nq q q q =   , with size n .   

2)  A new data set with the same size as the original data set is generated by 

resampling the data with replacement. The result is the two vectors 

,1 ,2 ,
, ,...,

pre pre pre pre n
t t t t∗ ∗ ∗ ∗ ∆ = ∆ ∆ ∆   and ,1 ,2 ,, , ...,a a a a nq q q q

∗ ∗ ∗ ∗ =   . 

3) The estimator *ˆ
s

τ  is calculated from the data in step 2. 

4) Steps 2 and 3 are repeated B  times.  

5) The distribution the estimator is given by the set * *

,1 ,
ˆ ˆ, ,

s s B
τ τ… , the 95% confidence 

interval are found from this set.  

1000,10000B ∈  to obtain a sufficiently accurate distribution of the estimator [77].  

The root mean squared error (RMSE) provides a quantifiable way to evaluate the 

performance of an estimator, as the RMSE incorporates both its variance and bias [78]. The 

value can be calculated as the root of the average squared distance between the Bootstrap 

estimated values to the actual value: 

( )
2

*

ˆ ,

1

1
ˆ

s

B

s b s

b

RMSE
B

τ τ τ
=

= −      (2.46) 

The RMSE is always non-negative; a good estimator will have an RMSE value close to zero.  
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3 Model of internal discharges at DC and combined DC and AC 

voltage  

A model for the PD sequence at DC voltage conditions is developed in section 3.2. The 

model for combined voltage conditions is based on the DC voltage model and is described 

in section 3.3. The models rely on a stochastic time lag, which is defined by the start 
electron generation rate. The stochastic time lag produces a stochastic apparent discharge 

magnitude and separation time at DC voltage conditions.  At combined voltage conditions 

an additional stochastic parameter is required to describe the PD sequence, the stochastic 

phase-of-occurrence. The value of the AC voltage ripple amplitude influences both the 

stochastic time lag and phase-of-occurrence, thus changing the expected apparent 

discharge magnitude and separation time. The main effect of adding a sinusoidal ripple to 

the DC voltage is the reduction of the effective start electron generation rate, or 

equivalently, an increase in the effective statistical waiting time. This increases the time 

lag, discharge magnitude and separation time, compared to DC voltage conditions. 

The ordinary least square method and the method of moments are used to estimate 

physical parameters from the PD process at both DC voltage and combined voltage. The 

methods utilise the data from the discharge process itself to estimate the physical 

parameters.  

3.1 Assumptions 

The following assumptions apply for both the model at DC and the model at combined 

voltage conditions: 

 

- A.1: All partial discharges are of the Townsend-like type. 

- A.2: Equivalent resistance of the cavity surface and volume is much greater than 

the resistance of the dielectric in series with the cavity, i.e. 1DCK ≈ . 

- A.3: There is no charge decay due to cavity surface conduction, or charge 

neutralisation by gas ions. 

- A.4: The mean separation time is much lower than the time constant of the cavity 

voltage, t τ∆ ≪ . 

- A.5: The start electron generation rate is constant, 
1

e el

s

N N const
τ

= = =ɺ . 

- A.6: Townsend coefficient is constant, constα = . 

- A.7: The process is stationary; there is no change of PD parameters during the 

discharge process. 

The following assumption applies only to the model at combined voltage conditions: 

 

- A.8: The AC voltage time period is much lower than the statistical waiting time, 

AC sT τ≪ , or equivalently, the start electron generation rate is much lower than 

the AC ripple frequency, el ACN f≪ . 
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3.2 Internal discharges at DC voltage 

This section describes a new stochastic model for the PD sequence at DC voltage for a 

dielectric bounded, cylindrical cavity. The individual discharge magnitude and separation 

times are calculated using stochastic variables. The main stochastic variable is the time lag. 

The mean values, probability densities and pulse correlations are obtained by the Monte 

Carlo method. The main physical parameters are the Townsend coefficient, the mean 

statistical waiting time, the capacitance in series with the cavity, and the rate of increase 

of the voltage over the cavity. Section 3.2.1 describes the PD sequence model and section 

3.2.2 the underlying model elements and assumptions. The mean value, probability 

density, and correlation between the discharge magnitude and the separation time are 

summarised in section 3.2.3. Section 3.2.4 presents two estimation methods to extract the 

physical parameters from a measured PD sequence at DC voltage. 

3.2.1 PD sequence model 

This chapter presents an overview of the PD sequence model for internal discharges at DC 

voltage. The model elements and assumptions are treated in section 3.2.2.  

The simulation time period for one step of the sequence is shown in Fig. 3-1. The simulation 

time period is divided into three steps: 

1) The stochastic time lag interval: the cavity voltage is above the Paschen voltage 

and increases linearly at a rate of cdv

dt
; at a stochastic time lag 

,L i
t , the discharge 

is triggered by a start electron. 

2) The discharge: At time instant i
t  an apparent discharge magnitude 

,a i
q can be 

measured at the test object terminals. The cavity voltage is 
,L i

V∆ above the 

Paschen voltage just before the discharge and 
,R i

V∆  under the Paschen voltage 

just after the discharge.  

3) The recovery time interval: The cavity voltage reaches the Paschen voltage after a 

recovery time 
,R i

t . 

n  discharges are generated by repeating steps 1-3, so the PD sequence is generated using 

the Monte Carlo method. The time to previous discharge is calculated by summing the 

recovery time of the previous discharge with the time lag of the ith discharge.  
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Fig. 3-1 One simulation time period of the PD sequence, for one iteration of the PD sequence 

model.  

 

The inputs for the model are the PD sequence parameters hα , sτ  , and c
b

dv
C

dt
, as well 

as the applied DC voltage DCV  and the number of discharges n .  A flow chart of the PD 

sequence model is provided in Appendix A. Steps 1 to 3 in Fig. 3-1 are calculated as: 

1) Time lag: ( ),
ln 1

L i s
t Rτ= − −  where R is a random number in the interval [ )0,1 , 

model and assumptions as in section 3.2.2.4. 

2) The apparent discharge magnitude: , ,
c

a i b L i

dv
q h C t

dt
α= ⋅ , model and assumptions 

as in section 3.2.2.5. 

3) The recovery time: ( ), ,
1

R i L i
t h tα= − , model and assumptions as in section 

3.2.2.6. 

The outputs of the model are the measurable quantities, the apparent discharge 

magnitude, and the discharge separation time, which is assembled from the set Lt , aq and 

Rt . 

The model can also take into account any detection limit of the apparent discharge 

magnitude by filtering out any discharges below a magnitude threshold 
,a th

q . The filtered 

or unfiltered output can be postprocessed to obtain mean values, probability densities, and 

correlations between the measurable quantities, as detailed in section 3.2.3. 
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3.2.1.1 Calculation of PD sequence parameters 

The PD sequence parameters hα , sτ   and c
b

dv
C

dt
 can be found before the experiments 

as detailed in the following paragraph, or estimated as explained in section 3.2.4. 

 

1) The Townsend coefficient α  varies with the electric field strength, cE , and the 

pressure p , in the gas. α  is assumed constant as argued in section 3.2.2.5, and 

calculated by (2.38), with 
paschen

c

V
E

h
=   and p  equal to atmospheric pressure. 

paschen
V  is found by (3.8). Multiplying the Townsend coefficient with the height of 

the cavity yields the PD sequence parameter hα . 

2) The maximum value of the mean waiting time sτ   is given by the radiation 

ionisation rate, as shown by Niemeyer [33]. In practice the value will be 

significantly lower due to electron emission from the dielectric surface. 

Researchers such as Cavallini [79] and Chen [80] treat surface emission from 

shallow traps but do not estimate the absolute value of the density of detrappable 

electrons needed to calculate the start electron generation rate and the mean 

waiting time. Niemeyer concedes that the surface emission mechanism is not well 

understood, and that a quantitative analysis is difficult. The mean waiting time sτ

and the start electron generation rate are assumed constant, as argued in section 

3.2.2.4. Methods to estimate sτ  are outlined in 3.2.4.  

3) bC  is approximated by a cylindrical plate capacitor in series with the cavity. bC  is 

defined by the series dielectric permittivity, bε , and the geometric parameters H  

, the sample thickness, h , the cavity height and cavr , the radius of the cavity: 

2

0
cav

b b

r
C

H h

π
ε ε=

−
   (3.1) 

4) c
dv

dt
 is given by (3.6), and is defined by the applied DC voltage DCV , the material 

parameters bε , cε  and bσ  , and the geometric parameters H and h : 

( )
0

DC paschenc b
DC paschen

b c

V Vdv
V V

H hdt

h

σ

τ
ε ε ε

−
= = −

− 
+ 

 

   (3.2) 
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3.2.2 Model elements and assumptions 

The basic elements of the PD sequence model presented in section 3.2.1 are developed in 

this section.  The following aspects are treated: 

- The discharge mechanism. 

- The electric field strength and voltage over the cavity. 

- The critical electrical field strength for PD occurrence. 

- The stochastic time lag for PD occurrence. 

- The apparent discharge magnitude. 

- The recovery time. 

 

3.2.2.1 The discharge mechanism  

As mentioned in section 2.1.3, experimental evidence by Fromm [44] suggests that the 

Townsend-like discharge mechanism dominates during PD at DC voltage. In the model, it 

will be assumed that all the discharges are Townsend-like, i.e. diffuse discharges which 

cover most of the insulating surface area of the cavity:   

 

When the discharge is Townsend-like: 

1) The discharge covers the surface of the cavity: Townsend-like discharges occurring 

in a cylindrical cavity surrounded by dielectric are diffuse and cover most of the 

cavity surface area, which is confirmed by simultaneous optical and electrical 

detection in [64] and [81].  

2) The cavity voltage drop during the discharge is proportional to the overvoltage,  

see section 2.1.3.  

 

3.2.2.2 The electric field strength and voltage over the cavity 

Between discharges, the electric field will be homogenous in the cavity, except at the outer 

radius edge marked by the perpendicular insulation wall. For flat cavities, the radius-to 

height ratio is high, and the edge effect is negligible. The electric field is also homogeneous 

just after discharges, as the space charge of the Townsend-like discharge spreads out on 

the cavity surface [64] .  

The electric field strength, between discharges, can be found as a function of the voltage 

over the cavity, cv , and the cavity height, h . The voltage cv  can be calculated using the 

ABC circuit in section 2.1.1, equation (2.9) .  

The resistances in the circuit will behave as linear elements when: 

1) The DC voltage has been applied for longer than the insulation material 

conductivity stabilisation time, see section 2.1.2.1.  

Assumption A.1: All partial discharges are of the Townsend-like type. 
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2) The temperature in the test object is constant. 

3) The variation of the electric field strength in the insulation material in series with 

the cavity is low. 

Here, 1) and 2) are ensured by controlling laboratory testing conditions, while 3) holds if 

the DC voltage variation over the cavity is low, in the order of 10%. This is supported by the 

observations by Fromm [82]: cavity voltage variation was in the order of 1-10 V at DC 

voltage conditions.  

The capacitances in the circuit will behave as linear elements when: 

1) The permittivity and dielectric losses are insensitive to the electric field strength in 

the material. 

2) The temperature is constant 

If the materials are not ferroelectric2, the permittivity of the insulation material should be 

independent of electric field strength. Insulation materials such as PE and PET are not 

ferroelectric and show little variation in permittivity and dielectric losses in a broad 
frequency range, satisfying 1), while 2) is satisfied by controlling laboratory testing 

conditions.  

When the cavity is flat, the ABC-model with linear RC elements is identical to a Maxwell 

capacitor model [41]. The cavity voltage will then follow an exponentially converging curve 

with a time constant,τ , determined by the capacitances and resistances of the ABC circuit. 

In the model, it is assumed that both the bulk- and surface resistance of the cavity are much 

higher than the resistance of the series dielectric. This assumption is valid because there 

are far less discharges during PD at DC voltage to generate the conductive layers seen for 

PD at AC voltage. Morshuis [81] measured significant changes to surface conductivity after 

around 1 hour of AC discharge activity of the streamer-like type; to generate the same 

amount of discharges at DC the total measuring time should be 4 orders higher than at AC 

voltage, i.e. around 10000 hours. The total measuring time for the experiments is well 

below 500 hours, and the majority of the discharges are of the diffuse Townsend-like type 

[44]. 

 

The voltage over the cavity after a discharge is: 

( ), , 1
( ) exp

c i DC DC res i

t
v t V V V

τ
−

′ 
′ = − − − 

 
 (3.3) 

 
2 Examples of ferroelectric insulation materials are PVDF, Barium Titanate and Quartz. PVDF and 

Barium Titanate are used in low voltage wire insulation and ceramic capacitors. Quartz is used as 

filler in insulating epoxy resins to improve thermal conductivity. 

Assumption A.2: Equivalent resistance of the cavity is much greater than the resistance 

of series dielectric, i.e.. 
c b

R R≫  and 1DCK ≈ . 
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0t′ = just after a discharge, and  

( )
0b c

b b c

b

H h

h
R C C

ε ε ε

τ
σ

 −  
+   
  = + =  (3.4) 

 

3.2.2.2.1 The effect of charge decay in the cavity on the cavity voltage 

In (3.3) it is tacitly assumed that there is no surface charge decay in the cavity after the 

discharge: 

  

This can be justified by the elimination of the known charge decay mechanisms [33], [83]:  

1) Conduction from one cavity surface to the opposite surface along cavity walls. 

2) Conduction through the insulation in series with the cavity.  

3) Charge neutralisation by gas ions.  

In the flat cavity, the electric field direction is perpendicular to the top and bottom 

insulating surfaces, so no lateral conduction can take place at these surfaces. The electric 
field can have a parallel component at the cavity walls. Still, since the electric field does not 

change direction during PD at DC voltage, the parallel component will result in a force 

acting to separate positive and negative charges left after the discharge. Thus, contrary to 

PDs at AC voltage, there can be no surface conduction like in 1). The charge decay 

mechanism in 2) is already taken into account in the model, represented by the resistance 

bR . The production of ions in the cavity volume will be due to background ionisation, so 

the charge decay mechanism in 3) is extremely slow; the time constant can be in the order 

of 1000 minutes [84]. It is concluded that the mechanisms in 1) and 3) do not influence the 

change in cavity voltage during the PD process. 

3.2.2.2.2 Linearisation of cavity voltage 

The cavity voltage will fluctuate around the critical voltage if the voltage drop during 

discharges is small. The cavity voltage can be approximated by linearisation around the 

critical voltage: 

, , 1( )

c critical

c
c i res i

v V

dv
v t V t

dt
−

=

′ ′≈ + ⋅   (3.5) 

where 

critical

c critical

DCc

v V

V Vdv

dt τ=

−
=    (3.6) 

Assumption 3 (A.3): There is no charge decay due to cavity surface conduction, or charge 

neutralisation by gas ions. 
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for ' it t≤ ∆ . The approximation by linearisation will be accurate if the mean discharge 

separation time is much lower than the time constant of the cavity voltage: 

t τ∆ ≪       (3.7) 

 

 

3.2.2.3 Critical voltage 

For a discharge to occur, the electric field strength must be higher than a critical value. The 

criterion is fulfilled when the voltage across a uniformly stressed gap reaches the Paschen 

breakdown voltage. The Paschen voltage law was developed for metallic electrodes, but 

has been shown to fit well for dielectric bounded cavities [85], suggesting that the 

breakdown mechanism is similar between metallic electrodes and dielectric electrodes. 

The Paschen law is applicable for gaps above 4 µm [86], but below this limit quantum 

tunnelling phenomenon reduces the breakdown voltage considerably. Ritz [87] found the 

following empirical relationship for the breakdown voltage in short air gaps at atmospheric 

pressure, which is equal to the critical voltage in the model: 

6.7 24.5PaschenV h h= ⋅ + ⋅   (3.8) 

where PaschenV  is breakdown voltage in kVpeak and h  is the cavity height in cm.  

3.2.2.4 The stochastic time lag 

The stochastic time lag is an inherent property of the electron generation processes in the 

cavity. The mechanisms for generating start electrons were discussed in section 2.1.2.4. 

The start electron generation rate is a sum of the volume and surface electron generation 

rates. In flat cavities the surface-to-volume ratio is high, and surface generation can be 

assumed to dominate. It will be shown that the electron generation rate can be assumed 

constant when the cavity voltage increases slowly, as characterises PD during DC voltage 

stress.  

Calculations by Fromm [82], based on measured values, indicate that the overvoltage is in 
the range of a few volts. In this range, the field-dependent start electron generation rate 

will be constant, by the following argument: 

The relative increase in electron generation rate above the Paschen voltage is given, based 

on (2.33) and (2.31) in section 2.1.2.4, assuming a field-dependent electron generation 

mechanism. The simple model proposed by Forssén [88] yields: 

exp 1
c paschen

c paschen

e
V V L L

paschen paschene V V

N
V V

V VN

≥

=

 ∆ ∆
= ≈ + 

 
 

ɺ

ɺ
   (3.9) 

Assumption 4 (A.4): The mean separation time is much lower than the time constant of 

the cavity voltage, t τ∆ ≪ . 
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And the Richardson-Schottky surface emission model [56] yields: 

0

exp 1 1
4

c paschen

c paschen

e
V V paschen L

paschene V V

N V Ve e

kT h VN πε

≥

=

   ∆  = ⋅ + −       

ɺ

ɺ
   (3.10) 

For a flat, cylindrical void with height 100 µm, the Paschen voltage is 980 V [89]. If the 

temperature is 60 °C, and the overvoltage is in the range 1-10 V, then (3.9) predicts  a 0.1-

1.0% increase in electron generation rate, whereas (3.10) predicts a 0.2-2.1% increase in 

electron generation rate. Thus, for a certain temperature and DC voltage, the electron 

generation rate can be approximated by a constant rate elN : 

1

c paschen
e elv V

s

N N const
τ≥

= = =ɺ   (3.11) 

Assumption 5 (A.5): The start electron generation rate is constant, 

1
e el

s

N N const
τ

= = =ɺ . 

 

The probability density function of a discharge happening after a time lag Lt  is calculated 

from (2.34) 

,

,

1
( ) exp

L i

L i

s s

t
pdf t

τ τ

 
= − 

 
     (3.12) 

The corresponding cumulative distribution function, using (2.35) , is 

,

,
( ) 1 exp

L i

L i

s

t
cdf t

τ

 
= − − 

 
 (3.13) 

The individual time lags are found by solving (3.13) to find 
,L i

t : 

( ), ,ln 1 ( )L i s L it cdf tτ= − −  (3.14) 

A value for 
,L i

t  is obtained by generating a random number R  between 0 and 1 for 

,
( )

L i
cdf t :  

( ),
ln 1

L i s
t Rτ= − −  (3.15) 

The mean time lag is equal to the mean statistical waiting time: 

, , ,

0

( )L L i L i L i st t pdf t dt τ
∞

= ⋅ =  (3.16) 
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3.2.2.5 Discharge magnitude  

The discharge magnitude of Townsend-like discharge was treated in section 2.1.3. The 

individual apparent discharge magnitude is 

, ,a i b L i
q h C Vα= ⋅ ∆     (3.17) 

The Townsend coefficient will depend on the electric field strength, as in (2.38). For a small 

expected overvoltage, the electric field strength is approximately constant and thus the 

Townsend coefficient can be assumed to be constant: 

 

Assumption 6 (A.6): Townsend coefficient is constant, constα =  

 

The series dielectric capacitance, bC , is proportional to the discharged surface area and 

should be constant for all individual discharges. By using the linearised cavity voltage in 

(3.5), the overvoltage can be written as a function of the stochastic time lag as 

, ,
c

L i L i

dv
V t

dt
∆ =    (3.18) 

Thus, 

, ,
c

a i b L i

dv
q h C t

dt
α= ⋅     (3.19) 

3.2.2.6 Recovery voltage and recovery time: 

Just after the ith discharge, the cavity voltage has dropped to a residual voltage which is 

,R i
V∆  below the Paschen voltage : 

, ,res i paschen R i
V V V= − ∆       (3.20) 

The recovery voltage can be written as a function of the recovery time as: 

, ,
c

R i R i

dv
V t

dt
∆ =       (3.21) 

The recovery voltage can be found as a function of the overvoltage; inserting (3.21) and 

(3.18) in (2.39) yields a relationship between the recovery time and the time lag: 

( ), ,
1

R i L i
t h tα= −       (3.22) 

The recovery voltage can be expressed as a function of the time lag:  

( ), ,1c
R i L i

dv
V h t

dt
α∆ = −       (3.23) 
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3.2.2.7 Stationary process  

The derived equations in the previous section are valid for individual discharges, but the 

model must also be valid for the entire PD sequence to predict mean values, probability 

densities and correlation between the measurable quantities. This requirement is satisfied 

if the PD process is stationary, i.e. there is no temporary or permanent change in the PD 

sequence parameters due to the discharge process itself. The following assumption is 

made: 

 

Assumption 7 (A.7): The process is stationary; there is no change of PD parameters 

during the discharge process. 

 

Due to A.7 the model is not valid for the initial stage of the PD process, directly after DC 

voltage application. In the initial stage, the effective conductivity of the insulation in series 

with the cavity changes due to polarization phenomena (2.1.2.1), thus changing the 

resistance bR , the cavity voltage time constant τ , and the slope of the cavity voltage 

.cdv

dt
 

3.2.3 Discharge magnitude and separation time – mean value, probability density and 

correlation 

The individual apparent discharge magnitude is given in section 3.2.2.5 as: 

, ,
c

a i b L i

dv
q hC t

dt
α=    (3.24) 

The individual time to previous discharge is given in section 2.1.1 as:  

, , 1 ,pre i R i L i
t t t−∆ = +   (3.25) 

By using the relationship developed in section 3.2.2.6, eq. (3.22), the time to previous 

discharge can be expressed as: 

( ), , 1 ,
1

pre i L i L i
t h t tα −∆ = − +   (3.26) 

Thus, 
,pre i

t∆  and 
,a i

q  only depend on time lag as the stochastic parameter:  

( ), 1 ,a i L iq f t=    (3.27) 

( ), 2 , 1 ,,pre i L i L it f t t−∆ =   (3.28) 

,L i
t  and 

, 1L i
t − are generated randomly from an exponential distribution, as described in 

section 3.2.2.4: 
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( ),
ln 1 (0,1)

L i s
t randτ= − −  (3.29) 

By combining (3.24) with (3.26) the time to previous discharge can be expressed as a 

function of the physical parameters and the measurable quantities 
,a i

q  and 
, 1a i

q − : 

( )( ), , 1 ,

1
1pre i a i a i

c
b

t h q q
dv

hC
dt

α

α
−∆ = − +  (3.30) 

This equation describes the pulse sequence correlation between the time to previous 

discharge and the apparent discharge magnitude. A similar equation can be found for the 

time to successive discharge: 

( )( ), , , 1

1
1suc i a i a i

c
b

t h q q
dv

hC
dt

α

α
+∆ = − +  (3.31) 

The correlation relationships in  (3.30)  and (3.31) are used in the estimation of the physical 

parameters, described in section 3.2.4. 

The mean apparent discharge magnitude and separation time can be calculated by the 

output of the PD sequence model in section 3.2.1: 

,

1

1 n

a a i

i

q q
n =

=     (3.32) 

,

1

1 n

pre i

i

t t
n =

∆ = ∆      (3.33) 

The mean values can also be calculated analytically, see Appendix A.1 and A.3 :   

c
a b s

dv
q hC

dt
α τ=   (3.34) 

 
s

t hα τ∆ =    (3.35) 

The ratio of the mean apparent discharge magnitude and the separation time only depends 

on bC  and cdv

dt
: 

a c
b

q dv
C

t dt
=

∆
  (3.36) 

This relationship predicts that there should be a strong, positive correlation between the 

mean apparent discharge magnitude and the mean separation time.  
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The probability density of the apparent discharge magnitude can be obtained directly from 

the output of the PD sequence model in section 3.2.1. The probability densities are also 

obtained analytically in Appendix A.2 and A.4  The analytical probability density of the 

apparent discharge magnitude is: 

( )
,

1
exp

a i

a

aq
a a

q
pdf q

q q

 
= − 

 
     (3.37) 

The analytical probability density of the separation time, for 1, 2 2,hα ∈ ∪ ∞ : 

( )
( ) ( ),

exp exp
2 1pre it

h h t t
pdf t h

h t h t t

α α
α

α α
∆

  ∆ ∆ 
∆ = − − −      − ∆ − ∆ ∆   

     (3.38) 

For 1hα = : 

( )
,

1
exp

pre it

t
pdf t

t t
∆

∆ 
∆ = − 

∆ ∆ 
     (3.39) 

For 2hα = : 

( )
,

2
1

2 exp 2
pre it

t
pdf t t

t t
∆

∆   
∆ = − ∆   

∆ ∆   
     (3.40) 

3.2.4 Estimation of PD sequence parameters 

The parameters used in the DC PD sequence model are hα , sτ  , and  c
b

dv
C

dt
, see section 

3.2.1. It is possible to calculate these parameters before the experiments, as performed in 

section 3.2.1.1. It is also possible to estimate the parameters with data from the PD 

experiments. Two methods are outlined which yield estimators for the DC PD sequence 

parameters in this thesis: the ordinary least square method (OLS) and the method of 

moments (MoM). The OLS method is based on work by Fromm [44] but extended for the 

pulse correlation equations found in section 3.2.3; the MoM method is not previously 

reported in the literature. 

 

3.2.4.1 Ordinary least squares estimation method 

The estimates of the mean time lag and the mean recovery time can be found using an OLS 

regression on the data sets ( ), ,,a i pre iq t∆  and ( ), ,,a i suc iq t∆ . The model equations 

developed in section 3.2.3 can be used to describe the functional dependence of 
,pre i

t∆  

and 
,suc i

t∆  on 
,a i

q , see Appendix C.1 :  
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( ) ,

, ,

a i

pre i a i R L

a

q
t q t t

q
∆ = +   (3.41) 

( ) ,

, ,

a i

suc i a i L R

a

q
t q t t

q
∆ = +   (3.42)  

The OLS method to obtain the estimators ˆhα , ˆ
sτ  ,
�

c
b

dv
C

dt
 is detailed in Appendix C.1  and 

summarised in Table 3-1. For the DC PD model in this thesis, it is not possible to find ˆ
b

C  

and 
�

c
dv

dt
 directly. However, it is possible to obtain 

�
c

dv

dt
 if ˆ

b
C  is assumed to be the same 

value as calculated in section 3.2.1.1. The confidence intervals of ˆ
L
t , ˆ

R
t , α̂  and 

�
c

b

dv
C

dt
 

are calculated using the non-parametric bootstrap method detailed in section 2.3.3. 
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Table 3-1 Estimated values obtained from the ordinary least squares method for the DC PD 

process 

Estimator  Expression  

ˆˆ ,
s L

tτ  An estimator of the mean statistical waiting, or mean time lag, can be 

found as: 

( ), ,
ˆˆ 0

s L suc i a i
t t qτ = = ∆ →   (3.43) 

which is equivalent to the offset value obtained by OLS regression on 

the dataset ( ), ,,a i suc iq t∆ . At DC voltage conditions, the mean time lag 

should be close to the mean statistical waiting time, provided that the 

discharge magnitude detection limit is low, i.e. ˆ
ŝ L

tτ = .   

