
ISBN 978-82-326-4634-0 (printed ver.)
ISBN 978-82-326-4635-7 (electronic ver.)

ISSN 1503-8181

Doctoral theses at NTNU, 2020:143

Torstein Grav Aakre

Partial Discharges in Voids at
Variable Voltage Frequency and
Temperature

Diagnostic Testing of Stator Mainwall
Insulation

D
oc

to
ra

l t
he

si
s

D
octoral theses at N

TN
U

, 2020:143
Torstein G

rav Aakre

N
TN

U
N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y
Th

es
is

 fo
r t

he
 D

eg
re

e 
of

Ph
ilo

so
ph

ia
e 

D
oc

to
r

Fa
cu

lty
 o

f I
nf

or
m

at
io

n 
Te

ch
no

lo
gy

 a
nd

 E
le

ct
ric

al
En

gi
ne

er
in

g
D

ep
ar

tm
en

t o
f E

le
ct

ric
 P

ow
er

 E
ng

in
ee

rin
g



Torstein Grav Aakre

Partial Discharges in Voids at 
Variable Voltage Frequency and 
Temperature

Diagnostic Testing of Stator Mainwall Insulation

Thesis for the Degree of Philosophiae Doctor

Trondheim, May 2020

Norwegian University of Science and Technology
Faculty of Information Technology and Electrical Engineering 
Department of Electric Power Engineering



NTNU
Norwegian University of Science and Technology

Thesis for the Degree of Philosophiae Doctor

Faculty of Information Technology and Electrical Engineering
Department of Electric Power Engineering

© Torstein Grav Aakre

ISBN 978-82-326-4634-0 (printed ver.)
ISBN 978-82-326-4635-7 (electronic ver.)
ISSN 1503-8181

Doctoral theses at NTNU, 2020:143

Printed by NTNU Grafisk senter



Abstract

The main purpose of this thesis is to improve diagnostic testing by PD detection at variable

voltage frequency by developing and experimentally testing theoretical models proposed

for measurement of PDs in voids in a mica/epoxy generator bar insulation. The focus of

this thesis is to compare estimated and measured values, and from that determine which

physical mechanisms best describe the voltage frequency and temperature dependence of

observed PD activity. The main contribution to theoretical modelling was to propose an

impedance abc-model and include the dielectric response.

Two types of test object were examined: 1) laboratory made, square-shaped insulation

sheets using mica/epoxy tape, made with cylindrical voids with different diameter and

gap distance and 2) 50 cm long sections of service-aged generator bars.

A frequency sweep procedure for PD detection was developed, based on the relevant

condition assessment standard IEC 60034-27 to study the frequency dependence exper-

imentally. PDs were recorded during applying an increasing voltage of 10 equal steps,

at reducing voltage frequency, starting at 300 Hz to 0.1 Hz for laboratory objects, and

starting at 50 Hz to 0.1 Hz for service-aged bars. The temperature was varied in the range

of 20 °C to 155 °C.

Experimental testing compared to the proposed model showed that the capacitive abc-

model needed to be expanded to include both conductive elements and dielectric response;

the impedance abc-model, to explain a frequency and temperature dependence for the par-

tial discharge inception voltage (PDIV) and increased residual charge relaxation at high

temperatures. The impedance abc-model was also expanded by a time lag and limited

discharge area to describe the apparent charge magnitude. The capacitive abc-model de-

scribes PDIV for most cases. The effect of a high conductivity and dielectric response

can explain the behaviour at low frequencies according to the impedance abc-model. The

maximum apparent charge is frequency-dependent, which can be explained by PD igni-

tion at an increased voltage caused by a time lag. Measured apparent charge magnitude
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indicates that the void area only partly discharges during each PD. This was observed to

cause a distribution of PD magnitudes, instead of a few large PDs. The total apparent

charge per period is, however, close to the expected values based on the void geome-

try, and is frequency independent below 100 °C. The total apparent charge per period is

frequency-dependent at 130 °C and 155 °C. This dependency was here modelled by an

increased relaxation of residual charges, which enabled more PDs to occur during the

same period. The relaxation was modelled by the material dielectric response.

The impedance abc-model fits to the experimental results for both insulation systems con-

taining cylindrical voids and generator bars. This includes the important fit to the lowered

PDIV and the increased total apparent charge due to an increased dielectric response at

high temperatures. A correlation was found between electrical PD measurements and re-

sults from microscopy investigations of cross-sections of the generator bars. A higher PD

activity was correlated to a larger void content compared to bars with lower PD activity.

This correlation to void geometry is in line with results from test objects with known void

geometry. Measured material properties, estimated time lag, and estimated void conduc-

tivity were used to describe the voltage frequency and temperature dependence.
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Chapter 1
Introduction

1.1 Background

The average yearly Norwegian production of electric power is approximately 135 TWh.

In 2019, about 94% of this was produced by 1626 hydroelectric power stations [1]. The

generators installed before 1970 are producing in total one third of the total production to-

day. Considering the expected design service life of 50-70 years, many of these generators

are soon to require refurbishment or replacement [2].

Earlier, the Norwegian utilities typically operated the generators at a steady load of about

80% of the maximum nominal load. This was beneficial as it might reduce the average

operating temperature by 10 °C, and possibly prolong the expected life and postpone

costly replacements and refurbishments [2]. The power production today undergoes a

transition from fossil-based fuel to new renewable energy sources, such as solar and wind.