ˆ
R

t  An estimator of the mean recovery time can be found as: 

( ), ,
ˆ 0
R pre i a i
t t q= ∆ →   (3.44) 

which is equivalent to the offset value obtained by OLS regression on 

the data set   ( ), ,,a i pre iq t∆ .  

ˆhα  The estimator α̂  is expressed in terms of the estimators ˆ
L
t  and ˆ

R
t  as: 

ˆ
ˆ 1

ˆ
R

L

t
h

t
α = +       (3.45) 

�
c

b

dv
C

dt
 

�
c a

b

dv q
C

dt t
=

∆
     (3.46) 
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3.2.4.2 Method of moments 

Due to the explicit formulation of the pulse sequence correlation in (3.30), estimators can 

also be found using the method of moments (MoM). The moments of a data set are defined 

as the expected value of powers of the random variable under consideration. An example 

of the first and second moments of the separation time is: 

,

1

1 n

pre pre i

i

t E t t
n =

 ∆ = ∆ = ∆        (3.47) 

( )
2

2 2

,

1

1 n

pre pre i

i

t E t t
n =

 ∆ = ∆ = ∆        (3.48) 

The MoM method to obtain the estimators ˆhα , ˆ
sτ  ,
�

c

b

dv
C

dt
 is detailed in Appendix C.2 

and summarised in Table 3-2. Definitions of the moments are given in Appendix C.4 . The 

method of moments gives two solutions for ˆhα : one solution is in the interval [1
ˆ 1, 2hα ∈  

and one in the interval [2
ˆ 2,hα ∈ ∞ ; the two ˆhα  values give two corresponding ˆ

s
τ  values, 

but 
�

c
b

dv
C

dt
 will only have one value. Although there are two mathematically correct 

answers, the physically plausible value can be assessed under the circumstances of each 

experiment. The confidence intervals of ˆhα , ˆ
s

τ  and 
�

c
b

dv
C

dt
 are calculated using the non-

parametric bootstrap method detailed in 2.3.3. 
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Table 3-2 Estimated values obtained from method of moments for the DC PD process 

Estimator  Expression (function of the measured moments) 

ˆhα  Solve ( )
2

ˆ ˆ 0a h b h cα α+ + = , where 

( )
( )

22
2

, 2a pre a

t
a q q

t

∆
= −

∆
     (3.49) 

( )2

, ,2 a a pre a preb q q q= ⋅ −      (3.50) 

2 2

, ,
2

a pre a a pre a
c q q q q= − ⋅ +      (3.51) 

ˆˆ ,
s L

tτ  The estimated mean time lag can be expressed as a function of the 

estimated Townsend coefficient product and the mean separation time: 

ˆ
ˆ

s

t

h
τ

α

∆
=      (3.52) 

At DC voltage conditions, the mean time lag should be close to the mean 

statistical waiting time, provided that the discharge magnitude 

detection limit is low, i.e.. ˆ
ŝ L

tτ = .   

ˆ
R

t  The estimated mean recovery time can be expressed as a function of 

the estimated mean time lag, or the estimated Townsend coefficient 

product and the mean separation time: 

1ˆ ˆ 1
ˆ

R Lt t t t
hα

 
= ∆ − = ∆ − 

 
      (3.53) 

�
c

b

dv
C

dt
 

�
c a

b

dv q
C

dt t
=

∆
     (3.54) 
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3.3 Internal discharges at combined DC and sinusoidal AC voltage 

This section describes a new stochastic model for the PD sequence at combined DC and AC 

voltage for a dielectric bounded, cylindrical cavity. The individual discharge magnitude, 

separation time, and phase-of-occurrence are calculated using stochastic variables. The 

stochastic variables are the time lag and the phase-of-occurrence. The mean values, 

probability densities and pulse correlations are obtained by the Monte Carlo method. The 

main physical parameters are the Townsend coefficient, the mean statistical waiting time, 

the capacitance in series with the cavity, and the rate of increase of the voltage over the 

cavity.  

The main effect of adding a sinusoidal ripple to the DC voltage is the reduction of the 

effective start electron generation rate, or equivalently, an increase in the effective 

statistical waiting time. This increases the time lag, the discharge magnitude, and the 

separation time, compared to DC voltage conditions. The reduction in the effective start 

electron generation rate is described mathematically using the concept of duty cycle, 

defined as the fraction of one AC voltage time period in which the cavity voltage is above 

the critical voltage.   

Section 3.3.1 describes the PD sequence model, and section 3.3.2 describes the underlying 

model elements and assumptions. The mean value, probability density and correlation 

between the discharge magnitude and separation time are summarised in section 3.3.3. 

Section 3.3.4 presents an estimation method to extract the physical parameters from a 

measured PD sequence at combined DC and AC voltage. 

3.3.1 PD sequence model 

When an AC voltage ripple is added to the DC voltage, the AC voltage and phase-of-

occurrence of each discharge can be recorded. All the data representations available for 

both AC and DC discharge processes can be used. The quantities from the partial discharge 

process at combined DC and AC voltage, Fig. 3-2, are: 

1) The time-of-occurrence, it , or the time to previous discharge, it∆   

2) The apparent discharge magnitude, 
,a iq   

3) The discharge phase-of-occurrence, iθ , the phase position of the AC voltage at the 

time of the discharge.  
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Fig. 3-2 Discharge pulse sequence at combined DC and AC voltage. Measured parameters: 

time-of-occurrence 
i

t , discharge magnitude ,a i
q , and phase-of-occurrence 

i
θ  .  

 

In section 3.2.1, the quantities from the partial discharge process at DC voltage were 

described as a function of the time lag and the recovery time. For combined voltage 

conditions, the definition of time lag and recovery time must be amended. The time lag 

and recovery time for combined voltage are related to the envelope of the cavity voltage, 

denoted as �
c

v  in Fig. 3-3. The definitions are: 

- The time lag is the time between the instant the envelope of the cavity voltage 

exceeds the critical voltage and the instant the discharge occurs. 

- The recovery time is the time between the instant the discharge occurs and the 

instant when the envelope of the cavity voltage exceeds the critical voltage. 

When the time lag and recovery time are mathematically well defined they are comparable 

under both DC and combined voltage conditions. The definitions of overvoltage and 

recovery voltage are the same as at DC voltage conditions.  

The simulation time period for one step of the sequence is shown in Fig. 3-3. In the same 

manner as the DC PD sequence model, the simulation time period is divided into three 

steps: 

1) The stochastic time lag interval 

2) The discharge 

3) The recovery time interval 
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n discharges are generated by repeating steps 1-3. The main differences from DC PD 

sequence are: period 1) begins when the envelope of the cavity voltage reaches 
paschen

V , 

after the discharge in 2) the period 3) ends when the cavity voltage reaches 
paschen

V  again. 

The calculation steps are repeated n  times in a Monte Carlo simulation, see flow chart of 

model in Appendix B. 

 

 

Fig. 3-3 The simulation time period of the PD sequence at combined voltage with voltage over 

the cavity in the insulation.  

The inputs for the model are the physical parameters hα , sτ  , bC , 
�

c
dv

dt
, as well as the 

applied DC voltage DCV , the AC cavity voltage amplitude ˆ
AC AC

K V  and the number of 

discharges n . The steps 1 to 3 in Fig. 3-3 are calculated as the following: 

1) Time lag: ( )( )1

,
ln 1

L i s
t D Rτ−= − − , where R is a random number in the interval 

[ )0,1 , see model and assumptions as in section 3.3.2.3 . 

2) The phase-of-occurrence: 

�

1

,
cos 1

ˆ

c

i L i

AC AC

dv

dt t
K V

θ −

 
 
 = Ρ ⋅ −
 
 
 

, where Ρ is a random 

number in the interval ( 1,1)− , see model and assumptions as in section 3.3.2.4. The 

apparent discharge magnitude is a function of the time lag and the phase-of-
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occurrence: 
�

( )( ), ,
ˆ 1 cosc

a i b L i AC AC i

dv
q h C t K V

dt
α θ

 
= ⋅ − −  

 
, see model and 

assumptions in section 3.3.2.5. 

3) The recovery time: ( )
�

( ), ,

ˆ
1 1 cosAC AC

R i L i i

c

K V
t h t h

dv

dt

α α θ= − − − , model and 

assumptions in section 3.3.2.6.  

The outputs of the model are the measurable quantities 
pre

t∆ , 
a

q  and θ . The model 

implements a detection limit of the apparent discharge magnitude by filtering out any 

discharges below a certain threshold 
,a th

q . The filtered or unfiltered output can be 

postprocessed to obtain mean values, probability densities, and correlation between the 

measurable quantities, as detailed in section 3.3.3. 

 

3.3.1.1 Calculation of PD sequence parameters 

The PD sequence parameters hα , sτ   and bC can be found before the experiments as 

detailed in the DC sequence model section 3.2.1.1, or estimated as explained in section 

3.3.4. The value of 
�

c
dv

dt
 at combined voltage differs slightly from its DC counterpart, and is 

given by (3.61). It is defined by the applied DC voltage DCV , the AC voltage amplitude ˆ
A C

V

, the material parameters bε , cε  and bσ  , and the geometrical parameters H and h : 

�

0

ˆ
c AC b

DC paschen

b c b c

dv V
V V

H h H hdt

h h

σ

ε ε ε ε ε

 
 
 = + −

− −    + +    
    

 (3.55) 

It is assumed that the value of the capacitive distribution factor is known, and can be 

calculated as 

1

1 c

AC

b

H h
K

h

ε

ε

−
 −

= + 
 

(3.56) 

3.3.2 Model elements and assumptions 

The basic elements of the PD sequence model presented in section 3.3.1 are developed in 

this section. The following aspects are treated: 

- The discharge mechanism. 
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- The electric field strength and voltage over the cavity. 

- The stochastic time lag at PD occurrence. 

- The stochastic phase-of-occurrence at PD occurrence. 

- The apparent discharge magnitude. 

- The recovery time. 

 

3.3.2.1 The discharge mechanism  

As at DC voltage conditions it will be assumed that the Townsend-like discharge mechanism 

dominates, following assumption A.1.  

 

3.3.2.2 The electric field strength and voltage over the cavity 

The electric field conditions in the cavity at combined voltage excitation can be described 

using the same ABC-circuit as for DC voltage and the same assumptions, see section 3.2.2.2.  

With assumptions A.2 and A.3, the ABC circuit branch in Fig. 3-4 is the result.  

 

Fig. 3-4 Voltage divider for combined voltage conditions. 

 

The DC offset voltage over the cavity, DC

c
v , will follow an exponentially converging curve 

with a time constant,τ , determined by the capacitances and resistances of the ABC circuit. 

The AC cavity voltage, AC

c
v , is capacitively distributed over the series dielectric and cavity, 

if the AC frequency is above 50 Hz. The cavity voltage is a superposition of the DC voltage 

offset and the AC voltage: 

( ) ( ) ( )DC AC

c c c
v t v t v t= +   (3.57) 

The voltage over the cavity is shown in Fig. 3-5. When no discharges occur in the cavity, the 

cavity voltage is:  
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ˆ( ) 1 exp cos( )c DC AC AC

t
v t V K V tω

τ

  
= ⋅ − − + ⋅ ⋅  

  
  (3.58) 

where ACK is the capacitive voltage distribution factor and 2 ACfω π= . When discharges 

occur in the cavity, the cavity voltage is: 

( ) ( ) ( ), , 1 , 1 1

'ˆ ˆ' exp cos 'c i DC DC AC AC res i i AC AC i

t
v t V V K V V V K V tθ ω θ

τ
− − −

 
= − + − − ∆ − + + 

 
 

(3.59) 

Eq. (3.59) is derived in Appendix B.1 , ' 0t =  just after the previous discharge. 1iθ −  is the 

phase-of-occurrence, 
, 1res i

V −  is the residual voltage, and 
, 1i

Vθ −∆  is the difference between 

the ignition voltage and the envelope of the cavity voltage, see  Fig. 3-3. The envelope of 

an oscillating signal is a smooth curve outlining its extremes. 

 

 

The cavity voltage will fluctuate around the critical voltage if the voltage drop during 

discharges is small. The cavity voltage DC offset can be approximated by linearisation 

around the Paschen voltage: 

�

�

, , 1 , 1( )

c paschen

DC c
c i res i i

v V

dv
v t V V t

dt
θ− −

=

′ ′≈ + ∆ + ⋅   (3.60) 

where 

 

Fig. 3-5 Combined DC and AC voltage across test object and across cavity with discharges. The 

period time of the AC voltage is exaggerated to display the AC waveform clearly. 
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�

�

ˆ
Paschen

c paschen

DC AC ACc

v V

V K V Vdv

dt τ
=

+ −
=    (3.61) 

for ,0 ' pre i
t t≤ ≤ ∆ . The phase shift 1iθ −  can be ignored because the resulting time shift is 

extremely small compared to the separation time. the cavity voltage is then: 

 ( ) ( ) ( ), , 1 , 1

'ˆ ˆ' cos '

AC
cDC

c

c i res i i DC AC AC paschen AC AC

v
v

t
v t V V V K V V K V tθ ω

τ
− −= + ∆ + + − +

	

�

�
	







�







�

      (3.62) 

The approximation by linearisation will be accurate if the mean discharge separation time 

is much lower than the time constant of the cavity voltage, as in assumption A.4.  

If the conductivity of the cavity surface and volume is included, the cavity voltage slope can 

be expressed as: 

�

�

ˆ
Paschen

c paschen

DC DC AC ACc

v V

K V K V Vdv

dt τ
=

+ −
=    (3.63) 

 

3.3.2.3 The stochastic time lag  

At DC voltage conditions, the electron generation rate was assumed constant when the 

increase in cavity voltage is very slow. It will be shown that applying an AC ripple to the DC 

voltage will lead to a duty cycle effect which effectively decreases the electron generation 

rate and increases the time lag. This has not been previously described in the literature.  

Effective start electron generation rate at combined voltage conditions – introduction of 

the duty cycle concept 

At DC voltage conditions, there will be a mean statistical waiting time,
sτ , which is the 

average time to produce a discharge when the cavity voltage is above the Paschen voltage, 

see section 3.2.2.4. At DC conditions the cavity voltage increases monotonically, while at 

combined DC and AC conditions the cavity voltage will increase while oscillating, i.e. a 

sinusoidal waveform with an increasing DC offset. The cavity voltage will be above the 

Paschen voltage for just a fraction of each AC voltage time period, thus decreasing the 

probability for a randomly produced start electron to result in a discharge within an AC 

voltage time period. In Fig. 3-6 the time lag at DC and combined voltage conditions is 

compared. The accumulated time when the cavity voltage is above the Paschen voltage is 

the same, i.e.
6

1

DC

i L

i

t t
=

= , which in this case leads to a time lag at the combined voltage 

condition that is almost 3 times larger.  
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Fig. 3-6 The time lag at DC and combined voltage conditions; the AC ripple voltage decreases 

the time the cavity voltage is above the Paschen voltage, and thus increases the stochastic 

time lag. 

 

This behaviour can be described using the concept of duty cycle. A duty cycle is the fraction 

of one period in which a signal or system is active. In this thesis “duty cycle” is defined as 

the fraction of one AC voltage time period in which the cavity voltage is above the critical 

voltage. The duty cycle, d  , will be less than or equal to 1, and depends on the amplitude 

of the AC ripple voltage and the time lag. For a sinusoidal AC ripple voltage, the duty cycle 

can be calculated as (Appendix B.3 ): 

1
ˆ ˆ1

cos 1
ˆ
L

AC AC

V
d

K V

θ

π π
−
 ∆ ∆

= = − 
 

   (3.64) 

The relationship in (3.64) is valid under the following assumption: 

 

A.8: The AC voltage time period is much lower than the statistical waiting time, AC sτ τ≪

, or equivalently  el ACN f≪ . 
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Fig. 3-7 Calculation of duty cycle. The offset voltage is assumed to be constant within one 

cycle of the AC voltage. A discharge is only possible when the cavity voltage is above the 

Paschen voltage, marked by the grey area.  

 

θ̂∆ is the maximum possible phase-of-occurrence, measured from the peak of the cavity 

voltage, for a time lag Lt . 
�

ˆ c
L L

dv
V t

dt
∆ = is the maximum overvoltage at Lt ,  and ˆ

AC ACK V  

is the peak AC cavity voltage amplitude, see Fig. 3-7 . The duty cycle effect introduced by 

the AC ripple voltage will reduce the efficient start electron generation rate, compared to 

DC voltage conditions. The start electron generation rate at combined voltage conditions 

can be approximated by a constant electron generation rate elN  times the duty cycle: 

c paschen
e elV V

N N d
≥

= ⋅ɺ   (3.65) 

elN const=  by assumption A.5, and (3.65) is valid when: 

AC sτ τ≪     (3.66) 
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where ACτ  is the AC voltage period time.  

Assumption A.8: The AC voltage time period is much lower than the statistical waiting 

time, AC sT τ≪ , or equivalently  el ACN f≪ . 

 

The effective electron generation rate and the duty cycle will be zero when the time lag is 

zero. The effective electron generation rate increases with longer time lag. The effective 

electron generation rate will reach elN  when 

 
�

1
ˆ2d AC AC

L

c

K V
t

dv

dt

= =   (3.67) 

After 1d

L L
t t

== the combined DC and 

AC cavity voltage is always above 

the Paschen voltage.  This behaviour 

can be contrasted with the situation 

for DC voltage conditions, where 

the electron generation rate will be 

zero when the cavity voltage is 

under the Paschen voltage and will 

be elN  the instant the cavity 

voltage is equal to the Paschen 

voltage. The application of an AC 

ripple will result in a much longer 

time transition to the full start 

electron generation rate elN .  

 

Distribution of the time lag at combined voltage conditions  

The probability density function of a discharge happening after a time lag 
,

0
L i

t ≥  is 

calculated in Appendix B.4 : 

,

1 1
( ) exp

L it L

s s

pdf t d D
τ τ

 
= ⋅ − 

 
      (3.68) 

where  

 ( )11
cos 1 Ld Kt

π
−= −   (3.69) 

and 

 

Fig. 3-8 The AC ripple effect on average start electron 

generation rate, according to eq. (3.65). 
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( ) ( ) ( )( )211
1 cos 1 1 1L L LD Kt Kt Kt

Kπ
−= − − − − − −       (3.70) 

with 

�

ˆ

c

AC AC

dv

dtK
K V

=       (3.71) 

The cumulative probability is: 

( )
,

1
1 exp

L it L

s

cdf t D
τ

 
= − − 

 
      (3.72) 

The individual time lag can be found by generating a random number R  between 0 and 1, 

set ( )
,L it L

cdf t R= , and solving (3.72) numerically.  

( )( )1

, ln 1
L i s

t D Rτ−= − −       (3.73) 

3.3.2.3.1 Mean time lag 

The mean time lag at combined voltage conditions can be calculated by numerically solving 

the integral, see Appendix B.5 :  

 ( )
0

1
expL L L

s

t D t dt
τ

∞  
= − 

 
  (3.74) 

The numerical integration can be represented by the function 1
F  which depends on the PD 

sequence parameters 
�

cdv

dt
, ˆ

AC AC
K V and s

τ : 

 
�

1
ˆ, ,c

L AC AC s

dv
t F K V

dt
τ

 
=   

 
 (3.75) 

In terms of physical parameters, the mean time lag will be a function of:  

( )( )1
ˆ, , , , , , , , , ,L DC AC paschen b c b c st F V V V h p H hσ σ ε ε τ=  

Under stationary conditions all parameters except the control variable ˆ
AC

V  are constant. 

So, 

( )1
ˆ

L ACt F V=  
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In conclusion, the time lag at combined voltage conditions should depend on AC ripple 

voltage amplitude.  The time lag at combined voltage conditions relative to the time lag at 

DC conditions can be calculated by dividing (3.74) by s
τ .  

 ( )
0

1 1
exp

DCAC

L
L LDC

L s s

t
D t dt

t τ τ

∞  
= − 

 
   (3.76) 

1
DCAC

L

DC

L

t

t
≥  and 

DCAC

L

DC

L

t

t
 will be a function of the dimensionless parameters 

ˆ
AC AC

paschen

K V

V
, 

DC DC

paschen

K V

V
 and sτ

τ
 . The main interest of this thesis is how the AC voltage ripple influences 

the discharge process. If (3.76) is solved for appropriate choice of dimensionless variables, 

then it is predicted that increasing the AC ripple amplitude, ˆ
AC

V , will increase the mean 

time lag, independent of AC ripple frequency AC
f . The increase in time lag is also reflected 

in the distribution of the time lag, a small AC ripple leads to a wider and flatter distribution, 

see Fig. 3-9. If the mean time lag increases, the discharge separation time and apparent 

charge are expected to increase. 

It can also be noted that if DC DC

paschen

K V

V
 or sτ

τ
 increases, then 

DCAC

L

DC

L

t

t
 decreases. 
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a) Change in time lag with AC ripple amplitude 

 

b) Change in time lag distribution with AC ripple amplitude. PDF shown for 

ˆ
1%, 2.7%,18.8%AC AC AC

AC paschen

V K V

PDIV V
= =   

Fig. 3-9 Calculated relative mean time lag (a)) and time lag distribution (b)) for  
2

10
s

τ

τ

−
= , 

3DC DC

paschen

K V

V
=  .  
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3.3.2.4 The stochastic phase-of-occurrence  

Since the timescale of the AC period time is much lower than the timescale of mean time 

lag (A.8), the probability of a discharge within a certain AC period can be regarded as 

constant. The time lag appears with the probability density discussed in the previous 

section, and the phase-of-occurrence i
θ  will then be a random value in the interval 

ˆ ˆ,i iθ θ −∆ ∆  ; the maximum phase-of-occurrence, ˆ
iθ∆ , is defined by each 

,L it  as: 

�

1

,
ˆ cos 1

ˆ

c

i L i

AC AC

dv

dt t
K V

θ −

 
 
 ∆ = −
 
 
 

  (3.77) 

Thus, the phase-of-occurrence is: 

 ˆ
i i

θ θ= Ρ ⋅ ∆   (3.78) 

where Ρ is a random number in the interval ( 1,1)− . The phase-of-occurrence is a stochastic 

parameter, depending on the stochastic time lag. The distribution and the phase-of-

occurrence can be generated by the Monte Carlo method. The distribution will be 

symmetric around the peak of the AC voltage. In Fig. 3-10, increasing the AC voltage 

amplitude and holding all other parameters constant will lead to a higher and more narrow 

distribution of the discharge phase-of-occurrence. 

 

 

Fig. 3-10 A Calculated discharge phase-of-occurrence distribution  for three different AC 

voltage ripple amplitudes in terms of percentage of the PDIV at AC voltage.   
2

10
s

τ

τ

−
=  and 

3DC DC

paschen

K V

V
= .   
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It is possible to approximate cosθ , which is needed to calculate the mean discharge 

separation time and magnitude. The mean of the cosine to the phase-of-occurrence is 

found when the time lag is at its mean value 
L

t  given by (3.74): 

�

�

�

2

2

1

1 1
ˆ

ˆcos , ,

cos 1
ˆ

c

L

AC AC

c

AC AC s

c

L

AC AC

dv

dt t
K V

dv
F K V

dt dv

dt t
K V

θ τ

−

 
 
 − −
 
    

= =     
 
 −
 
 
 

  (3.79) 

 

3.3.2.5 Discharge magnitude  

The discharge magnitude of Townsend-like discharge was treated in section 2.1.3. The 

individual apparent discharge magnitude is 

, ,a i b L iq h C Vα= ⋅ ∆     (3.80) 

constα =  under assumption A.6. The overvoltage 
,L iV∆  depends on the time lag 

,L it and 

the phase-of-occurrence i
θ , and is given by : 

, , ,
ˆ

L i L i i
V V V

θ
∆ = ∆ −∆   (3.81) 

,

ˆ
L i

V∆  is the upper envelope of the cavity voltage,  and
,iVθ∆ is the difference between the 

ignition voltage and the envelope of the cavity voltage when the 
th
i  discharge occurs, see 

Fig. 3-11. 
,

ˆ
L i

V∆  and
,iVθ∆ are derived in Appendix B.2 : 

�

, ,
ˆ c
L i L i

dv
V t

dt
∆ =   (3.82) 

( ),
ˆ 1 cosi AC AC iV K Vθ θ∆ = −   (3.83) 
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The apparent discharge magnitude can be written as a function of the stochastic time lag 

and the stochastic phase-of-occurrence: 

�
( )( ), ,

ˆ 1 cosc

a i b L i AC AC i

dv
q h C t K V

dt
α θ

 
= ⋅ − −  

 
    (3.84) 

 

3.3.2.6 Recovery voltage and recovery time 

The recovery voltage can be found as a function of the overvoltage, from (2.39): 

,

,

1
R i

L i

V
h

V
α

∆
= −

∆
      (3.85) 

To find the recovery time 
,R it , consider that the envelope of the voltage must increase by 

,
ˆ

R i
V∆  within the recovery time 

,R it , see Fig. 3-11. 

, , ,
ˆ
R i R i iV V Vθ∆ =∆ −∆   (3.86) 

Using linearisation of the upper envelope of the cavity voltage, 
,R it  can be found by: 

�

, ,
ˆ c
R i R i

dv
V t

dt
∆ = ⋅   (3.87) 

Solving for 
,R it  and inserting (3.86) yields 

 

Fig. 3-11 A discharge at combined DC and AC voltage, resulting in a voltage drop in the cavity 

voltage. 
, ,( , )L i L L i iV V t θ∆ = ∆ , , ,

ˆ ˆ ( )L i L L iV V t∆ = ∆ , ( ),i iV Vθ θ θ∆ = ∆ .  
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�
, ,

,

R i i

R i

c

V V
t

dv

dt

θ∆ −∆
=   (3.88) 

By using (3.85), (3.81), (3.82) and (3.83), the recovery time can be expressed as a function 

of the stochastic time lag 
,L it and the stochastic phase-of-occurrence i

θ  as: 

( )
�

( ), ,

ˆ
1 1 cosAC AC

R i L i i

c

K V
t h t h

dv

dt

α α θ= − − −   (3.89) 

Observe that this function may give a negative recovery time 
,R it ; this is the case when 

, ,R i iV Vθ∆ < ∆  in eq. (3.88), or when 

( )
�

( ),

ˆ
1 1 cosAC AC

L i i

c

K V
h t h

dv

dt

α α θ− < −   (3.90) 

When
, ,R i iV Vθ∆ < ∆ occurs, the cavity voltage will be above the critical voltage within an 

AC time period, i.e. the envelope of the cavity voltage is above Paschen
V  just after the  

discharge; an example is shown in 

Fig. 3-12. This phenomenon is 

termed the rapid recovery effect, 
referring to the possibility that the 

cavity voltage can be higher than 

the critical voltage within an AC 

time period after a small discharge 

has occurred.  

In the PD sequence model, the 

rapid recovery effect is taken into 

account by setting  
, 0R it =  when 

, ,R i iV Vθ∆ < ∆ , assuming that the 

AC time period is much shorter 

than the mean statistical waiting 

time, i.e.. AC s
τ τ≪ .  

  

 

Fig. 3-12 A discharge at combined DC and AC voltage, 

where 
, ,R i iV Vθ∆ < ∆ .  
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3.3.3 Discharge magnitude and separation time – mean value, probability density and 

correlation 

The ith apparent discharge magnitude is given in section 3.3.2.5 as: 

�
( )( ), ,

ˆ 1 cosc

a i b L i AC AC i

dv
q h C t K V

dt
α θ

 
= ⋅ − −  

 
   (3.91) 

The ith time to previous discharge is given in section 2.1.1 as  

, , 1 ,pre i R i L it t t−∆ = +   (3.92) 

By inserting 
, 1R i

t −
 from (3.89) into (3.92), the time to previous discharge can be expressed 

as :  

( )
�

( )( ), , 1 , 1

ˆ
1 1 cosAC AC

pre i L i L i i

c

K V
t h t t h

dv

dt

α α θ− −∆ = − + − −   (3.93) 

Thus 
,pre i

t∆  and 
,a i

q  depend on time lag and the phase-of-occurrence as the stochastic 

parameter: 

( ), 1 , ,a i L i iq f t θ=    (3.94) 

( ), 2 , 1 , 1, ,pre i L i L i it f t t θ− −∆ =   (3.95) 

,L it  and 
, 1L it − are generated randomly from the same distribution, as described in section 

3.3.2.3: 

( )( )1

, ln 1
L i s

t D Rτ−= − −  (3.96) 

where R is a random number in the interval [ )0,1 . 

i
θ  and 1i

θ − are generated randomly from the same distribution, as described in section 

3.3.2.4: 

�

1

,cos 1
ˆ

c

i L i

AC AC

dv

dt t
K V

θ −

 
 
 = Ρ ⋅ −
 
 
 

  (3.97) 

where Ρ is a random number in the interval ( 1,1)− . 
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By combining (3.91) with (3.93), the time to previous discharge can be expressed as a 

function of the physical parameters and the measurable quantities 
,a iq , 

, 1a iq − , i
θ  and 1i

θ −

: 

�
( )( ) �

( ), , 1 , 1

ˆ1
1 cos cosAC AC

pre i a i a i i i

c c
b

K V
t h q q

dv dv
hC

dt dt

α θ θ

α

− −∆ = − + + −    (3.98) 

This equation describes the pulse sequence correlation between the time to previous 

discharge and the apparent discharge magnitude and is used in the MoM estimation 

method described in section 3.3.4. 

The probability density of the apparent discharge magnitude can be obtained directly from 

the output of the PD sequence model in section 3.2.1. The mean values can be calculated 

by: 

,

1

1 n

a a i

i

q q
n =

=     (3.99) 

 ,

1

1 n

pre i

i

t t
n =

∆ = ∆      (3.100) 

The mean values can also be calculated analytically, see Appendix B.7 and B.8 :   

�
( )ˆ 1 cosc

a b L AC AC

dv
q hC t K V

dt
α θ

 
= ⋅ − −  

 
  (3.101) 

� ( )
ˆ

1 cosAC AC
L

c

K V
t h t

dv

dt

α θ

 
 
 ∆ = − −
 
 
 

  (3.102) 

As shown in section 3.3.2.3 and section 3.3.2.4, the 
Lt and cosθ  depends on 

�
cdv

dt
, 

ˆ
AC AC

K V  and s
τ : 

 
�

1
ˆ, ,c

L AC AC s

dv
t F K V

dt
τ

 
=   

 
 (3.103) 

 
�

2
ˆcos , ,c

AC AC s

dv
F K V

dt
θ τ

 
=   

 
 (3.104) 
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The ratio of the mean apparent discharge magnitude and the mean separation time 

depends on b
C  and 

�
cdv

dt
. Dividing (3.101) by (3.102), we get: 

�
a c

b

q dv
C

t dt
=

∆
  (3.105) 

This relationship predicts a positive correlation between the mean apparent discharge 

magnitude and the mean separation time, as was observed for PD at DC voltage, in (3.36). 

The cavity voltage slope at combined voltage is greater than the slope at DC voltage, i.e. 

�
c cdv dv

dt dt
> . 

3.3.3.1 Relative change in mean values from DC to combined voltage conditions 

The relative change in the mean separation time is obtained by dividing (3.102) by (3.35): 

 

( )
�

ˆ 1 cos
1

DCAC DCAC
AC AC

L

DC DC
cL DCAC

L

K Vt t

t t dv
t

dt

θ
 
 −∆
 = −

∆  
 
 

  (3.106) 

 

The relative change in the mean discharge magnitude is obtained by dividing (3.101) by 

(3.34); the relative increase in discharge magnitude is higher than the relative increase in 

mean separation time: 

 

ˆ

1

1

AC AC

DCAC DCAC
paschena

DC DC

a DC DC

paschen

K V

Vq t

q tK V

V

 
 

∆ 
= +  ∆  −   

  

  (3.107) 
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3.3.4 Estimation of PD sequence parameters 

The parameters used in the combined voltage PD sequence model are hα , s
τ  , b

C  and

�
cdv

d t
, see section 3.2.1. It is possible to calculate these parameters before the experiments, 

as performed in section 3.3.1.1. It is also possible to estimate the parameters after the 

experiments by utilizing the information in the measurable quantities 
pret∆ , 

a
q  and θ . 

The estimators ˆhα , ˆ
bC ,
��

c
dv

dt
 and ˆ

s
τ can be obtained by the method of moments as 

described in Appendix C.3 , when ˆ
AC ACK V  are assumed known. The mean recovery time, 

ˆ DCAC

Rt , and mean time lag, ˆ DCAC

Lt , at combined voltage can also be estimated. 

The confidence intervals of the estimators are calculated using the non-parametric 

bootstrap method detailed in section 2.3.3. At DC conditions, it was only possible to 

estimate the product c

b

dv
C

dt
. At combined voltage conditions b

C  and 
�

cdv

d t
  can be 

estimated explicitly. 
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Table 3-3 Estimated values obtained from method of moments for the combined voltage PD 

process 

Estimator  Expression (function of the measured moments) 

ˆhα  and ˆ
bC  

A solution for ˆhα  and ˆ
bC  exists which satisfies 

�� �� ��

1 2 3

c c cdv dv dv

dt dt dt
= =  

(equations on p. 187) 

Find the intersecting contour line L1 (i.e. the set of ˆhα  and ˆ
bC ) that 

satisfies
�� ��

1 2

c cdv dv

dt dt
= . Find the intersecting contour line L2 (i.e. the set 

of ˆhα  and ˆ
bC ) that satisfies

�� ��

1 3

c cdv dv

dt dt
= . The intersection points of the 

contour lines L1 and L2 give a solution for ˆhα  and ˆ
bC  where 

�� �� ��

1 2 3

c c cdv dv dv

dt dt dt
= = . 

��
cdv

dt
 

��
cdv

dt
 is found by inserting the solution for ˆhα  and ˆ

bC  into eq. (0.171) 

on  p. 187.   

ˆ DCAC

L
t  

��
( )

ˆ
ˆ 1 cos

ˆ

DCAC AC AC

L

c

K Vt
t

h dv

dt

θ
α

∆
= + −  (4.1) 

t∆  is measured from the PD process, cosθ  is calculated from 

measured phase-of-occurrence. 

ˆ DCAC

Rt  ˆ ˆDCAC DCAC

R L
t t t= ∆ −  (4.2) 

ˆ
s

τ  Using (3.75), find the ˆ
s

τ  that satisfies   

��

1
ˆ ˆ ˆ, ,DCAC c

L AC AC s

dv
t F K V

dt
τ

 
 =
 
 

 (4.3) 
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4 Experimental techniques and test procedures 

This chapter describes the experimental techniques that are used to obtain data at 

combined DC and AC voltage. The dominating voltage is DC and the AC voltage is kept 

below the AC PD inception voltage. The PD repetition rate in a DC voltage dominated 

process is several orders below the repetition rate under an AC voltage dominated 

processes. The discharge magnitude is also extremely low. The low repetition rate and 

discharge magnitude make the PD measurements vulnerable to intermittent noise, and 

thus efficient methods to suppress such noise are paramount to obtain valid data.  

Section 4.1 reviews some of the challenges involved in designing and building an 

experimental setup for the measurement of partial discharge at combined DC and AC 

voltage. A design of a modular test cell is presented, as well as all parameters relevant to 

the proper control of the experimental conditions. The test procedures for measurement 

of discharges at DC voltage and combined voltage are described in section 4.1.8. 

Section 4.2 describes methods to measure the permittivity and conductivity of the 

insulation material. The measurements are used to calculate PD process input parameters, 

as detailed in section 3.2.1.1 and section 3.3.1.1. Test setups and procedures are described 

in section 4.2.1 and section 4.2.1.4. 

 

4.1 Experimental technique for measuring partial discharges at combined 

voltage 

This section describes the design of an experimental test setup for measuring partial 

discharges at combined DC and sinusoidal AC voltage, with temperature control. The 

experimental setup described is capable of stressing the test sample with sinusoidal AC 
voltage up to 2 kVrms for frequencies up to 5 kHz, and DC voltage up to 15 kV. The 

experimental setup measures discharges spanning 3 orders of magnitude, using two 

detectors at different gain levels. No parasitic partial discharges or noise are detected 

above 0.5 pC during measurement intervals spanning 24 hours. 

4.1.1 Test circuit 

The test circuit is shown in Fig. 4-1, and can be divided into three main functions: 

1) AC generation, a suitable circuit for producing high amplitude, high frequency 

sinusoidal voltage. 

2) DC generation, a suitable circuit for producing highly stabilised HVDC voltage. 

3) PD measurement, PD signal path. 

The PD measurement circuit is decoupled from the AC and DC generating circuits by a large 

transformer inductance in the AC branch and a large resistor in the DC source branch. The 

PD detectors are placed in the coupling capacitor branch and the test object branch. The 

PD detectors measure within the same frequency band, but on different gain levels. The 

measurement sensitivity in the test object branch is higher than in the coupling capacitor 
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branch. The high gain unit, the detector for low amplitude discharges, was therefore placed 

in the test object branch. 

 

Fig. 4-1 Electric circuit for measurement of PD at combined DC and AC voltage. 

 

The high frequency AC voltage is generated by a high voltage oscillator and stepped up 

using a voltage transformer. A capacitor, block
C , is connected in series to block any DC 

current from entering the transformer’s secondary side. The blocking capacitor is large 

compared to the coupling capacitor, k
C , and the capacitance of the test object, so that 

most of the AC voltage drop is over the test object. The high inductance of the voltage 

transformer makes the AC generation branch a high impedance path for the discharge 

current. A highly stabilised HVDC source (AC ripple amplitude of 10-100 mV) supplies the 

DC voltage through a resistor, block
R . The resistor blocks the AC current injection into the 

DC source, attenuates noise coming from the DC source, and makes the DC branch a high 

impedance path for the discharge currents. The blocking resistor is quite smaller than the 

coupling resistor, k
R , so most of the DC voltage drop is over the test object. The low arm 

components, l
C  and l

R , enable direct AC and DC voltage measurement, and their 

impedance values are smaller compared to the other components. The realisation of the 

test circuit is shown in Fig. 4-2. 
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Fig. 4-2 Realised test setup for measurement of PD at combined DC and AC voltage.  

 

4.1.2 Determination of test circuit components 

The voltage over the test object is given by 

 
, ,obj obj DC obj ACV V V= +    (4.4) 

where 

 
,

1

1

k
obj DC DC DC

blockk block

k

R
V V V

RR R

R

= ⋅ = ⋅
+ +

    (4.5) 

 
( ) ( ),

1

1

block
obj AC AC AC

block k obj k obj

block

C
V V V

C C C C C

C

= ⋅ = ⋅
+ + +

+

   (4.6) 

The influence of l
C  is ignored, as ,l k objC C C≫  . The resistance of the test object is 

ignored because it is much higher than k
R , in the order of 100 GΩ, even for the highest 

measurement temperature. Three aspects must be considered when designing the 

generation circuit: 

The first aspect is the voltage over the blocking impedances, which should be minimised, 

in order to fully utilise the voltage rating of the voltage sources. This is especially important 

for the AC source, due to the reduced voltage step up in the transformer at higher 

frequencies. The following two criteria should be satisfied: 

Oil-filled heating test cell 

Blocking resistor 

Coupling capacitor 
Transformer 

Blocking capacitor 

To DC source 

Coupling resistor 

Weights for mechanical pressure 

To AC source 
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( )

1
k obj

block

C C

C

+
≪    (4.7) 

 1block

k

R

R
≪     (4.8) 

The following design equations have been employed: 

 ( )10
block k obj

C C C≥ +    (4.9) 

 5
k block

R R≥    (4.10) 

The second aspect is the rated current of the voltage sources. The two following criteria 

must be satisfied to ensure continuous operation (assuming (4.7) and (4.8) are satisfied): 

 ( )
{ } { }

,

,
max max

rated AC

obj k

obj AC

I
C C

U ω
+ ≤     (4.11) 

 
{ },

,

max obj DC

k

rated DC

U
R

I
≥     (4.12) 

The third aspect is the residual voltage safety time. There will be a residual DC voltage over 

the total capacitance of the circuit 
tot k obj blockC C C C= + + . The stored energy in the 

capacitors must be discharged through k
R . The voltage should be below 50 V within 

approximately 10 seconds, and this is satisfied for 

 5 10sec
dis

τ ≈     (4.13) 

 ( ) 2sec
dis k tot k obj block

R C C C Cτ = = + + ≤     (4.14) 

Based upon these simplified considerations and the estimated capacitance of the test 

object and the coupling capacitor, the following values as shown in Table 4-1 were found. 
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Table 4-1 Calculation of circuit element values 

INPUT OUTPUT 

Voltage requirements Max/min values Chosen circuit element 

values 

, ,maxobj AC
V  2 kV 

,mink
R  10 MΩ 

kR  500 MΩ 

, ,maxobj DC
V  20 kV   

blockR  100 MΩ 

,maxAC
f  5 kHZ   

kC  200 pF 

,rated AC
I  20 mA ( )max obj kC C+  318 pF max( )

obj
C  100 pF 

    min( )blockC  3000 pF 

,rated DC
I  2 mA   

disτ  2.16 s 

 

The selection of resistors and capacitors depends on the value and PD free voltage rating 

of the components. The sensitivity of the PD measurement depends on kC  and will be 

treated in section 4.1.3.1. The maximum capacitance of the test object provides input for 

designing the size of the electrodes, see section 4.1.4.1 . With the circuit element values in 

Table 4-1, approximately 83% of the DC source voltage and 91% of the AC source voltage 

will reach the test object terminals.  

Adding a high frequency AC voltage source adds noise to the setup. Noise detection must 

be assessed for each AC voltage frequency, and careful selection of the detection frequency 
band is necessary to cope with the higher level of disturbance. The circuit elements, 

especially the impedance and voltage ratio of the voltage transformer, change when 

increasing the frequency. Resonance may occur in the circuit on the secondary side of the 

transformer, due to the broad frequency range of the AC voltage. Capacitor values must be 

selected with care to avoid any resonance.  

4.1.3 Measuring circuit 

The measurement circuit  in Fig. 4-1 is the standard straight circuit for PD detection [2]. A 

coupling capacitor kC  provides a low impedance path for the detection of the discharge 

currents, and forms part of a capacitive divider together with a low arm capacitor lC  to 

measure the AC voltage component. The resistor, kR , provides a way of automatically 

discharging the capacitances after a measurement, and forms a resistive divider together 

with a low arm resistor lR  to measure the DC voltage. The measuring impedance is the 

internal quadripole of an Omicron MPD 600 amplifier and digitiser, which consists of a HF 

current transformer and the low arm capacitor with 1lC µF= . The gain level is set as high 
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as possible at the MPD in the test object branch, detecting discharges of magnitudes 0.5 to 

700 pC. In a previous setup by the author of this thesis [90], two detectors were connected 

to the same measuring impedance, but this effectively halved the signal-to-noise ratio. The 

present setup allows a better signal-to-noise ratio. 

4.1.3.1 Sensitivity 

The detector will register a fraction of the apparent charge, called the measurable charge 

mQ , as the integral of the current in the coupling capacitor branch. The ratio between 

measurable and apparent charge is: 

m k

a k t

Q C

q C C
=

+
  (4.15) 

assuming that the stray capacitance 
stray

C  is negligible compared to the coupling capacitor, 

and l kC C≫  . There is a trade-off 

between the required sensitivity and 

the power rating of the AC source; a 

large coupling capacitor will draw a 

high current from the transformer 

when the AC test frequency is high. 

kC  must be chosen so that it is as 

large as possible without drawing too 

large a current from the transformer 

at high frequencies, and the test 

object capacitance should be as low 

as possible. The latter requirement 

restricts the diameter of the 

electrodes. For the setup used in this 

thesis, 200kC pF= ; 100tC pF<  

, and thus 0.667m

a

Q

q
> , see Fig. 4-3. 

However, the sensitivity is given by the relation between the discharge magnitude in the 

cavity disQ  and the measured discharge mQ : 

m k b

dis k t c

Q C C

Q C C C
≈ ⋅

+
   (4.16) 

Larger coupling capacitance gives better sensitivity, but draws a higher current from the AC 

source. For the setup and test object used in this thesis: 

0.667 1.65 1.10m

dis

Q

Q
> ⋅ =    (4.17) 

 

Fig. 4-3 The sensitivity of the detector as a function 

of test object and coupling capacitance, according to 

eq. (4.15).  
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The test setup is therefore capable of detecting very small discharges in the cavity, well 

below 1 pC. In practice, the lower detection limit depends on the noise level.  

4.1.3.2 Analogue and digital bandwidth of measuring system 

The partial discharge that takes place in the cavity usually lasts a couple of microseconds, 

but it is not possible to measure the charge displacement process directly. Instead, the 

resulting charge transport in the external circuit is measured. The externally measured PD 

pulse waveform depends on the circuit used to measure the PD pulses. To minimize 

inductance and noise in the signal path, the setup was made as small as possible and the 

leads to the measuring device as short as possible. The data are transferred through optical 

cables. In the current work, the PD pulse was measured with PD acquisition system MPD 

600 from Omicron. The system was chosen due to its excellent noise suppression features, 

and versatility in data acquisition and storage.  

The PD pulse is measured with a wide band high frequency transformer (HFCT) as shown 

in Fig. 4-1, which in this case is the attenuator. The complete signal flow is shown in Fig. 

4-4. 

 

The attenuator has a lower cut-off frequency at 30 kHz and upper cut-off frequency around 

20 MHz. To measure the apparent charge, the conventional quasi-integration technique is 

used. The general rule is that for sufficiently low frequencies, the spectrum of any PD pulse 

contains the complete information needed for determining the time integral, i.e. the 

apparent charge. The principle is shown in  Fig. 4-5.  

 

Fig. 4-4 Analogue and digital signal flow, according to IEC 60270 [2]. Direct A/D conversion of 

the input PD pulses. 1 - Attenuator; 2 - A/D converter for PD pulses voltage; 3 - Digital band-

pass filter; 4 - Numerical integrator; 5 - A/D converter for AC voltage; 6 - Acquisition unit; 7 - 

Evaluation and visualization unit 
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The integration bandwidth and 

upper cut-off frequency are set 

digitally from the software 

interface. The choice of 

bandwidth determines the 

minimum pulse resolution time 

(the time between two 

consecutive recognized pulses), 

and influences the noise level 

and correct polarity detection. 

In the measurements in this 

thesis work, the integration 

bandwidth was set to 300 kHz 

and the centre frequency to 700 
kHz. A high centre frequency 

was chosen due to noise in the 

band below 100 kHz from the AC source. At a bandwidth of 300 kHz the pulse resolution 

time is 3.33 µs, the inverse of the bandwidth. The noise level is around 0.3 pC for the 

present setup, but threshold was set to 0.5 pC.  

4.1.3.3 Calibration 

The two PD detectors were calibrated at different levels. The low PD amplitude detector in 

series with the test object was calibrated at 5 pC, and the high PD amplitude detector in 

the coupling capacitor branch was calibrated at 50 pC. The calibration pulse was injected 

at the test object terminals.  

It is important that the capacitance of the calibrator is smaller compared to the test object 

capacitance, since the calibrator is removed after calibration. The calibrator capacitance 

was less than 1 pF.  

4.1.3.4 Electric noise suppression 

The following measures were taken to reduce constant and intermittent noise: 

- Complete setup placed inside Faraday cage, and all power provided through 

filtered mains. 

- No switch mode power supplies for measurement instruments.  

- Twisting of AC voltage low voltage cables. 

- Control and data over optical cables, to avoid any antenna effects. 
- Star point ground, no ground loops. 

- Clean lab environment, high voltage circuit in dust-proof metal box. 

- Ferrite cores on all USB and signal leads in and out of control box described in 

section 4.1.6. 

 

Fig. 4-5 Correct relationship between amplitude and 

frequency to minimize integration errors for a wide band 

system, from [2]. A: Bandpass of the measuring system. 

B: Amplitude frequency spectrum of the PD pulse. C: 

Amplitude frequency spectrum of calibration pulse.  
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4.1.4 Test cell 

A modular test cell designed for the setup is shown in Fig. 4-6. The test cell in this work 

uses a brass ground electrode, and an epoxy encapsulated high voltage electrode, 

described in section 4.1.4.1. Mechanical pressure is controlled by weights on the top 

electrode, temperature is controlled by the electric heat coil, oil is used as a thermal 

conductor and for suppressing discharges at the edges of the electrodes. O-rings were used 

to ensure the cell is oil-, vacuum- and airtight. PT 100 elements measure the temperature 

inside the bottom brass electrode, and in the oil.  

 

 

Fig. 4-6 Test cell. Resistive heating coil (grey spiral) heats oil and sample, red line marks oil. 

Brass electrodes in beige, + sign marks top electrode, ÷ sign marks bottom electrode, black 

dots mark temperature sensors.  
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4.1.4.1 Electrodes 

The risk of parasitic PD increases with higher voltage, especially at the edges of the 

electrodes and at sharp protrusions in the external high voltage circuit. Furthermore, lack 

of pressure outside the electrode periphery may allow small pockets of air in the interface 

between the films. To mitigate external discharges, the high voltage electrode must be cast 

in epoxy. PD at the edge of the electrode is then mitigated and there will be sufficient 

pressure on the films, even outside the electrode radius. The DC electric field is graded 

using a linear slope, see electrode design drawing in Fig. 4-7a. The design was first used by 

Kreuger [91], but the slope was made steeper to restrict the electrode diameter and the 

capacitance of the test object.  

 

 

a) 

 

b) 

Fig. 4-7 The high voltage electrode with diameter 25 mm shown in a). The slope outside the 

centre plateau (diameter 1 cm) is 1:12, and the radius of the egde is 4 mm. The ground 

electrode with Rogowski profile shown in b). 
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The ground electrode was rounded with a Rogowski profile at the edges, see Fig. 4-7a.  The 

electrodes were submerged in mineral oil up to 3-4 cm above the test object. A picture of 

the electrode assembly is shown in Fig. 4-8. 

 

 

 

Fig. 4-8 Epoxy encapsulated high voltage electrode, final assembly. 

 

4.1.5 Test sample 

It is preferable to choose a material that is used in electrical apparatus, and where there is 

substantial scientific literature on the conductivity and permittivity of the material. A 

layered sample with a cylindrical cavity facilitates an easy and repeatable preparation of 

samples. For such reasons, a biaxially oriented PET film was chosen. The test samples in 

this thesis are made from sheets of Hostaphan RN 50-350 from Mitsubishi Polyester Film 

GmbH. The film can be supplied in thicknesses from 50 to 350 µm.   

  

Epoxy encapsulation  
High voltage electrode 

Heating coil 
Ground electrode 

Test sample 
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Fig. 4-9 Structure of test object, three layers of PET film with cylindrical hole in the middle 

layer. 

 

The cavity size choice was influenced by two aspects: 

- The high voltage which is necessary to generate a sufficiently high PD repetition 

rate at DC causes an increased probability of occurrence of discharges in the 

external circuit, and thus a thin film is preferable. This reduces the DC voltage 

needed to start discharges in the sample. 

- The cavity diameter should not be too small due to non-homogeneity of the field 
inside the cavity and not too large due to the danger of deformation of the cavity 

due to electrostatic forces on the cavity surface [91]. 

For the experiments, a cavity with 2 mm in diameter was chosen, and the film thickness 

was 75 µm. The films were pressed together and glued at the outer edge to avoid ingress 

of oil into the cavity. The capacitance of the test object with the electrodes in section 

4.1.4.1 is approximately 64 pF and is lower than the 100 pF limit given in section 4.1.3.1. 

4.1.6 Control of test setup 

All data and control signals were transferred via optical cables. NI USB 6216 was used to 

measure temperature and control the resistive heating element. The NI USB 6216 also 

controlled voltage output of the AC and DC sources, and AC frequency. The voltage 

sequence output and temperature controller were implemented using LabVIEW. 

4.1.7 Verification of setup 

A systematic approach is vital for acquiring confidence in the final test results. The test 

setup is comprised of many sub-systems; the DC and AC generating branches, PD 

measurement system, temperature control, voltage control, test cell, etc. The lab 

environment will also influence the setup. A test procedure of the setup was used, which 

was intended to reduce the complexity, and work its way from component level to full 

assembly of the test setup: 

1. Sub-system test: verification of function and noise level of separate components. 

2. System test: verification of function of assembled components and noise level. 

3. Main test: PD detection in the PET test objects. 
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In steps 1 and 2, the following tools were used: 

- High bandwidth oscilloscope measurements of voltage waveforms. 

- FFT, to identify frequency band with lowest noise levels. 

- 24-hour PD measurement to check for intermittent noise. 

- 24-hour temperature measurement. 

- 24-hour voltage stability measurement. 

In step 3, the following procedure was followed: 

1. 24-hour PD measurement on solid PET sample with thickness 250 µm at the highest 

DC and AC voltages planned for the final experiments. Temperature of 75  °C. 

2. 24-hour PD measurement on 3 sheets of PET, without cavity, at the highest DC and 

AC voltages planned for the final experiments. Temperature of 75  °C. Various 

values of mechanical pressure. 

3. PD Measurements on samples with cylindrical cavity, see test procedure in the next 

section. 

During step 2, it was found that a mechanical pressure of 2 kg/cm2 yielded no discharges 

above 0.5 pC for 24 hours, thus confirming that the test setup was robust against 

continuous and intermittent noise. 

4.1.8 Test procedure 

The PD test programme on samples with cylindrical cavity consists of three test series with 

variable AC voltage:  

- Test series 1: DC + variable AC ripple amplitude 

- Test series 2: DC with no AC ripple 

- Test series 3: DC + variable AC frequency 

For test series 1 and 3, the individual apparent discharge magnitude, time-of-occurrence, 

and phase-of-occurrence are registered. For test series 2, only the apparent discharge 

magnitude and the time-of-occurrence is registered. The test sample used is described in 

section 4.1.5. The temperature and DC voltage were the same for all three test series: The 

temperature was controlled to 75±1 °C, and the DC voltage over the test sample was 10 

kV. The AC voltage varied between 0 to 500 Vrms and the AC frequency between 50 to 1000 

Hz. 

One test series is divided into five test sequences, and each test sequence is divided into 

seven stages, see Fig. 4-10. For the test sequences: 

- A test sequence lasts 42 hours. 

- A test sequence always starts with applying DC voltage, the DC voltage is ramped 
up at approximately 30 V/s, to 10 kV. The DC voltage is kept at this level throughout 

the test sequence and ramped down at the end.  
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- The sample is grounded for 48 hours between each test sequence to investigate 

the effect of grounding on the PD process. 

- A PDIV test at AC voltage was performed just before the second test sequence to 

investigate the effect of an AC PDIV test on the subsequent PD process. Care was 

taken to limit the number of discharges in this test between 30 000 to 40 000, to 

avoid any permanent changes to the cavity. 

For the test stages: 

- Each stage is 6 hours. 

- The first stage (0) of a test sequence is the transient stage, where the polarisation 

current in the sample stabilises.  

- In the next stages (1-6), which are of primary interest, the PD process is in the 

steady state condition.  

- In stages 0, 1 and 6, labelled DC0, DC1 and DC2, respectively, no AC ripple is 

superimposed on the DC voltage. 
- AC voltage is superimposed on the DC voltage in stages 2, 3, 4, and 5, labelled AC1, 

AC2, AC3, and AC4, respectively.   

- Stage DC1 is the reference for DC2, Stage AC1 is the reference for AC4, the use of 

reference stages makes it possible to track any of the PD process on the PD 

sequence parameters. 

 

Fig. 4-10 General overview of the partial discharge test programme.  

 

A test sequence for DC with variable AC voltage amplitude is shown in Fig. 4-11. The AC 

voltage ripple with constant frequency was applied with a logarithmic increase in 

amplitude through stages AC1 to AC3. In stage AC4 the amplitude was reduced to the same 

level as AC1, for reference. AC voltage is ramped up or down at a rate of 30 V/s. 
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Fig. 4-11 The different stages of voltage application during a test sequence with DC + variable 

AC amplitude, see values in Table 4-2. 

 

The AC voltage ripple with constant amplitude was applied with a logarithmic increase in 

frequency through stages AC1 to AC3. In stage AC4, the frequency was reduced to the same 

level as AC1, for reference. The applied DC and AC voltage for all test series is given in Table 

4-2. During test series with DC variable AC ripple amplitude and frequency, the AC voltage 

is never higher than around 60% of the theoretical AC PDIV value: 1234
AC peak

PDIV V= , 

given in section 5.2.1. 

The DC electric field in the series dielectric of the PD test sample can be estimated by 

assuming that the voltage over the cavity is close to the Paschen voltage. The total voltage 

over the series dielectric is: 

b DC paschenV V V= −   (4.18) 

The electric field strength is found by dividing the total voltage over the series dielectric by 

the total thickness of the series dielectric: 

b

b

V
E

H h
=

−
  (4.19) 

h=75 µm, H = 225 µm and 10DCV =  kV, and 765
paschen peak

V V=  for atmospheric pressure, 

so 61.5bE ≈  kV/mm.  
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Table 4-2 Overview measurement programme, voltage stress under different test sequences. 

Each stage is 6 hours. Each test sequence is performed 5 times. 

Stage 

number 

Stage 

label 

Time 

interval 

(hour) 

DC series  

(VAC ≈ 0) 

DC + variable AC 

amplitude test 

series 

  

DC + variable AC 

frequency test series 

  

kVDC kVDC VAC 

(rms) 

Hz kVDC VAC 

(rms) 

Hz 

0 DC0 0-6 10 10 0 0 10 0 0 

1 DC1 6-12 10 10 0 0 10 0 0 

2 AC1 12-18 10 10 44 50 10 44 50 

3 AC2 18-24 10 10 176 50 10 44 500 

4 AC3 24-30 10 10 500 50 10 44 1000 

5 AC4 30-36 10 10 44 50 10 44 50 

6 DC2 36-42 10 10 0 0 10 0 0 

 

A series of measurements was carried out at the same DC voltage and temperature level 

as in the DC test series reported in section 5.2, but an AC ripple voltage 100 Vrms below the 
theoretical AC partial discharge inception voltage was superimposed on the DC voltage 

after 12 hours. The applied voltage for the entire test sequence is given in Table 4-3. The 

test series consisted of 2 repeated test sequences. An AC PDIV test was performed just 

before the second test sequence.  

Table 4-3 Test sequence with constant DC voltage and an high AC ripple voltage. Each test 

sequence consisted of 4 stages, the length of one stage was 6 hours. 

Stage 

number 

Stage 

label 

DC + high AC voltage test 

sequence 

  

VDC 

(kV) 

VAC 

(Vrms) 

fAC 

(Hz) 

0 DC0 10 0 0 

1 DC1 10 0 0 

2 AC 10 760 50 

3 DC2 10 0 0 
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4.2 Experimental technique for measuring material parameters 

The conductivity and permittivity must be measured to determine the PD sequence 

parameters b
C and cdv

dt
, as detailed in sections 3.2.1.1 and 3.3.1.1. Section 4.2.1 describes 

the Pol/Depol method used to obtain the  conductivity for electric field strength between 

22-44 kV/mm. Section 4.2.1.4 describes the AC dielectric response method to obtain the 

permittivity in the frequency range 1-5000 Hz. All measurements are performed on sheets 

of biaxially oriented PET with thickness 75 µm, in the temperature range 40-80  °C.  

4.2.1 Conductivity 

The conductivity of the PET film was measured with a guarded electrode setup in a 

temperature-humidity chamber. The electric field strength ( /
DC

V h ), was 22, 33, and 44 

kV/mm. The measurements were made at 40, 60, and 80  °C, at room relative humidity (i.e. 

30-50%). The humidity in the samples was not controlled, because the partial discharge 

measurements were performed at uncontrolled room relative humidity. The design of the 

test setup is the same as in [92].  

4.2.1.1 Method and test setup 

The polarisation and depolarisation current method (PDC) is used to measure the 

conductivity. The details of this method can be found in a paper by Zaengl [93]. In short, 

the conductive current DC
I  (described in section 2.1.2.1)  through a dielectric material can 

be found by the sum of the polarisation current 
p

i  and the depolarisation current d
i : 

( ) ( )
DC p d

I i t i t= +    (4.20) 

The depolarisation current will be opposite in sign to the polarization current. The 

conductivity of the sample is calculated based on the measured quantities as [92],[94]:  

( )( ) ( )
p dr

DC

i t i t

C V

ε
σ

+
=    (4.21) 

where r
ε  and C  are the relative permittivity and the capacitance of the sample at or near 

power frequency, respectively, and DC
V is the applied DC voltage during the polarisation 

stage.   

The experimental setup is shown in Fig. 4-12. The test cell with the test sample is placed in 

a temperature-humidity chamber which controls the temperature to 0.1 C± 
; the 

humidity was not controlled during the experiments. The low ripple HVDC voltage source 

is connected to the sample through two resistors and a high voltage (HV) relay. A 

picoammeter measures the current through the sample, a grounded guard electrode is 

used to eliminate surface leakage current. The polarisation stage starts by switching the HV 

relay from low to high position. After a polarisation time of 1 hour, the HV relay switches 
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to the low position and grounds the test sample for a depolarisation time of 10 hours. This 

longer depolarisation time is necessary to remove any remaining space charge in the 

sample between each test. The picoammeter is protected by a low voltage (LV) relay during 

switching of the HV relay, grounding the terminals of the picoammeter. 

  

 

Fig. 4-12 Test cell and setup for PDC conductivity measurement, from [92].  

 

4.2.1.2 Test sample 

The test sample is 75 µm thick PET film with aluminium electrodes as shown in Fig. 4-13. A 

3-electrode system is used, comprising a high voltage electrode on one side and a guard 

and sense electrode on the other side. The diameter of the sense electrode is 40 mm, the 

thickness of all electrodes was below 1 µm. The aluminium electrodes were made using a 

vacuum evaporation technique.  

PET 75 µm

50 mm

40 mm

Guard electrode Sense electrode

High voltage electrode

 

Fig. 4-13 Test sample with vacuum evaporated guard aluminium electrodes, thickness of 

electrodes is <1 µm. 
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The test samples were prepared as follows: 

1. Cleaning of samples with Isopropanol. 

2. Drying in vacuum oven at 80 °C for 48 hours. 

3. Vacuum deposition of aluminium on both sides of the sample. 

4.2.1.3 Test procedure 

The tests were performed in the order shown in Table 4-4, by the following procedure: 

1. Insert test sample in test cell. 

2. Set temperature. Humidity is not controlled and is the same inside the chamber as 

in the laboratory. 

3. Allow stabilisation of test cell and sample temperature for 24 hours. 

4. Measure capacitance and permittivity of sample, using RLC meter. 

5. Connect cables for conductivity measurement, wait minimum 12 hours for 

relaxation of any triboelectric effects in the connected cables. Measure 

polarisation and depolarisation currents at each voltage (1.65 kV, 2.5 kV and 3.3 
kV) with 1-hour polarisation time and 10-hour depolarisation time. 

6. Set next temperature, start from step 2 again. 

 
Table 4-4 Order of the conductivity measurements 

 Test voltage 

Temperature 1.65 kV (11 kV/mm) 2.5 kV (22 kV/mm) 3.3 kV (44 kV/mm) 

40 °C @ Room RH Measurement no. 1  Measurement no. 

2 

Measurement no. 3 

60 °C @ Room RH  Measurement no. 

4 

 Measurement no. 

5 

 Measurement no. 

6 

80 °C @ Room RH  Measurement no. 

7 

 Measurement no. 

8 

 Measurement no. 

9 
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4.2.1.4 Fitting of conductivity data 

Das Gupta and Joyner [95] found that the temperature dependence of conductivity in PET 

was consistent with the Arrhenius equation in the temperature range 273 ≤ T ≤ 450 K: 

( ) 0
exp A

E
T

kT
σ σ

 
= − 

 
  (4.22) 

A strong field dependence was observed in PET by Inuishi and Powers [96]: 

( ) ( )0 expE Eσ σ α=   (4.23) 

Based on the above observed empirical relationships and Lawson [97], it will be assumed 

that the combined temperature and electric stress dependence can be represented by  

( ) 0
, exp expA

E bE
E T

kT kT
σ σ

   
= −   

   
   (4.24) 

The data obtained by measurement as described in section 4.2.1.3 can be fitted by (4.24) 

to find conductivity at values of temperature and electric field strength other than those 

directly measured.  

 

4.2.2 Permittivity 

The permittivity of the PET film was measured using AC dielectric response method in the 

frequency range 1-5000 Hz. The measurements were made at 40, 60, and 80  °C, and at 

room relative humidity (i.e. 30-50%). The test setup used is the same as in [98].  

4.2.2.1 Method and test setup 

The dielectric response method [99] is used to find the permittivity. The measurements 

were performed using a Novocontrol Alpha A analyser with ZG4 4-wire impedance 

interface and a heating oven capable of regulating the temperature within 1 C± 
 . The test 

circuit is shown in Fig. 4-14. The AC voltage was 3 Vrms and the frequency varied between 

1-5000 Hz in steps of 250 Hz. There was no guard electrode on the test samples, and the 

effect of stray capacitance and conduction around the edges was not compensated for. 
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Fig. 4-14 Test circuit for measurement of permittivity as function of frequency, the 

Novocontrol Alpha A. 

4.2.2.2 Test sample 

The test sample and preparation is similar to the one described in section 4.2.1.2 for the 

conductivity measurements, with the exception that there is no guard electrode and the 

diameter of the top and bottom electrodes is 40 mm each.  

4.2.2.3 Test procedure 

The tests were performed in sequence at 40, 60, and 80  °C by the following procedure: 

1. Insert test sample in test cell. 

2. Set temperature, lowest first. Humidity is not controlled and is the same inside the 

chamber as in the laboratory. 

3. Allow stabilisation of test cell and sample temperature for 24 hours. 

4. Measure capacitance and permittivity of sample, from 1 to 5000 Hz in steps of 250 

Hz. 

5. Set next temperature, start from step 2 again. 
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5 Results and discussion 

This chapter presents the simulated and experimental data for the PD process at DC voltage 

and combined DC and AC voltage. The validity of the results and that of the proposed model 

is discussed. The structure of the chapter is given in Fig. 5-1: In section 5.1, the 

measurement of the material parameters - conductivity and permittivity, is presented. The 

measured values are used to calculate the PD sequence input parameters for the 

simulation model in section 5.2. In section 5.3, the results of the experimental investigation 

of PD at DC voltage are discussed. In section 5.4, the results of the experimental 

investigation of PD at combined DC  and AC voltage are discussed. 

 

5.1 Measurement of conductivity and permittivity 

The results and discussion for the material parameters - conductivity and permittivity, are 

presented in the following sections. The measured values are used to calculate the PD 

sequence input parameters for the simulation model in section 5.2. 

 

Fig. 5-1 Structure of chapter 5: Results and discussion 

Section 5.1: Measurement of conductivity and permittivity 

Section 5.2: Simulation of the 
partial discharge process during 

application of DC and combined 

voltages 

Section 5.3: Experimental 

investigation of partial 

discharges at DC voltage 

Section 5.4: Experimental 

investigation of partial 
discharges at combined DC 

and AC voltage 
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5.1.1 Conductivity 

The conductivity of a 

single PET film was 

measured at 40, 60, and 

80  °C, using the PDC 

method, see Table 5-1 and 

Fig. 5-2. It is noted that the 

conductivity of biaxially 

oriented PET is extremely 

low compared to other 

insulation materials used 

in power cables. XLPE has 

a conductivity of around 

3E-15 S/m at 19.1 kV/mm 
and 60°C [92], which is 

almost 30 times higher 

than the conductivity of 

PET at 22 kV/mm for the 

same temperature.  

In the measurement at 40 

°C and 22 kV/mm, the 

current measurement was close to the noise current band; this may explain the apparent 

drop in conductivity. This measurement is considered not valid.  

Table 5-1 Measured conductivity in 75 µm PET film (S/m) 

  DC Voltage (bulk electric field) 

Temperature 1650 V (22 kV/mm) 2500 V (33 kV/mm) 3300 V (44 kV/mm) 

40 °C - 1.61E-17 2.56E-17 

60 °C 6.16E-17 8.58E-17 1.17E-16 

80 °C 6.16E-16 9.45E-16 1.41E-15 

 

The measured conductivity is close to the values obtained from Lilly and McDowell [100] 

for PET film with aluminium electrodes; they report 7.2e-16 S/m at 21 kV/mm and 78 °C, 

and the measured value at 22 kV/mm and 80 °C is 17% lower. Extrapolation of data from 

Lilly and McDowell to higher electric field strength is shown in Table 5-2. Overall, the 

measured values are lower, but close to the extrapolated values. Since the extrapolated 

values are obtained at a 2 °C lower temperature, it can be expected that the discrepancy is 

even higher. However, considering the large effect of inconsistent conditioning of the PET 

samples [101] and the uncontrolled humidity, the measurements are in good agreement 

with previously reported results at 80 °C. It is not possible to evaluate the values measured 

for lower temperatures, as no studies were found for biaxially oriented PET in the range of 

40 to 60 °C and electric field strength between 22-44 kV/mm. 

 

Fig. 5-2 Conductivity of PET 40 °C, 60 °C and 80 °C at 22 kV/mm, 

33 kV/mm and 44 kV/mm. Thickness of PET film: 75 µm. 
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Table 5-2 Measured conductivity (S/m) at 80 °C versus published data 

  DC Voltage (bulk electric field) 

Temperature 1650 V (22 kV/mm) 2500 V (33 kV/mm) 3300 V (44 kV/mm) 

80 °C 

(measured) 
6.16E-16 9.45E-16 1.41E-15 

78 °C 

(extrapolated 

data, Lilly and 

McDowell 

[100])  

7.57e-16 (+22.9%) 1.12e-15 (+18.5%) 1.42e-15 (+0.7%) 

 

The difference in conductivity from 60-80 °C is consistently higher than from 40-60 °C in 

Fig. 5-2. This jump in the measured conductivity is supported by Neagu et al. [101] who 

observed a change in the conductivity mechanism and activation energy in the glass 

temperature region of PET. According to [102], the glass temperature, 
g

T , is 67 °C for 

amorphous PET and 81 °C for crystalline PET. Separate mechanical tests showed that 
g

T  

was in the region of 75-80 °C for the PET film used in this thesis, confirming that a change 

in activation mechanism indeed influenced the conductivity at 80 °C.  

In the PD tests in sections 5.2.6.2.2 and 5.3.6, the mean electric field strength in the PET 

film is approximately 61.5 kV/mm at 75 °C, using (4.19). The conductivity is estimated by 

fitting the measured data to (4.24), and extrapolating as described in section 4.2.1.4. The 

change in activation energy close to the glass temperature (75-80 °C) [101] makes it difficult 

to fit to the entire temperature region. An alternative approach is to estimate the 

conductivity by fitting for the data T≤60 °C and T≥60 °C; the two estimated values of bσ  

represent the lower and the upper bound. According to Table 5-3, 

(75 ,61.5 / ) 6.1 16,13.5 16
b

C kV mm e eσ ° ∈ − −  (S/m). Due to the lack of accurate data in this 

temperature region, the conductivity is estimated to (9.8 3.7) 16e± −  (S/m). Extrapolation 

of data from Lilly and McDowell [100] to 61.5 kV/mm at 78 °C yields a conductivity of 1.8e-

15 S/m, which is in good agreement with the estimated value considering the accuracy of 

extrapolation and the higher temperature. The estimated value is used as input to the PD 

sequence parameter calculation in section 5.2. 
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Table 5-3 Estimation of the conductivity for E= 61.5 kV/mm and T= 75 °C. 

Data points used -> all T, all E T<= 60 °C, all E T>= 60 °C, all E 

F
it

te
d

 

p
a

ra
m

e
te

rs
 

0σ  (S/m) 0.0802 8.8114e-06 205.0871 

AE  (eV) 1.02 0.76 1.25 

b   (eVmV^-1) 1.86e-28 1.48e-28 1.60e-28 

Calculated 

value 
bσ  (S/m) @ 75 

°C, 61.5 kV/mm 

15.0e-16 6.1e-16 13.5e-16 

 

5.1.2 Permittivity 

The relative permittivity was measured between 1 to 5000 Hz at 40, 60, and 80  °C, see Fig. 

5-3. The permittivity varies very little with temperature in this frequency range; the value 

is between 3.15 and 3.2 for all measurements.  

 

Fig. 5-3 Measurement permittivity of PET, at 40, 60, 80 °C and 1-5000 Hz. AC 

voltage amplitude: 3 Vrms. Thickness of sample: 75 µm, diameter: 40 mm. 

 

The measured permittivity is in the range 3.15-3.2, which is somewhat lower than the value 

of 3.3 given in the data sheet (Hostaphan RN 50-350, measured at 23 °C for 50 and 1000 

Hz). Neagu et al. [103] measure a relative permittivity between 3.3 and 3.4 in the same 

frequency and temperature range. The reason for this discrepancy is not clear, but the AC 
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current measurement accuracy is lower for the measurements performed on 75 µm film in 

this work compared to the ones on 6 µm film by Neagu et al. [103]. A value of 3.3 will be 

used as input to the PD sequence parameter calculation in section 5.2. It can be safely 

assumed that this value will not change significantly with temperature and AC voltage 

frequency. Furthermore, the permittivity of PET does not change with DC voltage as it is 

not a ferroelectric material, which is confirmed by experimental data from Hami et al. 

[104]. 
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5.2 Simulation of the partial discharge process during application of DC and 

combined voltage 

In this section, the PD process is simulated for both DC voltage and combined DC and AC 

voltage conditions. The structure of this section is shown in Fig. 5-4. The calculation of the 

input parameters is done in section 5.2.1. The theoretical effect of the AC voltage ripple on 

the PD sequence and the mean values are evaluated in sections 5.2.2 to 5.2.4. In section 

5.2.5, the hypotheses in section 1.3 are evaluated by comparison with the simulation 

results. Finally, the performance and robustness of the estimators are assessed in section 

5.2.6.   

 

 

Fig. 5-4 Structure of section 5.2. 

Section 5.2.1 

Section 5.2.2 to 5.2.5  

Section 5.2.6 

Section 3.2 Section 3.3 

Section 3.2.4 Section 3.3.4  
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5.2.1 PD sequence parameters 

In chapter 3, the PD process was characterised by the PD sequence parameters, which are 

calculated for DC and combined voltages using the physical parameters, see section 3.2.1.1 

and section 3.3.1.1.   

The conductivity and relative permittivity used in the PD models are 9.8e-16 S/m and 3.3 

respectively, at 61.5 kV/mm and 75 °C. The DC voltage is 10 kV, and the AC voltage ripple 

amplitude is 62.2 V. The physical values are summarised in Table 5-4, while the PD 

sequence parameters are summarised in Table 5-5, calculated as follows:  

1) 0.62
AC

K = , from (3.56) using permittivity from section 5.1.2. 

2) The ignition voltage in the cavity is 765 Vpeak at 75 µm cavity depth and atmospheric 

pressure according to the empirical equation of Ritz [87], which is close to 790 Vpeak 

found by interpolation in the tables of Dakin [89]. Thus, the PDIV value for AC is: 

765
1234

0.62

paschen

AC peak

AC

V
PDIV V

K
= = =     (5.1) 

3)  7hα ≈  for cavity height h = 75 µm, atmospheric pressure and critical electric field 

strength 10 kV/mm, paschenV

h
, with (2.38) from Kontaratos [69]. 

4) A value of 5s sτ =   is chosen. The mean time for detrapping of electrons in HVDC 

cables during service conditions (20 kV/mm, 76 °C) is in the order of seconds, 

according to Serra et al. [105]. The mean statistical waiting time for a discharge to 

be initiated will be probably higher, as not all detrapped electrons will cause a 

discharge.  

5) 0.61bC pF= , from (3.1) using permittivity from section 5.1.2. 

6) 
�

0.19 /c cdv dv
V s

dt dt
≈ = , from (3.2) and (3.55), using conductivity from section  

5.1.1 and permittivity from section 5.1.2.  
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Table 5-4 Material properties, geometry and voltages 

Parameter Value Parameter Value 

Electrode 

separation, H  

225 µm Tau, τ  47 885 s 

Cavity height, h  75  µm DC voltage, DCV  10 000 V 

Cavity radius, cavr  1 mm AC voltage 

amplitude, ˆ
ACV  

 62.2 Vpeak (44 Vrms) 

Permittivity of 

series dielectric, bε  

3.3 Frequency AC 

voltage, ACf  

>50 Hz 

Permittivity of air in 

cavity, cε  

1 Paschen voltage, 

and AC PD 

inception voltage 

Vpaschen = 765 Vpeak 

1234
AC peak

PDIV V=  

873AC rmsPDIV V=  

Conductivity of 

series dielectric, bσ  

9.8e-16 S/m Equivalent 

conductivity of 

cavity, including 

surface and gas 

conductivity, cσ  

0 S/m 

 

Table 5-5 PD sequence parameters, model input 

Parameter Value Parameter Values 

Townsend 

coefficient product, 

hα  

7 Capacitance of 

dielectric in series 

with cavity, b
C  

0.61 pF 

Mean statistical 

waiting time, s
τ  

5 s Slope of cavity 

voltage,
�

c cdv dv

dt dt
≈  

0.19 V per second 
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5.2.2 The PD sequence 

Data are simulated for the PD sequence both at DC voltage and at combined voltage, to 

evaluate the effect of the AC ripple on the discharge magnitude and the separation time. 

The Monte Carlo PD models described in section 3.2 and section 3.3. are used, with input 

parameters from Table 5-5.  

The simulated PD sequence for a 12-hour window is shown in Fig. 5-5, under steady-state 

conditions. The superimposed AC voltage ripple with amplitude 62.2 V results in longer 

separation times (Fig. 5-5d), higher discharge magnitude (Fig. 5-5b), as well as larger scatter 

and stronger fluctuation of their moving average value.  

a) Discharge magnitude, ˆ 0ACV V=  b) Discharge magnitude, ˆ 62.2ACV V=  

c) Separation time, ˆ 0ACV V=  d) Discharge magnitude, ˆ 62.2ACV V=  

Fig. 5-5 Data from the PD sequence models at DC conditions a), c), VDC = 10 kV,  and combined 

voltage b), d), VDC = 10 kV and VAC = 62.2 V. Dots = individual magnitude or time to previous 

discharge, dashed line = population mean, line = moving average (last 10 values ).  

 

The behaviour can be explained in terms of the model presented in section 3.3. The mean 

statistical waiting time for start electrons is the same during DC voltage and combined 

voltage application. For DC conditions, the cavity voltage increases monotonically and will 

stay above the critical voltage until a start electron arrives to initiate a discharge, and thus 
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the mean time lag will be equal to the mean statistical waiting time. For combined voltage, 

however, the cavity voltage is above the critical voltage for only a short interval of the AC 

period time, which decreases the probability for a discharge to occur per time. The arrival 

of a start electron can occur at any time during the AC voltage period but does not cause a 

discharge unless it arrives in the short time interval when the cavity voltage is above the 

critical value. This causes a higher mean time lag than the mean statistical waiting time, 

and higher discharge magnitude and separation time. 

 

The classic model of Rogers [26] and Densley  [27, p. 436] predicts a decrease in separation 

time when an AC ripple is added to the DC voltage, which is contrary to the prediction of 

the model presented in this thesis. The main difference between the model presented in 

section 3.3 compared to the classic model is the use of a stochastic time lag. The stochastic 

time lag causes discharges to occur at variable ignition voltage, which results in a variable 

discharge magnitude and separation time. The classic model, however, assumes that 

discharges occur as the cavity voltage reaches a predetermined ignition voltage.   

When an AC ripple is applied, the classic model states that a discharge will occur when the 

sum of the peak of the AC voltage and the DC voltage over the cavity reaches the ignition 

voltage. If the DC offset of the cavity voltage always starts at the same residual voltage, the 

DC offset needs to increase by ˆ
c AC ACV K V∆ − , thus reducing the separation time, 

according to (2.43). There are at least two challenges with the validity of the classic model: 

1) The DC offset of the cavity voltage does not always start at the residual voltage. If 

the discharge occurs close to the peak of the AC voltage, then the voltage drops to 

the residual voltage and the DC offset is ˆ
AC ACK V  below the residual voltage. The 

discharge separation time should then follow (2.18), and not (2.43). The result 

would be that the discharge separation time does not change significantly 

compared to DC voltage conditions, contradicting the prediction of the classic 

model.  

2) Physically, the time lag determines the ignition voltage, and not vice versa. In the 

classic model approach, the ignition voltage determines the time lag. This can be 
regarded as an artificial relationship which does not represent the causality of the 

underlying process. 

The stochastic time lag describes the PD process in a way that conserves the causality and 

seems to explain the effect of an AC ripple both theoretically and experimentally, as will be 

discussed in section 5.3.6. 
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A strong correlation between the 

moving average of the discharge 

magnitude and the separation time 

can be observed for DC conditions, 

Fig. 5-6, and combined voltage 

conditions, Fig. 5-5b and Fig. 5-5d. 

This positive correlation is 

described by the pulse correlation 

equation in (3.30) at DC voltage, 

and (3.98) at combined voltage. It 

is also reflected in the predicted 

ratio of the mean discharge 

magnitude by separation time in  

(3.36) at DC voltage, and (3.98) at 

combined voltage. 

 

5.2.3 Phase resolved partial 

discharge analysis for combined voltage conditions 

Partial discharges at AC voltage are often analysed using phase resolved partial discharge 

(PRPD) diagrams. At DC voltage, there is no information about phase-of-occurrence, so 

registering discharges with the AC power frequency voltage as reference gives no 

correlation, see Fig. 5-7a. For combined voltage, however, it is possible to register the 

phase-of-occurrence and analyse the correlation between phase position and discharge 

occurrence, see Fig. 5-7b. The model predicts that the discharges occur close to the peak 

of the AC voltage; this has been observed experimentally by Dezenzo [12]. When the 

stochastic waiting time is much higher than the AC period time, the probability of a 

discharge occurring before the peak of the AC voltage is the same as that after the peak, 

and the discharge pattern is therefore symmetrical around the peak.  

 

 

a) PRPD, ˆ 0ACV V=  

 

b) PRPD, ˆ 62.2ACV V=  

Fig. 5-7 PRPD diagrams for PD at a) DC voltage, and b) Combined voltage.  

 

Fig. 5-6 Discharge magnitude and separation time 

moving average for last 10 discharges between 6 to 12 

hours, simulated data for PD at DC voltage. 
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5.2.4 Mean separation time and magnitude  

The predicted mean discharge magnitude and separation time increases by a factor of 

almost 5 by superimposing the AC voltage, compared to DC voltage conditions, see Table 

5-6. The expected increase is substantial, even when the AC ripple amplitude is only 5 % of 

the AC PD inception voltage. However, the ratio of discharge magnitude and separation 

time does not change appreciably. This is also expected since 
�

c cdv dv

dt dt
≈  when 

ˆ
AC AC DCK V V≪ , then  

DC DCAC

a aq q

t t

   
≈   

∆ ∆   
according to (3.36).  

The values from the analytical model are very close to the Monte Carlo model at DC voltage, 

but are slightly lower at combined voltage. The PD sequence model sets the recovery time 

to zero whenever a rapid recovery of the cavity voltage occurs, as mentioned in section 

3.3.2.6. The analytical model, however, accepts a negative recovery time which on average 

leads to a slightly lower discharge magnitude and separation time. Despite the apparent 

unphysical notion of a negative recovery time, the two models correspond well, essentially 

predicting the same mean values. However, the causality of the PD process is represented 

better in the PD sequence model. 

Table 5-6 Output for Vac = 0 V (DC) and Vac = 62.2 V (DC +AC), comparison analytical and Monte 

Carlo models. 

 
DC 

analytical 

DC 

Monte Carlo, 

10000n =  

DC + AC 

analytical 

DC + AC 

Monte Carlo, 

10000n =  

t∆ (s) 35.0 35.4 158.4 165.2 

Lt (s) 5.0 5.1 34.1 34.4 

Rt (s) 30.0 30.3 124.4 130.8 

R

L

t

t
 6 5.9 3.6 3.8 

aq  (pC) 4.1 4.2 18.8 19.5 

aq

t∆
(pC/s) 

0.12 0.12 0.12 0.12 

 

It is noted that the ratio of the mean recovery time to the mean time lag decreases with 

AC ripple voltage amplitude. The reduction of the recovery time relative to the time lag can 
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be explained as follows: the recovery time decreases for discharges that do not occur at 

the peak of the AC voltage. The recovery time can even be zero, as described in section 

3.2.2.6, referred to as the rapid recovery effect. The time lag is not affected by the phase-

of-occurrence, so there is an effective reduction in the recovery time relative to the time 

lag.  

5.2.4.1 Effect of detection threshold  

In an experimental setup there will always be a magnitude detection limit which affects the 

measured mean discharge magnitude and separation time. The output data of the PD 

sequence model in section 5.2.2 was digitally filtered by a detection threshold value 

between 0-12 pC. The calculated mean values are shown as a function of the detection 

threshold value in Fig. 5-8.  

 

 

a)  

  

b) 

Fig. 5-8 a) Simulated mean discharge magnitude and b)  Mean discharge separation time, as a 

function of the detection threshold value.   
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The mean discharge magnitude 

increases linearly with the detection 

threshold value for PD at DC and 

combined voltage. The discharge 

magnitude is always higher at combined 

voltage, compared to DC voltage. The 

mean separation time increases with a 

higher detection threshold; a detection 

threshold of over 8 pC results in a mean 

separation time that is higher for DC 

voltage than for combined voltage. This 

effect may be explained by the discharge 

magnitude distributions in Fig. 5-9; when 

the detection threshold increases, a 
larger fraction of the discharges at DC 

voltage is filtered out, compared to the 

discharges at combined voltage. The 

mean separation time increases more at 

DC voltage, as the detection threshold 

value increases. Thus, from a theoretical 

point of view, it is important to keep the detection threshold as low as possible, as a high 

detection threshold value may erroneously indicate that the separation time is higher at 

DC voltage.  

5.2.5 Evaluation of hypotheses by simulation result 

The predicted relative change in separation time and discharge magnitude, from DC voltage 

conditions to combined voltage conditions, are shown in Fig. 5-10. The expressions for the 

relative change in mean values are given in section 3.3.3.1. Both the analytical model and 

the PD sequence model predict an increase in the mean separation time, thus contradicting 

hypothesis H.1: The discharge separation time decreases with increasing AC ripple voltage 

amplitude. The main reason for this prediction is the reduction of the start electron 

generation rate, or equivalently, an increase in the effective mean time lag, described in 

section 3.3.2.3.  In section 5.2.4.1, it was found that the discharge separation time may be 

lower at combined voltage conditions, but only if the discharge detection threshold value 

is too high. 
 

 

Fig. 5-9 Simulated discharge magnitude 

probability density for DC and combined 

voltage. There is a larger fraction of discharges 

under the detection threshold at DC voltage. 
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Fig. 5-10 Simulated relative increase in mean discharge separation time and 

apparent magnitude for an AC ripple amplitude between 0 to  33 % of PDIVAC. n = 

10 000 number of discharges simulated in PD sequence model. 

 

The model predicts a relative increase in discharge magnitude with increasing AC ripple 

magnitude, contradicting hypothesis H.2: The discharge magnitude is constant when the 

AC ripple voltage amplitude increases. 

 

A higher AC frequency will not change the total time the cavity voltage is above the critical 

voltage, and will not change the effective time lag. This statement is only valid when the 

AC time period is significantly shorter than the mean statistical waiting time. The model is 

in line with hypothesis H.3: The discharge separation time and discharge magnitude are not 

influenced by the frequency of the AC ripple voltage. 

 

The hypotheses are evaluated based on the experimental results in section 5.3.6. 
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5.2.6 Evaluation of estimator performance 

For the estimators to be of value, they must satisfy the requirements stated in section 2.3.2. 

The input data to the estimation methods is generated by the Monte Carlo PD models with 

PD sequence parameters from Table 5-5, see Fig. 5-11. The consistency and performance 

of the proposed estimators in sections 3.2.4 and 3.3.4 are evaluated in section 5.2.6.1. The 

robustness of the estimators is evaluated in section 5.2.6.2.  

 

Fig. 5-11 Estimation of PD sequence parameters from simulated data. 

 

5.2.6.1 Consistency and performance 

An estimator is consistent if it approaches the real value when the number of observations 

n  increases. This means that the bias and confidence intervals should be smaller when the 

number of observations increases. The root mean squared error (RMSE), defined in section 

2.3.3, is used to evaluate the performance of the estimators. The RMSE value is a sum of 

the bias and the variance, and the closer the value is to zero, the better.  

The PD sequence parameters are estimated based on the unfiltered simulated quantities, 

i.e. the discharge magnitude detection threshold is zero. This represents an ideal condition, 

were all the information is available. The DC voltage is 10 kV and the AC ripple amplitude 

is 62.2 V. Fig. 5-12 shows the estimated mean time lag and mean recovery time at DC 

voltage and combined voltage, presented as a ratio of their real values as given in Table 

5-6. The estimated value and the confidence interval refer to the left y-axis and the 

corresponding RMSE value refers to the right y-axis. All the estimators can be said to be 

consistent as more data is available; the confidence intervals narrow, and the estimated 

values approach the real values. The MoM estimator at combined voltage performs better 

than the estimators at DC voltage, as the confidence interval is smaller for the same 

number of simulated discharges. At DC voltage, the OLS estimator performs better than 

the MoM method, i.e. the RMSE value is lower for the OLS estimator at the same number 

of simulated discharges.  
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The observations above indicate that proposed estimators satisfy the requirements, and 

are valid from a theoretical point of view. In the next section, some aspects of the 

robustness of the estimators are evaluated. 

5.2.6.2 Robustness 

The robustness of an estimator is its ability to estimate the real PD sequence parameters 

with satisfactory accuracy even under data loss or small departures from model 

assumptions. During PD tests, there can be considerable data loss due to the discharge 

magnitude detection threshold for the test setup. The effect of a detection threshold on 

the estimators at DC and combined voltages is evaluated in sections 5.2.6.2.1 and 5.2.6.2.2. 

The DC voltage sources used in DC PD test setups may have an AC ripple, as is common for 

the Cockcroft-Walton DC sources used in many high voltage laboratories. The AC ripple 

represents a departure from model assumptions for the DC estimation methods; the 

robustness of the estimators for this type of deviation is evaluated in section 5.2.6.2.3. 

5.2.6.2.1 Detection threshold effect on DC estimation methods 

In this section, the PD data is generated from the DC voltage model. The simulated 

discharges are filtered by the discharge detection threshold. Since the discharge magnitude 

is so low during PD tests at DC voltage, the detection threshold has a significant effect on 

the amount of data that can be used for estimation. The threshold already leads to data 

loss at a detection threshold of 3 pC, and the estimated values deviate considerably from 

the real values, see Fig. 5-13. This indicates that test setups used for DC voltage PD 

detection should have a very low detection threshold to conserve information in the PD 

 

a)  

 

b) 

Fig. 5-12  Estimation of PD sequence parameters from simulated data at DC and combined voltage, as 

a function of the number of discharges.  Whiskers: 95% confidence interval. a) Estimated mean time 

lag. b)  Estimated mean recovery time.  
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data. The test setup used for this thesis has a threshold of 0.5 pC, which would lead to a 

small bias in the estimators, but probably at a tolerable level, within ±25% of the real value.  

 

a) b) 

 

c)  d)  

Fig. 5-13  Estimation of PD sequence parameters from simulated data at DC voltage, as a 

function of the discharge magnitude detection threshold value. n = 10 000. a) The mean time 

lag, b) The mean recovery time, c) The Townsend coefficient product, d) The product b

dv
C

dt
. 

 

The overall observations of estimation on simulated PD data with a detection threshold are 

as follows: 

- The detection threshold can lead to considerable overestimation of mean time lag 

and recovery time, see Fig. 5-13a and Fig. 5-13b. At 2 pC detection threshold the 

estimated time lag are 2.5 times the real value, and the mean recovery time is 

around 1.7 times the real value. The mean time lag estimation is more sensitive to 

the data loss than the recovery time estimation. 
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- The OLS estimated Townsend coefficient value decreases as a function of the 

detection threshold, whereas the value from the MoM estimator decreases first 

and then increases again. The confidence interval of the OLS estimator is smaller 

and the bias is more predictable, so the OLS estimator is considered more robust 

for the Townsend coefficient.  

- The 
�

c

b

dv
C

dt
estimator is the most robust, the value of which is underestimated by 

20% at 3 pC detection threshold, see Fig. 5-13d. 

 

5.2.6.2.2 Detection threshold effect on the MoM combined voltage estimation method 

In this section, PD data is generated from the combined voltage model with an AC ripple of 

62.2 V amplitude. The simulated discharges are filtered by the discharge detection 

threshold. The MoM combined voltage estimation performs well for the mean time lag and 

the mean recovery time, even at high detection thresholds, see Fig. 5-14. The was also 

observed for the other PD sequence parameters, the RMSE value was lower than 15% for 

all values. The main reason is that the data loss is less severe for a certain detection 

threshold, since the mean discharge magnitude is significantly higher at combined voltage.   

 

 

 a)  

 

b)  

Fig. 5-14 Estimation of PD sequence parameters from simulated data at combined voltage, as 

a function of the discharge magnitude detection threshold value. VAC = 62.2 V, n = 10 000. a) 

The mean time lag, b)  The mean recovery time. 

 

5.2.6.2.3 DC estimation methods on combined voltage PD process data 

In this section, the PD sequence parameters are estimated by the DC estimators, but the 

PD data is generated from the combined voltage model with an AC ripple of 10 V amplitude. 

The use of the DC MoM and OLS estimation method on data generated from a combined 

voltage PD process leads to severe overestimation of time lag and recovery time, see Fig. 

5-15a and Fig. 5-15b. The MoM estimator performs better for the mean time lag and the 
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recovery time; the RMSE value is lower due to the lower bias. If an accurate estimation of 

the time lag and recovery time is needed, then the DC voltage supply should be of a low AC 

ripple design. However, the ˆhα  OLS estimator and the 
�

c

b

dv
C

dt
 estimator are robust for 

an AC ripple voltage, giving estimated values wihtin 10% of the real value and narrow 

confidence intervals if the detection threshold is below 3 pC. The MoM estimator of ˆhα is 

less robust than the OLS estimator on data generated from a combined voltage PD process. 

 

 

a) 

 

b) 

 

c)  

 

d)  

Fig. 5-15  DC estimation methods on simulated data at combined voltage, values plotted as a 

function of the discharge magnitude detection threshold value. VAC = 10 V, n = 10 000. a) The 

mean time lag, b) The mean recovery time, c) The Townsend coefficient product, d) The 

product b

dv
C

dt
. 

 

  



 

120 

5.2.7 Summary 

The main observations from the simulated discharge magnitude and the separation time 

at DC voltage and combined DC and AC voltage are as follows: 

- Application of an AC voltage ripple results in longer separation times, higher 

discharge magnitude, as well as larger scatter and stronger fluctuation of their 

moving average value. The predicted mean discharge magnitude and separation 

time increases by a factor of almost 5 at an AC voltage ripple with amplitude 62.2 

V, compared to DC voltage conditions. The proposed model contradicts hypotheses 

H.1 and H.2.  

- A high detection threshold value may erroneously indicate that the mean 

separation time is higher at DC voltage. 

- The value of the mean separation time and discharge magnitude at combined 

voltage is frequency independent, in line with hypothesis H.3. 

- The model predicts that discharges occur close to the peak of the AC voltage, 
shown as a symmetrical pattern in a PRPD diagram. 

- The mean discharge magnitude per separation time does not change appreciably 

with the application of an AC voltage ripple, if ˆ
AC AC DCK V V≪ . 

The observations for the proposed estimators are as follows:  

- All estimators, at DC and combined voltages, are consistent and have a low RMSE 

value under ideal conditions. 

- The DC estimators are most sensitive to the discharge detection threshold; the 

estimated values deviate considerably from the real values at a detection threshold 
of 3 pC. This indicates that test setups used for DC voltage PD detection should 

have a very low detection threshold to conserve information in the PD data. 

- The MoM estimator at combined voltage is less sensitive to the detection threshold 

because less discharges, and less information, are filtered out at combined voltage. 

- The mean time lag and the mean recovery time are overestimated if extracted 

using a DC estimator on data from a combined voltage PD process. 

- The DC OLS estimated value ˆhα  is close to the real value even if extracted using 

data from a combined voltage PD process. 

- The estimated value of 
�

c

b

dv
C

dt
 is close to the real value even if extracted using 

data from a combined voltage PD process. 
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5.3 Experimental investigation of partial discharges at DC voltage 

In this section, partial discharges are measured during the application of DC voltage, and 

compared to the predictions of the DC PD model developed in section 3.2. The PD sequence 

parameters are estimated using the methods developed in section 3.2.4.   

5.3.1 The PD sequence 

The measured discharge data for the DC test sequence is shown in Fig. 5-16. The DC test 

voltage was 10 kV and the temperature 75 °C during all measurements. The test sequence 

data is divided into stages of 6 hours each, and the total measuring time is 42 hours. It was 

not possible to verify the unipolarity of the discharges at DC voltage. All discharges above 

approximately 10 pC were of one polarity; smaller discharges were registered at both 

polarities. The frequency band measurement distorts the original PD current signal, 

resulting in an oscillating signal which makes it difficult to discern the polarity at small PD 

current amplitudes. For clarity of presentation, the apparent discharge magnitude is always 

given by its absolute value, i.e. positive polarity.  

During the first 6 hours the mean separation time increases from 10 seconds to around 30 
seconds, and the mean separation time is constant for the remaining test time. The 

transient behaviour during the first 6 hours is consistent with the decreasing polarisation 

current after DC voltage application, before the conductivity of the material can be 

considered constant, as mentioned in section 2.1.2.1. The same pattern is mirrored for the 

discharge magnitude, starting at around 3 pC and then plateauing at around 15 pC within 

the first 6 hours, reaching a steady-state condition. Some of the discharges are close to the 

detection threshold of 0.5 pC; discharges probably occurred in the cavity below the 

detection threshold as well.  

During the DC test series, the AC source was connected to the circuit, but the AC voltage 

was set to zero. The AC source introduced a small ripple during the PD tests, even if the AC 

voltage was set to zero. The ripple amplitude was measured to be 10 V, with AC period 

time around 20 ms, see Appendix D.2 . It is plausible that the ripple caused higher 

discharges and longer separation times than what would have been measured at DC 

voltage without any AC voltage ripple, as predicted by model simulations in section 5.2.2 

and measurements in section 5.4.1.  

A rule of thumb is that the diameter of a streamer-like discharge channel is approximately 

equal to the cavity height [106], which is supported by optical observation [81]. It would be 

possible to have multiple discharge sites in the 2 mm diameter cavity, as a streamer-like 

discharge will have channel diameter in the order of 0.1 mm. Indication of multiple 
discharge sites in an internal cavity is the occurrence of several discharge bands in the 

a
t q− graphs [8, p. 85]. However, in Fig. 5-16a, the discharges are concentrated within one 

discharge band, which indicates that there is only one discharge site. Furthermore, in Fig. 

5-17, a strong correlation between the apparent discharge magnitude and the separation 

time is observed, corresponding well to the simulated results in section 5.2.2. Beyer [8, p. 

78] observes a loss of this correlation for a cavity with multiple discharging sites. The 
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observed correlation between a
t q− and t t− ∆ , and only one discharge band in a

t q−  is 

a strong indication that the registered discharges originate from Townsend-like discharges 

that cover the surface of the cavity. This is also in line with the observations of Fromm [44, 

p. 38] for a test sample with a cavity of similar dimensions and the same applied DC voltage.  

 

 

a)  

 

b)  

Fig. 5-16 Measured PD sequence data for DC voltage; a) Apparent discharge 

magnitude, b) Discharge separation time. Test sequence 4, DC test series.  
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Fig. 5-17 Moving average for last 10 discharges between 12 to 18 

hours, stage 2. Measurement from test sequence 4, DC test series. 

 

5.3.2 Mean separation time and magnitude 

The mean and median values for the complete DC test series are given in Fig. 5-18. The 

measured mean discharge separation time is between 13 and 54 seconds, for the whole 

DC test series. The measured mean discharge magnitude is between 4.5 to 18.5 pC. Using 

the model with input as in section 5.2.1 it is estimated that the unwanted AC ripple caused 

a doubling of the mean discharge magnitude and separation time. 

In the PDIV test performed just before test sequence 2, the AC inception voltage was 

measured at 1 kVrms, which is 15% higher than the predicted value in section 5.2.1. Around 

30 000 discharges occurred during the PDIV test, and the apparent discharge magnitude 

was between 600 and 800 pC. The measurements at DC voltage show 4-5 orders higher 

mean discharge separation time and 2-3 orders lower mean discharge magnitude, 
compared to AC discharges measured under PDIV tests. Beg and Salvage observed the 

same for similar cavity dimensions, in [107] and [108].   

The PDIV test resulted in a decrease of the mean discharge magnitude and separation time 

by almost 75% from sequence 1 to sequence 2. Steinberg and Salvage [109] have observed 

the same effect. The discharge process under the AC PDIV test may deposit charges on both 

cavity surfaces, and the charge decay through the dielectric is very slow due to the 

extremely high resistivity of biaxial oriented PET. Thus, the PDIV test may cause higher 

availability of start electrons and lowers the statistical time lag, reducing the subsequent 

discharge separation time and magnitude. The effect is temporary, and the measured 

discharge magnitude and the separation time in sequence 5 are close to the values 

measured in sequence 1, before the PDIV test.  

After sequence 2, the discharge separation time increases; this may be attributed to 

depletion of available start electrons in shallow traps deposited during the PDIV test. 

Whenever a discharge occurs due to surface emission, the number of start electrons that 
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are available from shallow traps at the cavity surface decreases, thus increasing the 

stochastic waiting time. Grounding can have a similar effect, by moving electrons from 

shallow traps at the surface into deeper traps within the bulk of the dielectric. Grounding 

seems to have a minor effect; the increase in the separation time can be larger within a 

test sequence than before and after the grounding period. The decrease of start electrons 

in shallow traps will lead to larger discharges and longer discharge separation times. 

Eventually, a stabilisation of discharge separation time may occur. It is not possible to 

conclude that the PD process has stabilised in the last test sequence, but the values are 

close to the ones measured in the first test sequence.  

 

a)  

 

b)  

Fig. 5-18 The mean values for the DC test series. a) Mean discharge separation time, b) Mean 

discharge magnitude  
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5.3.3 Mean discharge magnitude per separation time 

The strong correlation between discharge magnitude and separation time was seen in the 

PD sequence data in Fig. 5-17. In Fig. 5-19, the mean discharge magnitude per separation 

time varies between 0.39 and 0.42 pC/s, deviating 3-5% from its mean value of 0.41 pC/s. 

The mean discharge magnitude per 

separation time is predicted to be 

constant and will depend on the 

series dielectric capacitance and 

cavity voltage slope, 
a c

b

q dv
C

dtt
=

∆
, 

see section 3.2.3. In section 5.2.4, 

the predicted value was 0.12 pC/s, 

and the measured value is over 3 

times higher. The value of the 

series dielectric capacitance is 

probably not the reason for this 

discrepancy; it is not plausible that 
more than 100% of the cavity 

surface is involved in the discharge. 

This points to the cavity voltage 

slope, which must then be higher 

than its predicted value. If the conductivity of the cavity surface and volume is included, 

and it is assumed that a parasitic AC ripple is present, the cavity voltage slope is expressed 

as in (3.63). It is only a decrease in the time constant of the cavity voltage that can increase 

the value of the cavity voltage slope and the mean discharge magnitude per separation 

time: 

- If the walls of the cavity or the gas are conductive, the resistive distribution factor 

DC
K  decreases, and the cavity voltage slope decreases instead of increasing. 

- The AC ripple voltage stress over the cavity, ˆ
AC ACK V , is 1/1000 of the DC voltage 

stress: ˆ
AC AC DC DCK V K V≪ . The parasitic AC ripple cannot affect the cavity voltage 

slope by more than 0.1%. 

- 
paschen DC DC

V K V≪ , and thus the cavity voltage slope is not sensitive to variation 

in the Paschen breakdown voltage. 

The time constant of the cavity voltage depends on the permittivity and conductivity of 

PET, the height of the cavity, and the total thickness of the sample. The conductivity of PET, 

b
σ , is the most sensitive of all these parameters; the uncertainty in the measurement of 

this parameter was discussed in 5.1.1. If the conductivity is higher in the PD experiments 

than the measured value, the result is a proportional increase in the cavity voltage slope, 

according to (3.2). The estimated uncertainty in the PET conductivity was ±38%, which does 

not explain the 3.4-factor increase in the cavity voltage slope. Data from Lilly and McDowell 

 

Fig. 5-19 Mean apparent discharge magnitude per 

separation time by test stage PD data from test 

sequence 4.  
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[100] yields a conductivity of 1.8e-15 S/m, thus increasing the predicted cavity voltage 

slope by a factor of 1.8, which still does not explain the discrepancy completely. This 

indicates that there are other sources of error than the measurement uncertainty of PET 

conductivity. During the PD tests, the PET sample is submerged in mineral oil with 

uncontrolled water content. The relative humidity in the laboratory was between 40-60%. 

Both the oil and the water in the mineral oil can diffuse into the PET sample and increase 

the conductivity. The conductivity of XLPE increases by a factor of 1.8-3.4 with water 

content [92]. XLPE absorbs water up to 0.04 wt% [110], PET can absorb 0.5 wt% according 

to the data sheet (Hostaphan RN 50-350), i.e. 100 times more than XLPE. The diffusion of 

water into PET takes long time, but the sample had been in the oil for more than 48 hours 

before voltage application to allow stabilisation of the temperature in the test cell. It is thus 

possible that water content in the oil contributed to the high PET conductivity, and may 

explain the higher than predicted cavity voltage slope and mean discharge magnitude per 

separation time. However, further investigation is needed to determine the effect of oil 

and the water content in the oil on the conductivity of PET.  

5.3.4 Measured distributions 

In Fig. 5-20, the measured distributions of the discharge magnitude and the separation time 

are compared to the simulated distributions at DC voltage, using the PD sequence 

parameters in Table 5-5. In Fig. 5-20a, the measured discharges have the highest 

probability of occurrence at low discharge magnitude. The measured probability density 

decreases with higher discharge magnitude, but not in an exponential manner. There is no 

indication of multiple discharge sites as may have been visible by multiple peaks in the 

discharge magnitude distribution [8, p. 85]. The measured distribution of separation times 

has the same shape as predicted for PD at DC voltage, but the peak probability is shifted to 

higher separation times, see Fig. 5-20b.    

 

a)  
 

b)  

Fig. 5-20  Measured and simulated distributions of a) Apparent discharge magnitude and b) 

Separation time. Measured data from test sequence 1, DC test series. 
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The PD sequence model and the analytical models yield the same probability densities at 

DC voltage. The apparent discrepancy between the measured and the calculated 

distributions can be attributed to the effect the small AC ripple during the measurement. 

See Fig. 5-21 for comparison with a simulated distribution with the same parameters, but 

with a superimposed AC ripple with VAC = 10 V.  

 

a)  
 

b)  

Fig. 5-21  Comparison between measured and calculated distributions with Vac = 10 V, PD 

sequence parameters as in Table 5-5. a) Distribution of discharge magnitude, and b) 

Separation time. Measured data are from test sequence 1. 

 

The predicted distributions and the measured distributions are very close to each other if 

the corrected estimated PD sequence parameters found in section 5.3.5  are used as model 
input, see Fig. 5-22. The consistency between measurements and the PD model predicted 

values is very good considering that the parasitic AC ripple contains multiple frequency 

harmonics. 

 

 

a)  

 

b) 

Fig. 5-22  Comparison between measured and calculated distributions with Vac = 10 V 

and PD sequence parameters obtained by estimation: a) Distribution of discharge 

magnitude, b) Separation time. Measured data are from test sequence 1. 
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5.3.5 Estimation of PD sequence parameters 

In this section, the estimated values of the PD sequence parameters from the measured PD 

data at DC voltage are presented and compared with their expected values. The Townsend 

coefficient product is estimated in section 5.3.5.1, and the mean time lag and recovery time 

are estimated in section 5.3.5.2. The product c

b

dv
C

dt
has been treated in section 5.3.3; its 

estimator is given by 
�

c a

b

dv q
C

dt t
=

∆
, and will not be treated further in this section. 

 

5.3.5.1 Townsend coefficient product 

The estimated values for the 

Townsend coefficient product are 

given in Fig. 5-23. The estimated 

values are lower than the expected 

values, hα ≈ 7. The DC MoM 

estimator yields values up to 5, and 

the DC OLS estimator yields values 
between 2 to 3. It is expected that 

the DC estimators give biased 

values when the input data stems 

from a combined voltage PD 

process, as shown in section 5.2.6. 

The MoM estimator yields a value 

that is more overestimated. The DC 

OLS estimation method was shown 

to be more robust, closer to the 

real value, for an AC ripple of 10 V. 

The MoM estimator yielded a complex value for test sequences 1 and 5, which have less 

discharge data. All complex values were discarded, as the Townsend coefficient product is 

a real value. In general, the MoM method is less robust than the OLS method and requires 

more data to give real valued estimates. Therefore, it is concluded that the estimated value 

is in the range between 2 and 3, given by the DC OLS estimator. This is confirmed by Devins 

[63, p. 485] who estimates the value to 3.2, based on experimental data and a different 

parameter extraction method. The estimated values are then significantly lower than the 

predicted values. Devins attributed the estimated low value to the slow formation of the 

discharge avalanche at low overvoltages. There may be other reasons for the low values, 

as given below: 

1) Air laboratory room conditions with relative humidity of 59% give a Townsend 

coefficient that is 40% lower than for dry air according to measurements by Dutton 

[72] . A similar reduction will give an expected value of hα  = 4.2.  

 

Fig. 5-23  Estimated Townsend coefficient product, 

hα , for all test sequences in the DC test series. 



 

129 

2) The Townsend coefficient is measured with metallic electrodes; the dielectric 

surfaces of the cavity may influence the ionisation process considerably and limit 

the value of hα . 

In this thesis, the ratio of overvoltage to recovery voltage is assumed constant and is a 

function of the Townsend coefficient, but can also just be regarded as a general 

proportionality constant, as K  in  
, ,R i L i

V K V∆ = ⋅ ∆ . The recovery voltage can be a non-

linear function of the overvoltage, given by the temporal growth of the discharge current. 

The exact relationship is probably very complex, but could be obtained from detailed 

discharge current models such as the ones described in [81], [111] and [112].  Ultimately, 

the estimated Townsend coefficient may be far from the real value. However, comparison 

between measured and simulated PD data in section 5.4.2.1 indicates that the PD process 

at combined voltage can be described by assuming that the overvoltage is proportional to 

the recovery voltage, 
, ,R i L i

V K V∆ = ⋅ ∆ .  

5.3.5.2 Time lag and recovery time 

As noted in section 5.2.6.2.3, the DC OLS 

estimators are sensitive to the input 

data. If data from a combined voltage 

discharge process are used as input to 

the DC OLS estimator, the result is 

overestimation of the time lag and the 

recovery time. This is confirmed by 

comparing the sum of the estimated 

mean time lag and recovery time with 

the measured mean discharge 

separation time, see Fig. 5-24. The sum is 

larger than the actual discharge 

separation time, which indicates that the 

mean time lag and recovery time indeed 
are overestimated. The same can be 

concluded from data provided by Fromm 

in [82], who also reported the presence of a parasitic AC ripple voltage. The DC MoM 

estimator gives perfect correspondence with the measured mean separation time. This 

does not mean that the estimated mean time lag and recovery time are correct for the 

MoM estimator; the parasitic AC ripple probably increased the mean separation time and 

thereby the estimated mean time lag and recovery time.  

An estimate of the mean time lag and recovery time at DC voltage can be obtained by 

correcting for the parasitic AC ripple 10 V. The uncorrected and corrected estimated values 

of the mean time lag and recovery time are plotted in Fig. 5-25. The MoM estimator yielded 

a complex value for test sequences 1 and 5, which have less discharge data. All complex 

values were discarded. The corrected values were obtained by the following procedure: 

 

Fig. 5-24  Sum of estimated mean time lag and 

recovery time over measured mean discharge 

separation time, for DC test series. 
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- Using the estimated Townsend coefficient product from the OLS DC estimation 

method in the previous section, as its value should be robust with respect to data 

from a combined voltage PD process. This is supported by the theoretical 

investigation in section 5.2.6.2.3. 

- Assume that b
C is equal to its calculated value in section 5.2.1, thus obtaining cdv

dt
as in section 3.2.3. 

- Now only ˆˆ DC

s L
tτ =  needs to be found. This is done by setting the AC ripple voltage 

amplitude to 10 V and calculating the mean separation time at combined voltage 

for a range of ˆ
s

τ , using the Monte Carlo model in section 3.3.1. The value of ˆ
s

τ  

that gives mean separation time closest to the measured mean separation time is 

thereby found. 

- The corrected estimate of the mean recovery time at DC voltage is calculated with 

(3.22) as ( )ˆ ˆˆ 1
DC DC

R Lt h tα= − . 

The DC MoM estimator yields a value of the mean time lag closer to the corrected value, 

compared to the DC OLS estimator. Both estimators yield similar values for the mean 

recovery time. The estimated mean time lag is around 28 seconds in test sequence 1, 

before the PDIV test. The corrected value indicates a mean time lag at DC voltage of around 

20 seconds. Since ˆˆ DC

s L
tτ = , the assumption A.8 that the mean statistical waiting time is 

much larger than the AC period time is satisfied, i.e. AC sT τ≪  . The estimated mean 

recovery time is around 30 seconds, the corrected value indicates a mean recovery time at 

DC voltage of around 22 seconds. Although the estimated mean recovery time is slightly 

higher than the mean time lag, it can be concluded that the mean recovery time is 

approxamitely equal to the mean time lag at DC voltage conditions, i.e. ˆ ˆDC DC

R L
t t≈ .  

a)  b)  

Fig. 5-25  a) Mean time lag and, b) Recovery time. Estimated with measured PD data from DC 

test series.  
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5.3.6 Summary 

The main observations from the measured discharge magnitude and separation time at DC 

voltage are as follows: 

- There is a positive correlation between the measured moving average of the 

apparent discharge magnitude and the separation time as a function of time. The 

observed correlation is consistent with one discharge band visible in the PD 

sequence plot and is a strong indication that the registered discharges originate 

from Townsend-like discharges that cover the surface of the cavity. 

- The measured mean discharge magnitude per separation time is essentially 

constant during a test sequence, and is around 0.41 pC/s, while the predicted value 

was 0.12 pC/s. The measured value is over 3 times higher; this was attributed to a 

higher conductivity in the PET film during the PD experiments than expected. The 

two main reasons for this discrepancy were uncertainty in the measurement of the 
conductivity and the water content in the oil that may have increased the 

conductivity during the PD experiments. 

- Some of the discharges are close to the discharge detection magnitude threshold 

of 0.5 pC; discharges probably occurred in the cavity below the detection 

threshold.  

- The AC source introduced a ripple of around 10 V during the PD tests at DC voltage, 

even if the AC voltage was set to zero. It is plausible that the ripple caused higher 

discharges and longer separation times than what would have been measured at 

DC voltage without any AC voltage ripple. 

- The measured distribution of the separation times has the same shape as predicted 

for PD at DC voltage, but the peak probability is shifted to higher separation times. 

The measured probability density of the discharge magnitude does not follow the 

predicted exponential distribution, although the smallest discharge magnitude has 

the highest probability and then decreasing probabilities for higher discharge 

magnitudes. The predicted distributions and the measured distributions are very 

close to each other, if the PD sequence parameters are estimated and corrected 

for an AC ripple of 10 V. 

The observations for the proposed estimators on measured PD data are as follows:  

- The estimated value of the Townsend coefficient product, ˆhα  , is in the range 

between 2 and 3, given by the DC OLS estimator. The estimated values are then 

significantly lower than the predicted value of around 7 for dry air. Two reasons 

were given for this discrepancy: Firstly, the humiditiy in the cavity may decrease 

the Townsend coefficient by as much as 40%, compared to dry air conditions. 

Secondly, the dielectric surfaces of the cavity may influence the ionisation process 

considerably and limit the value of hα . 

- The MoM estimator yielded a complex value for the Townsend coefficient in some 

of the test sequences. It was found that the MoM method is less robust than the 
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OLS method for the Townsend coefficient and requires more data to give real 

valued estimates; this was also confirmed by the simulation performed in section 

5.2.6.2.3.  

- The estimated mean time lag is between 20 and 28 seconds, and so the assumption 

A.8 that the mean statistical waiting time is much larger than the AC period time is 

satisfied, i.e. AC sT τ≪  . The estimated mean recovery time is between 22 and 30 

seconds, and so the mean recovery time is approxamitely equal to the mean time 

lag at DC voltage conditions, i.e. ˆ ˆDC DC

R L
t t≈ .  

- The DC MoM estimator yields a value of the mean time lag closer to the corrected 

value, compared to the DC OLS estimator. Both estimators yield similar values for 

the mean recovery time. This is in line with the simulation performed in section 

5.2.6.2.3. 

 

5.4 Experimental investigation of partial discharges at combined DC and AC 

voltage 

In this section, the main hypotheses are evaluated based on the experimental data, and 

compared to the predictions of the model for internal discharges at combined DC and AC 

voltage. Section 5.4.1  investigates the effect of AC ripple frequency in the range of 50-1000 
Hz. Section 5.4.2 investigates the effect of an AC ripple with voltage amplitude between 4 

and 50% of the AC partial discharge inception voltage. Section 5.4.3 describes the effect of 

increasing the AC ripple amplitude above 50% of the AC partial discharge inception voltage. 

5.4.1 Variable AC ripple frequency and constant voltage amplitude  

The observed discharge separation time and magnitude did not change appreciably when 

the AC ripple amplitude at 44 Vrms was held constant and the frequency was applied from 

stages 2 to 4 in the steps 50, 500, 1000 and 50 Hz, see Fig. 5-26. The same behaviour was 

observed in all the measurements. The explanation given for this observation is that the AC 

ripple frequency does not change the time the cavity voltage exceeds the critical voltage 

per time. That is to say, the duty cycle does not change with frequency, so the effective 

time lag, separation time and discharge magnitude stay the same. The experimental data 

and the model simulation results thus confirm the hypothesis that the discharge separation 

time and discharge magnitude are not influenced by the frequency of the AC ripple voltage 

(H.3).  

A marked increase in discharge separation times and discharge magnitude is observed 

when going from stage 1 with AC voltage ripple set to zero to stage 2 with AC ripple 

amplitude of 44 Vrms, which was predicted in section 5.2.2. This point is elaborated in 

section 5.4.2, where the AC ripple amplitude was increased up to 500 Vrms. 

 

 

 



 

133 

 

 

a) 

 

b) 

Fig. 5-26 Measured PD data from test sequence 3 at DC + variable AC frequency. a) Separation 

time, b) Discharge magnitude (absolute value), versus time of occurrence. The AC voltage 

amplitude is 44 Vrms (62.2 Vpeak) in stage 2 to 5. The AC applied frequencies are AC1: 50 Hz, 

AC2: 500 Hz, AC3: 1000 Hz, AC4: 50 Hz. 
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5.4.2 Variable AC ripple voltage amplitude and constant frequency 

The data in the previous section show a clear increase in discharge separation time and 

discharge magnitude with the AC ripple amplitude, independent of the AC ripple frequency. 

In this section, the effect of the AC ripple voltage is shown in greater detail and compared 

with model predictions.  

5.4.2.1 The measured PD sequence 

The measured PD sequence is shown in Fig. 5-27. The increasing AC voltage ripple results 

in a longer mean separation time and higher discharge magnitude, as well as larger scatter 

and stronger fluctuation of their moving average value.  

 

a) 

 

b) 

Fig. 5-27 Measured PD sequence at variable AC ripple voltage amplitude, data from test 

sequence 4. a) Separation time, b) Discharge magnitude (absolute value), versus time of 

occurrence. AC1: VAC = 44 Vrms, AC2: VAC = 176 Vrms, AC3: VAC = 500 Vrms, AC4: VAC = 44Vrms. 
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The PD sequence parameters were estimated at stage AC1 (44 Vrms) using the MoM method 

for combined voltage in section 3.3.4, see Table 5-7. The values in parenthesis are the 95% 

confidence intervals. The estimated values were used as input to the PD model for 

combined voltage, and the predicted and measured mean values are plotted as a function 

of the AC ripple voltage in Fig. 5-28. It can be observed that the predicted values are close 

to the measured values at all AC ripple amplitudes, not only at the 44 Vrms from which data 

the PD sequence parameters were estimated. The prediction for zero AC ripple amplitude 

is below the measured values, and is attributed to the parasitic AC ripple voltage present 

during the DC measurement stage; the parasitic AC ripple caused higher discharge 

magnitude and separation time.  

Based on the experimental evidence and the stochastic PD model, it can be concluded that 

both the discharge magnitude and the discharge separation time increase when an AC 

ripple is superimposed on the DC voltage. Thus, the two main hypotheses must be rejected 

under the assumptions given in section 3.1: 

- The discharge separation time decreases with increasing AC ripple voltage 

amplitude (H.1). 

- The discharge magnitude is constant when the AC ripple voltage amplitude 

increases (H.2) 

 

Table 5-7 Estimated PD parameters by the MoM combined voltage estimation method, PD data 

from stage AC1 (44Vrms) in test sequence 4. 95% confidence intervals in parenthesis. 

Estimated 

PD 

parameter 

ˆhα  
ˆ

b
C (pF) ��

c
dv

dt

(V/s) 

ˆ DCAC

L
t (s) ˆ DCAC

R
t (s) ˆˆ DC

s L
tτ =

(s) 

ˆ DC

R
t

(s) 

Estimated 

value 

2.3 

(1.6,2.8) 

0.39  

(0.12,0.47) 

1.1 

(0.9,3.3) 

20.4 

(15.6,26.6) 

18.7 

(13.3,23.7) 

6.6 

 

8.5 

 

 

The estimated PD sequence values were discussed in section 5.3.5 for PD at DC voltage. For 

the MoM estimator at combined voltage, the following are noted: 

- The value of ˆhα is in the same range as estimated for the DC test series, the 

significant difference  between the estimated and predicted values is discussed in 

section 5.3.5.1. 

- The predicted value of the series dielectric capacitance is b
C  = 0.61 pC. The 

estimated value is 36% lower than predicted. The discharge can be estimated to 

cover around 64% of the cavity surface area, corresponding to a cavity radius of 0.8 

mm. This is close to the real radius of 1 mm.  

- The estimated cavity voltage slope is 5 times the predicted value of 0.19 V per sec, 

calculated in Table 5-5. The discrepancy is thus higher than for the estimated value 

discussed in section 5.3.3 for PD at DC voltage. In both cases, the reason for the 
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higher cavity slope may be the mismatch between the measured conductivity of 

PET and the actual conductivity during the PD tests. 

 

 

Fig. 5-28 Comparison of predicted and measured mean in sequence 4, at 10 kVDC + 44 

Vrms (62.2Vpeak), 176 Vrms (248.9 Vpeak) and 500 Vrms (707.1 Vpeak) at 50 Hz. Based on 

estimated PD sequence parameters at 44 Vrms
 (AC1). 

 

 

5.4.2.2 Mean discharge separation time and magnitude 

The correlation between the mean discharge separation time and discharge magnitude is 

very high, see Fig. 5-29. Essentially, the same behaviour is observed for the two parameters 

– they increase with applied AC voltage amplitude. The increase of the mean discharge 

separation time is much more pronounced during the variable AC ripple amplitude test 

series, compared to the DC test series and the variable frequency test series. The PDIV test 

influences the PD process in the same manner for all the test series, decreasing the 

stochastic time lag and thus decreasing the separation time and magnitude. The discharge 

magnitude and separation time is almost the same for all the test series in stages 1 and 6 

at test sequence 1, before the PDIV test. 
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a)  

 

b)  

Fig. 5-29 . a) The measured mean separation time, for all test series.  b)  

The measured mean discharge magnitude, for all test series. 
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5.4.2.3 Phase resolved partial discharge analysis  

In section 5.2.3 it was predicted that the discharges occur close to the peak of the AC 

voltage, shown as a symmetrical pattern in a PRPD diagram; this is also observed in the 

measurements, see a), c) and e) in Fig. 5-30. Predicted values are from the combined 

voltage PD model with PD sequence parametres as given in Table 5-7. Both the measured 

and the predicted PD phase distribution narrows and heightens when the AC ripple 

amplitude increases, see b), d) and f) in Fig. 5-30. This is in line with the duty cycle effect 

described in section 3.3.2.3. A higher AC ripple amplitude decreases the time that the cavity 

voltage is above the critical voltage, which narrows the available range of phase-of-

occurrence for a given time lag.  

The predicted phase distributions are consistently wider than the measured distributions, 

which may indicate that the estimated PD sequence parameters deviate somewhat from 

the real values. One reason for this may be that the precision of the estimated values is 

low, as indicated by the wide confidence intervals in Table 5-7, when there are few PD data 
points available – the estimators are extracted from a data set of 519 discharges. Another 

reason may be that the MoM estimation method itself is inaccurate, i.e. it is biased, and 

there may be other methods, like the Maximum Likelihood Estimation method [113], that 

can give more accurate estimates. But, currently the only estimation method available for 

PD at combined voltage is the MoM estimator proposed in this thesis. Considering that the 

estimated PD sequence parameters are extracted from a small data set, the predicted 

values are close to the measured values. The increasingly narrow phase distribution with 

increasing AC ripple amplitude is predicted by the proposed model. 
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a) Measured PRPDA, VAC = 44 Vrms c) Measured and predicted phase distribution, 

VAC = 44 Vrms 

c) Measured PRPDA, VAC = 176 Vrms 

 

d) Measured and predicted phase distribution, 

VAC = 176 Vrms 

 

   d) Measured PRPDA, VAC = 500 Vrms 

 

f) Measured and predicted phase distribution, 

VAC = 500 Vrms 

Fig. 5-30  Measured discharge magnitude versus phase-of-occurrence in a), c) and e). 

Measured and predicted phase distributions shown in b), d) and f). PD data are from test 

sequence 4, AC variable amplitude test series. 
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5.4.2.4 Measured discharge separation time and magnitude distributions 

In Fig. 5-31 a), c) and e) the measured and predicted discharge magnitude distribution is 

plotted for 44, 176 and 500 Vrms AC ripple superimposed on 10 kV DC. The measured data 

are from test sequence 4. Predicted values are from the combined voltage PD model with 

PD sequence parametres in given in Table 5-7. The discharge magnitude probability 

distribution is drawn out when the AC ripple amplitude increases. There are fewer 

discharges close to the discharge magnitude detection threshold, and the probability for 

large discharges increases with higher AC ripple amplitude. The measured and predicted 

discharge separation time distributions in Fig. 5-31 b), d) and f) are shifted to higher 

separation time, and flatten with increasing AC ripple amplitude; this is in line with the 

increased mean discharge separation observed in Fig. 5-28. The proposed model predicts 
the discharge magnitude and separation time distributions with good accuracy for all AC 

ripple amplitudes, below 50 % of the AC partial discharge inception voltage.  
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a) a
q -distribution, VAC = 44 Vrms 

 

b) t∆ -distribution, VAC = 44 Vrms 

c) a
q -distribution, VAC = 176 Vrms d) t∆ -distribution, VAC = 176 Vrms 

e) a
q -distribution, VAC = 500 Vrms 

 

f) t∆ -distribution, VAC = 500 Vrms 

Fig. 5-31  Measured and predicted discharge magnitude distributions shown in a), c) and e). 

Measured and predicted separation time distributions shown in b), d) and f). 
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5.4.3 High AC ripple voltage amplitude 

A series of measurements was carried out at the same DC voltage and temperature level, 

but an AC ripple voltage of 760 Vrms, which is 100 Vrms below the predicted AC partial 

discharge inception voltage, was superimposed on the DC voltage after 12 hours. The 

applied voltage for the entire test sequence is given in Table 4-3. The test series consisted 

of 2 repeated test sequences. An AC PDIV test was performed just before the second test 

sequence; the measured PDIVAC value was 1 kVrms.  

In the test sequence before the PDIV test, no high repetition rate discharges are observed, 

see Fig. 5-32. There is an increase in discharge separation time and magnitude in the 

combined DC and AC voltage stage, in the same manner as observed in the measurements 

where the AC ripple voltage was below the 50% of the PDIV value, see section 5.4.2. In the 

test sequence after the PDIV test, an alternation between high and low repetition rates is 

observed. The clusters of discharges with short discharge separation times, termed bursts, 

are characterised as follows: 

- Discharges are of negative and positive polarity during the bursts. 

- The discharge magnitude is higher during the bursts, than between the bursts. 

- The discharge separation times are in the same order, and one order lower, as the 

AC ripple period time during the bursts, see Fig. 5-32a.  

In the interval between the discharge bursts, the discharge separation time can be up to 4 

orders higher, see Fig. 5-32a. The discharge magnitude does not vary to the same extent, 

but shows a marked decrease in discharge magnitude between the bursts, see Fig. 5-32b. 

It should be noted that the behaviour could not be observed without a PDIV test before 

the test sequence. This can be explained by the deposition of start electrons on both cavity 

surfaces during the PDIV test, increasing the probability for discharges at both AC voltage 

polarities in the subsequent test sequence.  

The combination of long and short discharge separation times can be explained as follows: 

If a small discharge is triggered at the positive half-period, there is a lower probability for 

discharges occurring on the negative AC voltage half period; this is so because the voltage 

on the negative AC cycle may never reach the negative Paschen voltage, see Fig. 5-33. This 

leads to the probability of long separation times after a discharge burst, which may be 

caused by a small discharge in the positive half-period.  
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a)  

 

b) 

Fig. 5-32 Separation time, a), and discharge magnitude (absolute value), b), versus 

time of occurrence.  Data from the preceding test sequence, before PDIV test, shown 

in lighter colour. VAC = 760 Vrms, 76 % of the measured PDIVAC value. 

 

It is concluded that an AC ripple voltage with amplitude between 50% and 100% of the PDIV 

value can provoke high frequency, bipolar PD bursts separated by large time intervals. This 

limits the scope of the model presented in section 3.3; the AC voltage ripple amplitude 

must be below 50% of the PDIVAC value for the model to be strictly valid. The mean 

discharge separation time can be influenced by the frequency of the AC ripple voltage, 

although this was not investigated here.  
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Fig. 5-33 Theoretical voltage across a discharging cavity at combined DC and AC voltage. AC 

voltage between 50 and 100% of PDIVAC. 
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5.4.4 Summary 

The main observations from the measured PD data at combined voltage are as follows: 

- The observed discharge separation time and magnitude did not change appreciably 

when the AC ripple amplitude was held constant and the frequency varied from 50 

to 1000 Hz. The experimental data and the model simulation results thus confirm 

the hypothesis that the discharge separation time and discharge magnitude are not 

influenced by the frequency of the AC ripple voltage (H.3).  

- Increasing AC voltage ripple results in a longer mean separation time and higher 

discharge magnitude, as well as larger scatter and stronger fluctuation of the 

moving average value in a PD sequence plot. 

- Based on the experimental evidence and the stochastic PD model, it could be 

concluded that both the discharge magnitude and the discharge separation time 

increase when an AC ripple is superimposed on the DC voltage. The predicted mean 

discharge magnitude and separation time are close to the measured values for an 
AC ripple amplitude between 44 Vrms and 500 Vrms, corresponding to 4.4-50% of the 

measured 
AC

PDIV  value. Thus, the two main hypotheses H.1 and H.2 were 

rejected under the assumptions given in section 3.1. 

- The discharges at combined voltage occur close to the peak of the AC voltage, 

shown as a symmetrical pattern in a PRPD diagram. 

- Both the measured and the predicted PD phase distributions narrow and heighten 

when the AC ripple amplitude increases. A higher AC ripple amplitude decreases 

the time that the cavity voltage is above the critical voltage, which narrows the 

available range of phase-of-occurrence for a given time lag.  

- The discharge magnitude probability distribution is drawn out when the AC ripple 

amplitude increases. There are fewer discharges close to the discharge magnitude 

detection threshold, and the probability for large discharges increases with higher 

AC ripple amplitude. The measured and predicted discharge separation time 

probability densities are shifted to higher separation time and flatten with 

increasing AC ripple amplitude.  

- The proposed model predicts the discharge magnitude and separation time 

distributions with good accuracy for all AC ripple amplitudes, below 50% of the AC 

partial discharge inception voltage. 

- An AC ripple voltage with amplitude between the 50% and 100% of the PDIV value 

can provoke high frequency, bipolar PD bursts separated by large time intervals. 

The PD bursts are clusters of discharges with short discharge separation times. The 
discharge magnitude is higher during the bursts, than between the bursts. The 

discharge separation times are in the same order, and one order lower, as the AC 

ripple period time during the bursts.  

The observations for the proposed MoM estimator at combined voltage on measured PD 

data are as follows:  

- The estimated value for ˆhα of around 2.3 is in same range as estimated for the DC 

test series. 
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- The predicted value of the series dielectric capacitance is b
C  = 0.61 pC; the 

estimated value is 0.39 pC, 36% lower than predicted. The estimated discharge 

radius is 0.8 mm, which is close to the 1 mm cavity radius. 

- The estimated cavity voltage slope is 5 times the predicted value of 0.19 V per sec. 

The discrepancy is thus higher than for the estimated value for PD at DC voltage. 

In both cases, the reason for the higher cavity slope may be the mismatch between 

the measured conductivity of PET and the actual conductivity during the PD tests. 

 



 

147 

6 Conclusion  

Partial discharges have previously been studied at AC voltage or DC voltage separately, but 

very little is known about partial discharges at combined DC and AC voltage. The present 

study was motivated by this knowledge gap and the fact that modern and future HVDC 

systems always will have an AC ripple voltage superimposed on the DC voltage.  

The present work describes theoretical and experimental investigations of how a sinusoidal 

AC voltage ripple influences the PD process in dielectric bounded cavities. A new stochastic 

Monte Carlo model for the PD process at DC voltage and combined DC and AC voltage has 

been developed. The stochastic variables are the time lag and the phase-of-occurrence. 

The main physical parameters in the model are the Townsend coefficient product, hα , the 

mean statistical waiting time, 
s

τ , the capacitance in series with the cavity, 
b

C ,  and the 

rate of increase of the voltage over the cavity, c
dv

dt
 . The physical parameters could be 

extracted from statistical estimation methods using the measured PD data.  

For PD at combined voltage, under the condition that the AC ripple voltage is lower than 

50% of the AC partial discharge inception voltage, the following conclusions could be 

drawn: 

- The discharge magnitude and the discharge separation time increase when an AC 

ripple is superimposed on the DC voltage. The predicted mean discharge 

magnitude and separation time are close to the measured values for AC ripple 

amplitudes corresponding to 4.4-50% of the measured 
AC

PDIV  value. The main 

effect of adding a sinusoidal ripple to the DC voltage is the increase in the effective 

time lag for starting electrons to trigger a discharge. The increase in the time lag 

could be described mathematically using the concept of duty cycle, defined as the 

fraction of one AC voltage time period in which the cavity voltage is above the 

critical voltage.  

- The discharge separation time and discharge magnitude are not influenced by the 

AC ripple frequency if the AC ripple period time is shorter than the statistical 

waiting time.  

- The discharge separation time distribution and apparent magnitude distribution 

widen and flatten with higher AC ripple amplitude.  

- The discharge phase-of-occurrence distribution is symmetrical around the peak of 

the AC voltage and heightens and narrows with higher AC ripple amplitude. 
- The estimated mean statistical waiting time from PD data is around 6 seconds, 

which is of the order of 1 second, as expected. 

- The estimated value for the Townsend coefficient product is around 2.3. The 

estimated values from PD data are significantly lower than the predicted value of 

around 7 for dry air. The humidity in the cavity may decrease the Townsend 

coefficient by as much as 40%, compared to dry air conditions. The dielectric 

surfaces of the cavity may also influence the ionisation process considerably and 

decrease the value of the Townsend coefficient product.  
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- The predicted value of the series dielectric capacitance is 
b

C  = 0.61 pC; the 

estimated value from measured PD data is 0.39 pC, 36% lower than predicted. The 

estimated discharge radius is 0.8 mm, which is close to the 1 mm cavity radius. 

- The estimated cavity voltage slope is 5 times the predicted value of 0.19 V per sec. 

This may be explained by a mismatch between the measured conductivity of PET 

and the actual conductivity during the PD tests. 

For PD at combined voltage, under the condition that the AC ripple voltage is higher than 

the 50% of measured AC partial discharge inception voltage, the following conclusions 

could be drawn: 

- Clusters of discharges with short separation times can be observed if sufficient 

amount of start electrons are available on both cavity surfaces. The clusters are 

separated by long time periods.  

- The clusters of discharges are termed bursts and are characterised by: 

o Discharges of negative and positive polarity. 

o The discharge magnitude is higher during the bursts, than between the 

bursts. 

o The discharge separation times are in the same order, and one order lower, 

as the AC ripple period time during the bursts.  

For PD at DC voltage, the following conclusions can be drawn: 

- There is a positive correlation between the measured moving average of the 

apparent discharge magnitude and the separation time as a function of time. 

- The measured mean discharge magnitude per separation time is essentially 

constant during a test sequence, as predicted by the model. The predicted value is 

lower than the measured value, which may be explained by a higher conductivity 

of the PET film than expected during the PD experiments. 

- By simulation of PD at DC voltage, it was shown that the DC OLS and MoM 

estimators are sensitive to the discharge detection threshold. The estimated values 

are expected to deviate considerably from the real values if the detection threshold 

is higher than 3 pC. Test setups used for DC voltage PD detection should have a 

very low detection threshold to conserve information in the PD data. 

- The AC source introduced a ripple of around 10 V during the PD tests at DC voltage, 

even if the AC voltage was set to zero. It is plausible that the ripple caused higher 

discharges and longer separation times than what would have been measured at 

DC voltage without any AC voltage ripple.   

- It was shown by simulation that the mean time lag and the mean recovery time are 

overestimated for both the DC OLS and DC MoM estimators on PD data from a 

combined voltage PD process. The estimated mean recovery time from PD data is 
approxamitely equal to the estimated mean time lag from PD data, at DC voltage 

conditions.  

- The Townsend coefficient product can be estimated with reasonable accuracy by 

the DC OLS estimator on PD data from a combined voltage PD process. The 
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estimated value of the Townsend coefficient product from the measured PD data 

is in the range between 2 to 3, given by the DC OLS estimator.  
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7 Further work 

Suggestions for further work are: 

1. The effect of other waveforms should be studied: AC ripple waveform from 

Cockroft-Walton DC sources used in laboratories, waveforms with higher 

harmonics, and waveforms from HVDC stations with voltage source converter and 

current source converter technology. 

2. The effect of an AC ripple should be studied for other materials, such as XLPE and 

mass-impregnated paper, for various cavity diameters and sample thicknesses. 

3. A PD test setup with the ability to measure time-resolved PD currents together with 

a camera for visual inspection of the PDs can better distinguish between 

Townsend-like and streamer-like discharges and could be constructed to further 

evaluate the validity of the proposed model. 

4. The ageing of PD under combined voltage should be studied for two regimes: AC 

ripple below 50% of the PDIVAC value and above 50% of the PDIVAC value. It is 

suspected that the occurrence of bursts will accelerate ageing of the insulation for 

the latter regime due to the higher discharge magnitude and repetition. 

5. The pulse sequence analysis for PD at combined voltage can be improved, with 

application of the proposed model for the interpretation of 
, ,a i pre i

q t− ∆  and

, ,a i suc i
q t− ∆  diagrams. 
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Appendix A Model of the PD sequence at DC voltage 

A flow chart of the PD sequence model at DC voltage is shown in Fig. 0-1. The input for the 

model is the physical parameters hα , sτ  , bC , cdv

dt
, as well as the applied DC voltage DCV  

and the number of discharges n . The model produces the sets: 

,1 , ,,..., ,...,L L L i L nt t t t =      (0.1) 

,1 , ,,..., ,...,a a a i a nq q q q =      (0.2) 

,1 , , ,..., ,...,R R i RR nt t t t =      (0.3) 

The output of the model are the measurable quantities the apparent discharge magnitude 

and the discharge separation time, which is assembled from the sets Lt , aq and Rt :  

,2 , , 1,..., ,...,a a a i a nq q q q −
 =      (0.4) 

( ) ( ),1 ,2 , 2 , 1,....,pre R L R n L nt t t t t− −
 ∆ = + +     (0.5) 

( ) ( ),2 ,3 , 1 ,,....,suc R L R n L nt t t t t−
 ∆ = + +     (0.6) 

Although n  discharges is generated in the Monte Carlo simulation, the output is 2n −  

discharges because the first and last discharge must be discarded. If a threshold is set the 

discharge separation time is recalculated as follows: 

1) The set of time-of-occurrence before filtering, for k elements in, is:  

( ),1 ,1 ,2 ,

1

, ,...,
k

pre pre pre pre j

j

t t t t t
=

 
= ∆ ∆ + ∆ ∆ 
 

    (0.7) 

2) The set of time-of-occurrence after filtering, 
*

t , is found by deleting all elements 

in (0.7) corresponding to 
, ,a i a threshold

q q< , resulting in m elements in 
*

t . 

3) The filtered time to previous discharge and to successive discharge is calculated as: 

( ) ( )* * * * * *

1 2 1 1 2, ,....,pre m mt t t t t t− −
 ∆ = − −     (0.8) 

( ) ( ) ( )* * * * * * *

2 1 3 2 1, ,....,suc m mt t t t t t t −
 ∆ = − − −     (0.9) 

4) The corresponding filtered discharge magnitudes are found by 

( )* *

a aq q t=     (0.10) 
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Fig. 0-1 Pulse sequence Monte Carlo model for partial discharges at DC voltage with no AC 

ripple voltage 
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A.1  Analytic expression for mean discharge magnitude 

By using the relationship developed in 3.2.2.5, eq. (3.19), the apparent discharge 

magnitude of the i-th discharge can be expressed as: 

, ,
c

a i L ib

dv
q hC t

dt
α=   (0.11) 

The analytic expression for the mean discharge magnitude can be obtained as follows: 

1) Take the sum on both sides of (0.11), from 1i =  to i n=  : 

, ,

1 1

n n

a i b L i

i i

cq hC t
dv

dt
α

= =

=    (0.12) 

, ,

1 1

n n

a i b L i

i i

cq hC t
dv

dt
α

= =

=    (0.13) 

2) Divide by n on each side  

, ,

1 1

1 1n n

a i b L i

i i

cq hC t
n n

dv

dt
α

= =

=    (0.14) 

3) By the definition of the mean quantities given in C.4 , we obtain: 

a b L

cq hC t
dv

dt
α=   (0.15) 

4) For large number of discharges n → ∞  and L s
t τ→ , the mean apparent discharge 

magnitude is then: 

c
a b s

dv
q hC

dt
α τ=   (0.16) 

 

A.2  Analytic expression for discharge density function 

The apparent discharge magnitude is given by: 

, ,
c

a i b L i

dv
q hC t

dt
α=    (0.17) 

The distribution of the apparent discharge magnitude , 
,a i

q , can be found by 

transformation of the probability density of ,L it : 

 
,

1 1
( ) exp

L i

s

t L L

s

pdf t t
τ τ

 
 
 

= −      (0.18) 

Now, by denoting: 
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 ( )
,

( )
a i

Y aq
f y pdf q=      (0.19) 

and 

 ( )
,
( )

L iX t L
f x pdf t=      (0.20) 

So, ,a i
Y q= , a

y q= , ,L i
X t= , and L

x t= . ( )y g x= , corresponding to  

( ) c

L b La

dv
q g t hC t

dt
α== .  Then the distribution of the apparent discharge magnitude can 

be found by change of variables [114]:   

 ( ) ( )( ) ( )1 1

Y X

d
f y f g y g y

dy

− −=      (0.21) 

Inserting into (0.38) yields : 

 ( )( ) ( )
,,

1 1
( )

L ia i
a t a aq

a

d
pdf q pdf g q g q

dq

− −=      (0.22) 

where 

 ( )1 1
a a

c
b

g q q
dv

hC
dt

α

− =      (0.23) 

and 

 ( )1 1
a

ca
b

d
g q

dvdq
hC

dt
α

− =      (0.24) 

Using eq. (0.18) we obtain  

 
,

1
( )

1
exp -

a i
aq

c
sb

a
c

sb

pdf q
dv

ahC
dt

q
dv

ahC
dt

τ τ

 
  
 
 
  

=      (0.25) 

Recognizing that 
c

a b s

dv
q hC

dt
α τ= , eq. (0.16),  the probability density of the apparent 

discharge magnitude can be expressed in terms of the mean apparent discharge 

magnitude: 

 
,

1
exp( )

a i

a

a a

aq

q

q q
pdf q

 
= − 

 
     (0.26) 
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A.3  Analytic expression for mean discharge separation time 

By using the relationship developed in 3.2.2.6, eq. (3.22) , the i-th time to previous 

discharge can be expressed as: 

( ), , 1 ,
1

pre i L i L i
t h t tα −∆ = − +   (0.27) 

The mean discharge separation time can be obtained by the following steps: 

1) Take the sum on both sides of (0.27), from 1i =  to i n= : 

( ), , 1 ,

1 1

1
n n

pre i L i L i

i i

t h t tα −
= =

∆ = − +    (0.28) 

( ), , 1 ,

1 1 1

1
n n n

pre i L i L i

i i i

t h t tα −
= = =

∆ = − +     (0.29) 

2) Divide by n  on each side  

( ), , 1 ,

1 1 1

1 1 1
1

n n n

pre i L i L i

i i i

t h t t
n n n

α −
= = =

∆ = − +     (0.30) 

3) By the definition of the mean quantities given in C.4 , we obtain: 

( ) ,1 L pre Lt h t tα∆ = − +   (0.31) 

4) For a large number of discharges n → ∞  , ,L pre Lt t=  and L s
t τ→ . So: 

s
t hα τ∆ =   (0.32) 

 

A.4  Analytic expression for discharge separation time probability density 

function 

The i-th time to previous discharge can be expressed as, see 2.1.1.3: 

, ,, 1pre i L iR it t t−∆ = +  (0.33) 

The probability density of the time to previous discharge is the combined probability 

density of the two independent random variables 
, 1R i

t −  and ,L it , which may be found by 

convolution of the two corresponding probability densities [115]. The probability density 

for the discharge separation time is obtained by the three steps below. 

Step 1: 

Find 
,
( )

L it Lpdf t ; the probability density function of a discharge happening after a time lag 

,L it  is 
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,

1 1
( ) exp

L i
s

t L L
s

pdf t t
τ τ

  
 
  

= −      (0.34) 

Step 2: 

Find 
, 1

( )
R it Lpdf t

−
; the distribution of the previous recovery time, , 1R it − , can be found by 

transformation of the probability density of , 1L it − .   The time lag of previous discharge, 

, 1L it − , is independent from the time lag of the present discharge, ,L it , and has the same 

probability density: 

 
, 1

1 1
( ) exp

L i
s

t L L
s

pdf t t
τ τ−

  
 
  

= −      (0.35) 

Now, by denoting: 

 ( )
, 1

( )
R iY t R

f y pdf t
−

=      (0.36) 

and 

 ( )
, 1

( )
L iX t L

f x pdf t
−

=      (0.37) 

So, , 1R i
Y t −=  , R

y t= , , 1L i
X t −= , and L

x t= . A function can be defined so that us

( )y g x= , corresponding to  ( ) ( )1
L LR g t h tt α= −= , see 3.2.2.6.  Then the distribution 

of the previous recovery time, , 1R it − , can be found by change of variables [114]:   

 ( ) ( )( ) ( )1 1

Y X

d
f y f g y g y

dy

− −=      (0.38) 

Inserting into (0.38) yields : 

 ( )( ) ( )
, 1 , 1

1 1
( )

R i L it R t R R

R

d
pdf t pdf g t g t

dt− −

− −=      (0.39) 

where 

 ( )
( )

1 1

1
R Rg t t

hα
− =

−
     (0.40) 

and 

 ( )
( )

1 1

1
R

R

d
g t

dt hα
− =

−
     (0.41) 

Using eq. (0.35) we obtain  
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( ) ( ), 1

1 1 1 1
( ) exp

1 1R it R R

s s

pdf t t
h hα τ α τ−

  
= − 

− −  
     (0.42) 

Step 3: 

Now we can find the distribution of the time between discharges.  The time between 

discharges is a sum of two exponentially distributed random variables, , 1R it −  and ,L it . The 

sum of two independent stochastic variables corresponds to the convolution the 

probability distributions  [115]: 

( ) ( ) ( )
, , , 1

0
pre i L i R i

t

t tt L L Lpdf t pdf t pdf t t dt
−

∆

∆ ∆ = ∆ −      (0.43) 

,L it  has the distribution: 

 { }
, 1 1
( ) exp

L it L L
pdf t tλ λ= −      (0.44) 

 

with 1

1

s

λ
τ

=  . , 1R it −  has the distribution: 

 { }
, 1 2 2( ) exp

R it R R
pdf t tλ λ

−
= −      (0.45) 

with 
( )2

1 1

1 sh
λ

α τ
=

−
. The distribution of the time between discharges is 

 { } { }( )
,

1 2
1 2

2 1

( ) exp exp
pre itpdf t t t

λ λ
λ λ

λ λ
∆ ∆ = − ∆ − − ∆

−
     (0.46) 

which is 

 
( ) ( ),

1 1 1 1 1
( ) exp exp

2 1pre i

s s s

tpdf t t t
h hα τ α τ τ

∆

     
∆ = − ∆ − − ∆     − −     

     (0.47) 

(0.47) is valid for 1, 2 2,hα ∈ ∪ ∞ . When 1hα = , the integral in (0.43) becomes: 

 
,

1 1
( ) exp

pre i

s s

tpdf t t
τ τ

∆

 
∆ = − ∆ 

 
     (0.48) 

When 2hα = , the integral in  (0.43) becomes: 

 
,

2

1 1
( ) exp

pre i

s s

tpdf t t t
τ τ

∆

   
∆ = − ∆ ∆  

   
     (0.49) 
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By using (0.32), sτ  can expressed in terms of the mean separation time as: 

s

t

h
τ

α

∆
=      (0.50) 

The probability density of the separation time can the be expressed in terms of the mean 

separation time and the Townsend coefficient, for 1, 2 2,hα ∈ ∪ ∞ : 

( )
( ) ( ),

exp exp
2 1pre it

t th h
pdf t h

h t h t t

α α
α

α α
∆

    ∆ ∆
∆ = − − −      − ∆ − ∆ ∆   

     (0.51) 

For 1hα = : 

 
,

1
( ) exp

pre it

t
pdf t

t t
∆

 ∆
∆ = − 

∆ ∆ 
     (0.52) 

For 2hα =  

 
,

2
1

( ) 2 exp 2
pre it

t
pdf t t

t t
∆

∆   
∆ = − ∆   

∆ ∆   
     (0.53) 
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Appendix B Model of the PD Sequence at combined DC and AC 

voltage  

A flow chart of the PD sequence model at combined voltage is shown in Fig. 0-2. The input 

for the model is the physical parameters hα , sτ  , bC , 
�

c
dv

dt
, as well as the applied DC 

voltage DCV , the AC cavity voltage amplitude ˆ
AC AC

K V  and the number of discharges n . 

The model produces the sets: 

,1 , ,,..., ,...,L L L i L nt t t t =      (0.54) 

1 2, ,..., nθ θ θ θ =      (0.55) 

,1 , ,,..., ,...,a a a i a nq q q q =      (0.56) 

,1 , , ,..., ,...,R R i RR nt t t t =      (0.57) 

The output of the model are the measurable quantities 
pre

t∆ , 
a

q  and θ . 
pre

t∆   is a 

function of the sets, 
L

t  and Rt .:  

( ) ( ),1 ,2 , 2 , 1,....,pre R L R n L nt t t t t− −
 ∆ = + +     (0.58) 

( ) ( ),2 ,3 , 1 ,,....,suc R L R n L nt t t t t−
 ∆ = + +     (0.59) 

Although n  discharges is generated in the Monte Carlo simulation, the output is 2n −  

discharges because the first and last discharge must be discarded, so: 

,2 , , 1,..., ,...,a a a i a nq q q q −
 =      (0.60) 

2 2 1, ,..., nθ θ θ θ −
 =      (0.61) 

If a threshold is set the discharge separation time is recalculated as follows: 

1) The set of time-of-occurrence before filtering, for k elements , is:  

( ),1 ,1 ,2 ,

1

, ,...,
k

pre pre pre pre j

j

t t t t t
=

 
= ∆ ∆ + ∆ ∆ 
 

    (0.62) 

2) The set of time-of-occurrence after filtering, 
*

t , is found by deleting all elements 

in (0.62) corresponding to 
, ,a i a threshold

q q< , resulting in m elements in 
*

t . 

3) The filtered time to previous discharge and to successive discharge is calculated as: 

( ) ( )* * * * * *

1 2 1 1 2, ,....,pre m mt t t t t t− −
 ∆ = − −     (0.63) 
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( ) ( ) ( )* * * * * * *

2 1 3 2 1, ,....,suc m mt t t t t t t −
 ∆ = − − −     (0.64) 

4) The corresponding filtered discharge magnitudes and phase-of-occurrences are 

found by 

( )* *

a aq q t=     (0.65) 

( )* *
tθ θ=     (0.66) 
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Fig. 0-2 Pulse sequence Monte Carlo model for partial discharges at DC voltage with AC ripple 

voltage. 
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B.1  Voltage over cavity after a discharge for combined voltage conditions 

The voltage over the cavity after the i-th discharge is 

( ) ( ) ( )DC AC

c c c
v t v t v t′ ′ ′= +   (0.67) 

Where 0t =′  at 1it − .  

  ( ) ( ),

'
expDC

c DC DC DC DC res offset

t
v t K V K V V

τ

 
− 
 

′ = − −   (0.68) 

  ( ) ( )1
ˆ cos

AC

c AC AC iv t K V tω θ −
′ ′= +   (0.69) 

where 1iθ −  is the phase-of-occurrence at the previous discharge and 
,res offsetV  is the 

starting offset DC voltage. By inspection in Fig. 0-3: 

  , , 1 , 1
ˆ

res offset res i i AC ACV V V K Vθ− −= +∆ −   (0.70) 

Inserting 
,res offset

V  in  (0.70) into (0.68), then  (0.68) and (0.69) into (0.67) yields:  

( ) ( ) ( ), 1 , 1 1

'ˆ ˆ' exp cos 'c DC DC AC AC res i i AC AC i

t
v t V V K V V V K V tθ ω θ

τ
− − −

 
= − + − − ∆ − + + 

 
 

(0.71) 

 

  

 

Fig. 0-3 Voltage over cavity after previous discharge. 
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B.2  The overvoltage  

The overvoltage before the i-th discharge is 

  , ,L i c i paschen
V v V∆ = −   (0.72) 

Which can be written as 

( ) ( ),

, ,
ˆexp cos

L i

L i DC DC DC DC offset AC AC L i paschen

t
V K V K V V K V t Vω θ

τ

 
′∆ = − − − + + − 

 
  

(0.73) 

where 
, 0L it =  when the envelope of the voltage is equal to 

paschenV , θ ′  is the phase shift 

when the envelope of the voltage is equal to 
paschenV . The offset voltage when 

, 0L it = , is 

  ˆ
offset paschen AC ACV V K V= −   (0.74) 

θ ′  can be set to zero to create a reference point so that , 0
L i

V∆ =  at 
,

0
L i

t = , the phase 

shift 'θ  can be ignored because the resulting time shift is extremely small compared to 

the time lag 
,L i

t . Setting , iL itω θ=  as a parameter and inserting (0.74) into (0.73) we 

get: 

( ) ( ),

,
ˆ ˆexp cos

L i

L i DC DC DC DC AC AC paschen AC AC i paschen

t
V K V K V K V V K V Vθ

τ

 
∆ = − + − − + − 

 
  

(0.75) 

Which can be reformulated as: 

( ) ( )( ),

,
ˆ ˆ1 exp 1 cos

L i

L i DC DC AC AC paschen AC AC i

t
V K V K V V K V θ

τ

  
∆ = + − − − − −  

  
 (0.76) 

The overvoltage is a sum of a DC part depending on 
,L it  and an AC part depending on iθ , 

as follows: 

, , ,
ˆ

L i L i iV V Vθ∆ = ∆ −∆   (0.77) 

Where 

( ) ,

,
ˆ ˆ 1 exp

L i

L i DC DC AC AC paschen

t
V K V K V V

τ

  
∆ = + − − −  

  
  (0.78) 

( )( ),
ˆ 1 cosi AC AC iV K Vθ θ∆ = −   (0.79) 
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If the the maximum overvoltage, ˆ
LV∆ , is linearised around 

,
0

L i
t =  , then: 

�

, ,
ˆ c
L i L i

dv
V t

dt
∆ ≈    (0.80) 

with 

� ˆ
DC DC AC AC paschenc

K V K V Vdv

dt τ

+ −
=   (0.81) 

Then the overvoltage can be expressed as: 

�
( ), ,

ˆ 1 cosc
L i L i AC AC i

dv
V t K V

dt
θ∆ = ⋅ − −   (0.82) 

which is valid for 
,L i

t τ≪  . 

B.3  Effective start electron generation rate and the duty cycle 

The combined voltage over the cavity, 
c

v  , is shown in Fig. 0-4 for one period time of the 

AC voltage. The DC offset voltage, DC

c
v , increases during the AC period, but the increase is 

infitisemal when the AC period time is much shorter than the time constant of the DC offset 

voltage:  

 
AC

T τ≪     (0.83) 

The cavity voltage is above the Paschen voltage ,
Paschen

V  , for a time interval shorter than 

the AC period time, marked by the grey area in Fig. 0-4. For a discharge to occur, a start 

electron must be available within this time interval. In contrast, if only DC voltage is applied 

the cavity voltage will stay above the critical voltage after a recovery time, 
R

t ; the 

availability of an start electron is not restricted to a time interval. At combined voltage the 

start electron generation rate is equal to the mean start electron generation rate at DC 

voltage in the interval 
over

t   and zero outside this interval. Thus, when an AC voltage is 

superimposed on the DC voltage, the start electron generation rate is reduced.  
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The effective start electron generation rate, ,e effNɺ ,  can be given as a mean value over the 

an AC period time interval, after a time lag 0
L

t ≥ , see eq. (0.85). The effective start 

electron generation rate can be used when the AC period time is much shorter than the 

statistical waiting time: 

 
AC s

T τ≪     (0.84) 

  

 ,

1 L AC

L

t T

over
e eff e el

AC ACt

t
N N dt N

T T

+

= =ɺ ɺ   (0.85) 

The ratio over

AC

t

T
 is defined as the duty cycle d . In this thesis the duty cycle is defined as the 

fraction of one AC voltage time period in which the cavity voltage is above the critical 

voltage: 

 
ˆ ˆ2

2

over

AC

t
d

T

θ θ

π π

∆ ∆
= = =   (0.86) 

where θ̂∆  is the maximum phase-of-occurrence at time lag 
L

t , see Fig. 0-4. The effective 

start electron generation rate is then 

 ( ) ( ),e eff L L elN t d t N= ⋅ɺ   (0.87) 

 

Fig. 0-4 The cavity voltage at after a time lag 
L

t  , with start electron generation rate. 

The DC offset voltage is nearly constant within one time period of the AC voltage. 
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An expression for d  can be found as a function of  θ̂∆  as follows: 

1) At the maximum phase-of-occurrence the overvoltage is zero:  

( )ˆ, 0
L L

V t θ∆ ∆ =   (0.88) 

2) By the expression for the overvoltage at combined voltage given in eq. (0.77) we 

have: 

( ) ( )ˆˆ 0
L L

V t Vθ θ∆ −∆ ∆ =   (0.89) 

3) Solving (0.89) with respect to θ̂∆ , using (0.79) yields an expression for the 

maximum phase-of-occurence 

( ) 1
ˆ ( )ˆ cos 1

ˆ
L L

L

AC AC

V t
t

K V
θ −

 ∆
∆ = − 

 
   (0.90) 

4) Inserting (0.90) into (0.86) gives the formula for the duty cycle: 

( ) 1
ˆ ( )1

cos 1
ˆ

L L
L

AC AC

V t
d t

K Vπ
−
 ∆

= − 
 

    (0.91) 

Inserting (0.80) into eq. (0.91) we obtain 

 ( )

�

11
cos 1

ˆ

c

L L

AC AC

dv

dtd t t
K Vπ

−

 
 
 = −
 
 
 

  (0.92) 

which is valid when 

AC s
τ τ τ≪ ≪          (0.93) 

Or, equivalently:  

1
el ACN f

τ
≪ ≪      (0.94) 

B.4  Time lag probability density 

At combined voltage conditions the start electron generation rate is given by 

1
e el

s

N N d d
τ

= ⋅ = ⋅ɺ , where d  is the duty cycle found in previous section, eq. (0.92).  The 

function 
eNɺ  is a non-negative function, it is always positive when the envelope of the cavity 

voltage is above the Paschen voltage and zero otherwise: 
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( )
� ( )

� ( )

1
,   v '

'

       0,     v '

c paschen

se

c paschen

d t V
N t

t V

τ


⋅ ≥

= 
 <

ɺ
      (0.95) 

The probability density for discharge happening after a time lag 0
L

t ≥  is obtained with eq. 

(2.34): 

( ) ( )
,

0

1 1
( ) exp exp

L

L i

t

t L e e L L

s s

pdf t N N dt d t D t
τ τ

    
′= − = ⋅ −   

    
ɺ ɺ       (0.96) 

where  

( ) ( )
0

Lt

LD t d t dt′ ′=        (0.97) 

which has the solution 

( ) ( ) ( ) ( )( )211
1 cos 1 1 1L L L LD t Kt Kt Kt

Kπ
−= − − − − − −       (0.98) 

with 

�

ˆ

c

AC AC

dv

dtK
K V

=       (0.99) 

The cumulative probability density function of a discharge happening after a time lag 

0
L

t ≥  is obtained with eq. (2.35): 

( ) ( )
,

0

1
1 exp 1 exp

L

L i

t

t L e L

s

cdf t N dt D t
τ

    
′= − − = − −   

    
 ɺ       (0.100) 

The individual time lag, 
,L i

t , can be found by generating a random number R  between 0 

and 1, set ( )
,L it L

cdf t R= , and solving (3.72) numerically: 

( )( )1

, ln 1
L i s

t D Rτ−= − −       (0.101) 

B.5  Mean time lag 

The mean of a random variable L
t   is calculated from its probability distribution function 

as: 
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,

0

( )
L iL L t L L

t t pdf t dt

∞

= ⋅  (0.102) 

Alternatively, the mean can be calculated from its cumulative distribution function [116]: 

 
,

0

(1 ( ))
L iL t L L

t cdf t dt

∞

= −      (0.103) 

The cumulative distribution function is 

 ( )
,

0

1 exp
L

L i

t

t L ecdf t N dt
  

′= − − 
  
 ɺ  (0.104) 

The simplest expression for the mean value is obtained by using the alternative definition, 

inserting (0.104) into (0.103) yields: 

 
0 0

exp
Lt

L e L Lt N dt dt

∞   
= − 

  
  ɺ  (0.105) 

By (0.100) we have 

 ( )
0

1Lt

e L

s

N dt D t
τ

′ = ɺ  (0.106) 

So 

 ( )
0

1
expL L L

s

t D t dt
τ

∞  
= − 

 
  (0.107) 

The integral in (0.107) does not have an analytic solution, but can be found numerically. 

The value of D  depends on 
�

cdv

dt
 and ˆ

AC AC
K V , see (0.98). The numerical integration can 

be represented by the function 1
F  which depends on the PD sequence parameters 

�
cdv

dt
, 

ˆ
AC AC

K V and s
τ : 

 
�

1
ˆ, ,c

L AC AC s

dv
t F K V

dt
τ

 
=   

 
 (0.108) 
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B.6  Mean cosinus of the phase-of-occurence 

The mean cosinus of the phase-of-occurrence, cos iθ , is needed to calculate the mean 

discharge magnitude and separation time numerically (see B.7 and B.8 ). It can be obtained 

by the law of the unconscious statistician, see [117, p. 170]: 

( ) ( ) ( ) ( )X
E g X g X g x pdf x dx

+∞

−∞

= = ⋅      (0.109) 

If ( ) cos ig X θ=  and x θ=  , then 

 ( )cos cos
ii

pdf d

θ π

θ

θ π

θ θ θ θ
=+

=−

= ⋅   (0.110) 

The probability of a discharge to occur within a certain phase interval ˆ ˆ,θ θ −∆ ∆   at a 

time lag 
L

t  is constant, because the AC period time is much smaller than the mean 

statistical waiting time. The bounds of the phase interval can be approximated by setting 

the time lag to the mean time lag 
L

t   in eq. (0.90):   

( ) 1
ˆ ( )ˆ cos 1

ˆ
L L

L

AC AC

V t
t

K V
θ −

 ∆
∆ = − 

 
 

where 
L

t  can be found by numerical integration of eq. (0.107). The probability density is 

constant and equal to 
1

ˆ2 θ∆
, because integrating the probability density over the 

interval ˆ ˆ,θ θ −∆ ∆  should give the value 1: 

 ( ) ( )
ˆ ˆ

ˆ ˆ

 
ˆ21

1
ˆ ˆ2 2

i i
pdf d pdf d d

π θ θ

θ θ

π θ θ

θ
θ θ θ θ θ

θ θ

∆ ∆

− − ∆ −∆

∆
= = =

∆ ∆
=     (0.111) 

By approximation ( )
( )

1

ˆ2i

L

pdf
t

θ θ
θ

=
∆

  and the phase interval to 

( ) ( )ˆ ˆ,L Lt tθ θ −∆ ∆    in eq. (0.110) gives 

 
( )( )

( )ˆ

ˆ

1
cos cos

ˆ2

L

L

t

i

Lt

d
t

θ

θ

θ θ θ
θ

∆

−∆

=
∆

   (0.112) 

Solving the integral yields 
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( )( )

( )

ˆsin
cos

ˆ

L

i

L

t

t

θ
θ

θ

∆
=

∆
  (0.113) 

This expression can be reformulated by using the identity 

 ( ) ( )2 2ˆ ˆsin cos 1θ θ∆ + ∆ =   (0.114) 

so 

 ( ) ( )2ˆ ˆsin 1 cosθ θ∆ = − ∆   (0.115) 

Inserting (0.115) and using 

 ( )1ˆ cos 1 LKtθ −∆ = −   (0.116) 

yields 

 
( )

( )

2

1

1 1
cos

cos 1

L

i

L

Kt

Kt
θ

−

− −
=

−
  (0.117) 

with 

�

ˆ

c

AC AC

dv

dtK
K V

=       (0.118) 

It is noted that the expression in (0.117) is not formally complete, but suffices as an 

approximation. cos iθ  in eq. (0.117) can be represented by the function 2
F  which depends 

on the PD sequence parameters 
�

cdv

dt
, ˆ

AC AC
K V and s

τ : 

 
�

2
ˆcos , ,c

i AC AC s

dv
F K V

dt
θ τ

 
=   

 
     (0.119) 

B.7  Analytical expression for mean discharge magnitude 

In this section the mean discharge magnitude is found by numerical integration of analytic 

functions. The expression is obtained in the following using the formula for the i-th 

discharge magnitude: 

, ,a i b L i
q hC Vα= ∆   (0.120) 

With 
,L i

V∆  as defined in (0.82) we get: 
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�
( ), ,

ˆ 1 cosc
a i b L i AC AC i

dv
q hC t K V

dt
α θ

 
= ⋅ − −  

 
  (0.121) 

The mean discharge magnitude can be obtained by the following steps: 

1) Take the sum on both sides of (0.121), from 1i =  to i n=  : 

�
( ), ,

1 1

ˆ 1 cos
n n

c
a i b L i AC AC i

i i

dv
q hC t K V

dt
α θ

= =

 
= ⋅ − −  

 
    (0.122) 

�

, ,

1 1 1

ˆ cos
n n n

c
a i b L i AC AC i

i i i

dv
q hC t K V n

dt
α θ

= = =

  
= ⋅ − −     

     (0.123) 

2) Divide by n  on each side  

�

, ,

1 1 1

1 1 1ˆ 1 cos
n n n

c
a i b L i AC AC i

i i i

dv
q hC t K V

n dt n n
α θ

= = =

  
= ⋅ − −     

     (0.124) 

3) For large number of discharges n → ∞  and by the definition of the mean 

quantities given in C.4 , we obtain: 

�
( )ˆ 1 cosc

a b L AC AC i

dv
q hC t K V

dt
α θ

 
= ⋅ − −  

 
  (0.125) 

4) The mean discharge magnitude at combined voltage is a function of the PD 

sequence parameters, 
L

t  can be found by numerical integration of eq. (0.107) and  

cos iθ   can then be found by eq. (0.117). 

B.8  Analytical expression for mean discharge separation time 

In this section the mean discharge separation time is found by numerical integration of 

analytic functions. The expression is obtained in the following using the formula for the ith 

discharge separation time: 

, , 1 ,i pre i R i L i
t t t t

−
∆ =∆ = +   (0.126) 

The recovery time after the previous discharge, 
, 1R i

t −  , is found by changing the index in eq. 

(3.89) from i  to 1i −  : 

( )
�

( )( ), 1 , 1 1

ˆ
1 1 cosAC AC

R i L i i

c

K V
t h t h

dv

dt

α α θ− − −= − − −   (0.127) 
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Inserting (0.127) into (0.126) gives the discharge separation time as a function of ,L it , 

, 1L it −  and 1iθ − : 

( )
�

( )( ), , 1 , 1

ˆ
1 1 cosAC AC

pre i L i L i i

c

K V
t h t t h

dv

dt

α α θ− −∆ = − + − −   (0.128) 

The mean discharge separation time can be obtained by the following steps: 

1) Take the sum on both sides of (0.128), from 1i =  to i n=  : 

( )
�

( )( ), , 1 , 1

1 1

ˆ
1 1 cos

n n
AC AC

pre i L i L i i

i i c

K V
t h t t h

dv

dt

α α θ− −
= =

 
 
 ∆ = − + − −
 
 
 

    (0.129) 

( )
�

( ), , 1 , 1

1 1 1 1

ˆ
1 cos

n n n n
AC AC

pre i L i L i i

i i i ic

K V
t h t t h n

dv

dt

α α θ− −

= = = =

 
∆ = − + − − 

 
      (0.130) 

2) Divide by n  on each side  

( )
�

( ), , 1 , 1

1 1 1 1

ˆ1 1 1 1
1 1 cos

n n n n
AC AC

pre i L i L i i

i i i ic

K V
t h t t h

n n n ndv

dt

α α θ− −

= = = =

 
∆ = − + − − 

 
      

(0.131) 

3) By the definition of the mean quantities given in C.4 , we obtain: 

( )
� ( ),

ˆ
1 1 cosAC AC

L pre L pre

c

K V
t h t t h

dv

dt

α α θ∆ = − + − −   (0.132) 

4) For a large number of discharges n → ∞ , 
,L pre Lt t=  and cos cospre iθ θ= , so  

� ( )
ˆ

1 cosAC AC
L i

c

K V
t h t

dv

dt

α θ

 
 
 ∆ = − −
 
 
 

  (0.133) 
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5) The mean discharge separation time at combined voltage is a function of the PD 

sequence parameters, 
L

t  can be found by numerical integration of eq. (0.107) and  

cos iθ   can then be found by eq. (0.117). 
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Appendix C Estimation of parameters 

In this section three estimation methods are presented: 

- The ordinary least squares method for PD at DC voltage 

- The method of moments for PD at DC voltage 

- The method of moments for PD at combined voltage 

 

C.1  Estimation of PD sequence parameters by an ordinary least square method 

at DC voltage conditions 

The mean time lag and the mean recovery time are among the physical parameters that 

need to be estimated at DC voltage conditions. Fromm and Morshuis [118] used PSA-plots 

and ordinary least squares (OLS) to estimate these parameters. The model by Fromm is 

based on the assumption that time lag Lt , apparent discharge magnitude aq  and recovery 

time are mutually related, as: 

 ( )1a L
q f t=      (0.134) 

 ( )1

1L a
t f q−=      (0.135) 

 ( )2R a
t f q=      (0.136) 

The model also assumes that the discharge magnitude iq  does not depend on the previous 

discharge magnitude 1iq − , which was experimentally verified by Fromm [74]. The following 

equations were deduced: 

 
, ,

( )
pre i L a i R

t t q t∆ = +      (0.137) 

 
, ,

( )
suc i R a i L
t t q t∆ = +      (0.138) 

When 
, 0a iq → both 

,
( ) 0

L a i
t q →  and 

,
( ) 0

R a i
t q → . The mean time lag and mean 

recovery time can then be estimated as: 

 , ,
ˆ ( 0)R pre i a it t q= ∆ →  (0.139) 

 , ,
ˆ ( 0)L suc i a it t q= ∆ →  (0.140) 

Plotting the time to previous discharge and the time to succeeding discharge versus 

magnitude it is then possible to obtain the time lag and the recovery time using OLS 

regression. The estimation method uses the interval mean plots ( ), ,,a i suc iq t∆  and 
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( ), ,,a i pre iq t∆ , Fig. 0-5. The data for the least square regression are restricted to low 
,a i

q  

because the scatter in 
,suc i

t∆  and 
,pre i

t∆  increases for large 
,a i

q .  The offset value of the 

least square linear regression marks the estimated time lag or recovery time. At DC voltage 

conditions the mean time lag should be close to the mean statistical waiting time, provided 

that the discharge magnitude detection limit is low. I.e.. ˆ
ŝ Ltτ = . The confidence interval 

of the estimated parameters can be given using the confidence interval for the regression 

coefficients [119] or by the non-parametric bootstrap method.  

  

a)                                                                b) 

Fig. 0-5 a) The time to the previous discharge as a function of the discharge magnitude, Rt   at 

0q =  . b) time to the successive discharge as a function of the discharge magnitude, Lt   at 

0q = . From [44]. 

 

In this thesis the relationship between time to previous discharge and the discharge 

magnitude can be written as, see 3.2.3: 

( )( ), , 1 ,

1
1pre i a i a i

c
b

t h q q
dv

hC
dt

α
α

−∆ = − +   (0.141) 

,pre it∆  can be expressed as a function of ,a iq  if the function ( ), 1 ,a i a iq f q− =  exist. The i-

th discharge magnitude is independent of the previous discharge magnitude, because the 

i-th time lag is independent of the previous time lag. On average:  

( ), 1 ,a i a i aq f q q− = =   (0.142) 

This can be confirmed by plotting 
, 1a i

q −
 versus ,a iq . Inserting (0.142) into (0.141), yields: 



 

184 

( ) ( )( ), , ,

1
1pre i a i a a i

c
b

t q h q q
dV

hC
dt

α
α

∆ = − +   (0.143) 

By using (0.15) it can be shown that: 

( ) ( ) ,

, ,
1

a i

pre i a i L L

a

q
t q h t t

q
α∆ = − +   (0.144) 

Furthermore, using the relationship ( )1R Lt h tα= −  : 

( ) ,

, ,

a i

pre i a i R L

a

q
t q t t

q
∆ = +   (0.145) 

Now, for the relationship between time to successive discharge and the discharge 

magnitude we have: 

( )( ), , , 1

1
1suc i a i a i

c
b

t h q q
dv

hC
dt

α
α

+∆ = − +   (0.146) 

The same argument can be applied as above and ,pre it∆  can be expressed as a function of 

,a iq  as: 

( ) ,

, ,

a i

suc i a i L R

a

q
t q t t

q
∆ = +   (0.147) 

An estimator of the mean time lag and the mean recovery time can be found as: 

( ), ,
ˆ 0
R pre i a it t q= ∆ →   (0.148) 

( ), ,
ˆ 0
L suc i a it t q= ∆ →   (0.149) 

Which is equivalent the offset value obtained by OLS regression on the data sets   

( ), ,,a i pre iq t∆  and ( ), ,,a i suc iq t∆ . At DC voltage conditions the mean time lag should be close 

to the mean statistical waiting time, provided that the discharge magnitude detection limit 

is low, i.e.. ˆ
ŝ Ltτ = .   

It should be noted that the relationships in (0.145) and (0.147) provides an alternative 

estimation of Lt  and Rt , by using the slope parameters: 
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,

,

suc i R

a i a

d t t

dq q

∆
=   (0.150) 

,

,

pre i L

a i a

d t t

dq q

∆
=   (0.151) 

Thus: 

,

,

ˆ suc i

R a

a i

d t
t q

dq

∆
=   (0.152) 

,

,

ˆ pre i

L a

a i

d t
t q

dq

∆
=   (0.153) 

In this thesis the offset parameters in (0.148) and (0.149) is used, rather than the slope 

parameters in (0.152) and (0.153).  

The estimator ˆhα  is expressed in terms of the estimators ˆ
Lt  and ˆ

Rt  as: 

 
ˆ

ˆ 1
ˆ
R

L

t
h

t
α = +       (0.154) 

An estimator for the product c
b

dv
C

dt
  is found, using eq. (3.36): 

�
c a

b

dv q
C

dt t
=

∆
  (0.155) 
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C.2  Estimation of PD sequence parameters by the method of moments at DC 

voltage conditions 

The three unique parameters for the PD process at DC voltage conditions are hα , c

b

dV
C

dt
 

and sτ . The estimators ˆhα  and  
�

c
b

dv
C

dt
 are found by calculation of the first moment 

(mean) and second moment (variance) on both sides of (0.141): 

�
( ), , 1 ,

1 1 1

1 1 1 1
ˆ 1

ˆ

n n n

pre i a i a i

i i ic
b

t h q q
n n ndv

hC
dt

α

α

−
= = =

 
∆ = − + 

 
     (0.156) 

( )
�

( )( )
2 2

, , 1 ,2
1 1

1 1 1
ˆ 1

ˆ

n n

pre i a i a i

i i
c

b

t h q q
n ndv

hC
dt

α

α

−
= =

∆ = − +
 
  
 

    (0.157) 

(0.156) and (0.157) can be written as follows: 

�
( )( ),

1
ˆ 1

ˆ
c

b a pre a

dv
C t h q q

dt h
α

α
∆ = − +      (0.158) 

�

( )
( )( ) ( )( )

2

22 2 2

, , ,2

1
ˆ ˆ ˆ2 1 2 1

ˆ

c

b a pre a i a pre a

dv
C t h h q h q q q

dt h
α α α

α

 
∆ = − + + − ⋅ +  

 
  (0.159) 

An quadratic equation for ˆ hα is given by solving (0.158) for 
�

c
b

dv
C

dt
  and inserting into 

(0.159). The form of the equation is: 

( )
2

ˆ ˆ 0a h b h cα α+ + =      (0.160) 

where the coefficients are defined by the first and second moments: 

( )
( )

2
2

2

, 2a pre a

t
a q q

t

∆
= −

∆
     (0.161) 

( )2

, ,2
a a pre a pre

b q q q= ⋅ −      (0.162) 

2 2

, ,2
a pre a a pre a

c q q q q= − ⋅ +      (0.163) 
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ˆ
s

τ can be found by eq. (0.32) as 

ˆ
ˆ

s

t

h
τ

α

∆
=   (0.164) 

 

�
c

b

dv
C

dt
 is defined by the first moments and ˆhα   

�
( )( ),

1 1
ˆ 1

ˆ
c

b a pre a

dv
C h q q

dt ht
α

α
= − +

∆
     (0.165) 

When n   is large 
,lim a pre a

n
q q

→∞
=  , so: 

�
c a

b

dv q
C

dt t
=

∆
     (0.166) 

C.3  Estimation of PD sequence parameters by the method of moments at 

combined voltage voltage conditions 

 

At combined voltage conditions the four unique parameters which describes the PD 

process are hα , bC , 

�
c

dv

dt
 and s

τ . The parameters can be estimated using the method of 

moments, when ˆ
AC ACK V is assumed known. Note that at DC conditions  it was only 

possible to estimate the product 
c

b

dv
C

dt
, at combined voltage conditions it is possible to 

estimate bC  and 

�
c

dv

dt
 explicitly. In the following a procedure for obtaining the estimators 

ˆhα , ˆ
b

C  and 

�
c

dv

dt
at combined voltage conditions is outlined. Symbol defintions for the 

moments are given in C.4 . 

 

1) Combining (0.121) and (0.128)  gives a relationship between the measurable 

quantities as follows: 
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�
( )( ) ( ), , 1 , 1

1 ˆ1 cos cosc
pre i a i a i AC AC i i

b

dv
t h q q K V

dt hC
α θ θ

α
− −∆ = − + + −    (0.167) 

2) The first, second and third moment on both sides of (0.167), this gives the three 

equations 

��

( )( ) ( ),

1 ˆˆ 1 cos cos
ˆˆ

c
a pre a AC AC pre

b

dv
t h q q K V

dt hC
α θ θ

α
∆ = − + + −    (0.168) 

��

( )( ) ( )

2
2

2

, 1 , ,

1 1 ˆˆ 1 cos cos
ˆˆ

c
a i a i AC AC pre i i

b

dv
t h q q K V

dt n hC
α θ θ

α
−

   
  ∆ = − + + −      

    

(0.169) 

��

( )( ) ( )

3
3

3

, 1 , ,

1 1 ˆˆ 1 cos cos
ˆˆ

c
a i a i AC AC pre i i

b

dv
t h q q K V

dt n hC
α θ θ

α
−

   
  ∆ = − + + −      

    

(0.170) 

3) Solve these three equations with respect to
��

c
dv

dt
, each solution is a plane defined 

by  and ˆhα  and ˆ
b

C . 

��

( )( ) ( ),
1

1 1 ˆˆ 1 cos cos
ˆˆ

c
a pre a AC AC pre

b

dv
h q q K V

dt t hC
α θ θ

α

 
= − + + −  ∆  

   (0.171) 

��

( )( ) ( )
2

, 1 , ,2
2

1 1 1 ˆˆ 1 cos cos
ˆˆ

c
a i a i AC AC pre i i

b

dv
h q q K V

dt n hCt
α θ θ

α
−

 
= − + + −  ∆  

    

(0.172) 

��

( )( ) ( )
3

3
, 1 , ,3

3

1 1 1 ˆˆ 1 cos cos
ˆˆ

c
a i a i AC AC pre i i

b

dv
h q q K V

dt n hCt
α θ θ

α
−

 
= − + + −  ∆  

    

(0.173) 
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4) A solution for ˆhα  and ˆ
b

C  exist which satisfies 
�� �� �� ��

1 2 3

c c c c
dv dv dv dv

dt dt dt dt
= = = : Find 

the intersecting contour line L1 (i.e.. set of ˆhα  and ˆ
b

C ) that satisfies
�� ��

1 2

c c
dv dv

dt dt
= . 

Find the intersecting contour line L2 (i.e.. set  of ˆhα  and ˆ
b

C ) that satisfies

�� ��

1 3

c c
dv dv

dt dt
=  

5) The intersection points of the contour lines L1 and L2 give a solution for ˆhα  and 

ˆ
b

C  where 
�� �� �� ��

1 2 3

c c c c
dv dv dv dv

dt dt dt dt
= = = . 

6) 

��
c

dv

dt
 is found by inserting the solution for ˆhα  and ˆ

b
C  into (0.171). 

So far ˆhα , ˆ
b

C , 
��

c
dv

dt
 have been obtained. It is possible to find the estimated mean time lag

ˆ
Lt  by eq. (0.133) as: 

��
( )

ˆ
ˆ 1 cos

ˆ
AC AC

L i

c

K Vt
t

h dv

dt

θ
α

∆
= + −  (0.174) 

The estimated mean recovery time ˆ
Rt   can be found by the first moment of the discharge 

separation time in (3.92): 

ˆ ˆ
R L
t t t= ∆ −  (0.175) 

 

Finally it is possible to estimate the mean statistical waiting time by finding the value of ˆ
s

τ  

that satisfies the equation for the mean time lag developed in section B.5 : 

 
��

1
ˆ ˆ ˆ, ,c

L AC AC s

dv
t F K V

dt
τ

 
 =
 
 

 (0.176) 
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C.4  Definition of moments  

The definitions of the moments used in this thesis are given below: 

,

1

1 n

pre pre i

i

t E t t
n =

 ∆ = ∆ = ∆        (0.177) 

( )
2

2 2

,

1

1 n

pre pre i

i

t E t t
n =

 ∆ = ∆ = ∆        (0.178) 

( )
3

3 3

,

1

1 n

pre pre i

i

t E t t
n =

 ∆ = ∆ = ∆        (0.179) 

 

 

 ,

1

1 n

a a a i

i

q E q q
n =

 = =        (0.180) 

 ( )
2

2 2

,

1

1 n

a a a i

i

q E q q
n =

 = =        (0.181) 

 

 , , , ,

1

1 n

a pre a pre a pre i

i

q E q q
n =

 = =        (0.182) 

 ( )
2

2 2

, , , ,

1

1 n

a pre a pre a pre i

i

q E q q
n =

 = =        (0.183) 

 , , , , ,

1

1 n

a a pre a a pre a i a pre i

i

q q E q q q q
n =

 ⋅ = ⋅ = ⋅        (0.184) 

 

 [ ]
1

1
cos cos cos

n

i

i

E
n

θ θ θ
=

= =       (0.185) 

 ,

1

1
cos cos cos

n

pre pre pre i

i

E
n

θ θ θ
=

 = =        (0.186) 
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Appendix D Data from experiments 

In this section selected data from the measurements are presented, the data points for the 

test series are given in D.1 and the AC ripple waveform measured at DC voltage is given in 

D.2. 

D.1  Data points acquired for all test series 

The data points per stage are shown for the test program outlined in 4.1.8: 

- For the DC test series, see Fig. 0-6. The total number of discharges is 27 820. 

- For the variable AC amplitude test series, see Fig. 0-7. The total number of 

discharges is 23 842. 

- For the variable frequency test series, see Fig. 0-8. The total number of discharges 

is 22 565. 

 

 

Fig. 0-6 The number of discharges in each stage for the DC test series. 
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Fig. 0-7 The number of discharges in each stage for the variable AC amplitude DC test series. 

 

 

Fig. 0-8 The number of discharges in each stage for the variable AC frequency test series. 
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D.2  AC ripple during DC voltage test stages 

The AC source introduced a small ripple during the PD tests, even if the AC voltage was set 

to zero. The ripple amplitude was measured to 10 V, with AC period time around 20 ms, 

see Fig. 0-9. The measurement was done with the AC source on and set to zero, the DC 

source was turned off and measuring probes connected to the terminals of the test object. 

The AC ripple was not detected during the PD tests because the oscilloscope trigger level 

was higher than the AC ripple amplitude. 

 

 

Fig. 0-9 Measured AC ripple on test object terminals, AC 

source on with AC voltage set to zero and DC voltage source 

turned off. 
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