Such renewable sources are directly dependent on the varying weather, and additional

energy storage and controllable power production are needed. Such flexibility is provided

by the Norwegian hydropower magazines. This means that hydropower generators today

are operated at a heavier load and with more frequent starts and stops. It is uncertain how

this might affect the life expectancy of generators that are designed to operate at a more

continuous load [2]. Thus, the overall effect of this is an increased need for diagnostic

testing as an input to condition assessment and planning of replacement or refurbishment.

The Cigré working group A1.10 performed an international survey among utilities and

manufacturers in 2009 [3]. The results showed that, in 50% of the cases, the root cause

of failure was related to stator fault, caused by ageing, internal partial discharges (PDs),

loose bars or thermal cycling. Around 70% of stator faults were related to PDs at or

inside the stator insulation, which indicates that diagnostic testing and characterisation of

PD activity are important for such insulation systems.
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CHAPTER 1. INTRODUCTION

1.2 Literature Survey

This literature survey aims to describe how condition assessment of generators is per-

formed today, with a special emphasis on measurements of PDs and how to interpret the

test results by using theoretical models.

1.2.1 State of the Art of Condition Assessment of Generators

Condition assessment aims to detect ageing before breakdown occurs. For generators,

’aging is not dominated by electrical stress but rather by the combination of different

stress factors, of which thermal and mechanical wear are the most important.’ [4] The

final breakdown, which is an electric failure, occurs due to material imperfections caused

by ageing or introduced during the production. In generator insulation, critical imper-

fections include voids, cracks, delamination, resin accumulation, or damaged mica layers

may play an important role [4].

Condition assessment of hydropower generators can be performed in several ways [5]:

The DC insulation resistance can be measured offline and, similarly, the leakage current

during online assessment. A reduced resistance can also be identified by a dissipation

factor test. Air filled voids inside the insulation system generate PDs when the electric

field is sufficiently high. These PDs can be detected in several ways: Online or offline

electrical signals, by acoustic detection, visual detection of PD light, or by detection of

the known PD by-product ozone or other marker species incorporated in the insulation.

Different defects related to generator bars, such as internal discharges, slot discharges,

endwinding discharges, and bar-to-bar discharges, show their typical phase resolved PD

analysis (PRPDA), which are used as a fingerprint of the source type based on laboratory

measurements in [6] (at 50 Hz). In some cases, therefore, it becomes possible to identify

the defect that is causing PDs. A recent laboratory work performed a similar fingerprint

study on different voltage frequencies [7], showing a minor frequency dependency in the

overall PRPDA shape for different stator bar defects. The PD numbers, however, varied

significantly with frequency. The results and trends were shown, but no explanation was

given regarding the large variation in the number of PDs with voltage frequency.

PD measurements are usually calibrated, but calibration procedures are not intended for

use in a large inductive apparatus [8], such as generators with a complex capacitive-

resistive-inductive network. The PD pulses are damped and change shape after just a

few windings. Because PDs are a symptom, rather than a root cause, it can be misleading

to compare only measured number and magnitude of PDs, when the source is unknown.

It is possible to detect PDs by using a different detection bandwidth and centre filter fre-

quencies for noise reduction. Magnitude calibration is, however, possible only by PD

2



CHAPTER 1. INTRODUCTION

detecting systems operating at low frequencies (kHz range).

The picture in Figure 1.1 shows the stator windings of a hydropower generator with the

rotor removed. It consists of more than 200 four-metre-long stator bars. Removing the

rotor increases the test possibilities and enables for example, visual inspection of the

windings or PD detection by an antenna for PD source localisation purposes.

Figure 1.1: Photo of a hydropower stator when its rotor is removed. The gener-
ator bars are approximately 4 m long. Photo: Lars Lone, Hydro Energi.

Generators have a large capacitance to ground, typically between 0.5 µF to 3 µF. Test

equipment for external voltage application as separate 50 Hz test transformers or 50 Hz

resonant test equipment are heavy and costly compared to what is required for 0.1 Hz

power sources. 0.1 Hz sources are usually portable on euro pallets, whereas 50 Hz sources

typically require a large truck or a 40-foot container. However, results indicate that the PD

results obtained from 0.1 Hz tests might significantly differ from those at 50 Hz. Thus,

test results obtained at different voltage frequencies might not be directly compared [9].

In general, the temperature of the generator insulation varies with time and current load.

The heating and cooling of generators is a slow process due to their large mass and high

thermal heat capacity.

It is likely, therefore, that different condition assessment tests are performed at various

voltage frequencies and under various test temperatures. To overcome this challenge,

a better understanding of the relations between test conditions and measured results is

needed. Particularly so with respect to explain the effect of the frequency and temperature

on PD results from different types of defects in stator insulation.

3



CHAPTER 1. INTRODUCTION

1.2.2 Voids in Stator Insulation

It is likely that a considerable variation in the shape and dimensions of voids are present

in the service-aged high-voltage insulation of hydropower stator bars [10], [11], and [12].

It is common to find delamination due to poor attachment between layers, or slot dis-

charges, and voids in the epoxy. Delamination are typically characterised by a large area

and a small void gap distance. The sketch in Figure 1.2 illustrates the various possible

voids in stator insulation. The non-destructive tomographic technique has revealed that

delamination and many small spherically shaped voids are present in a binder of polyester

imide resin [13] and epoxy resin [14]. Similarly, cross-section microscope investigations

of the bar cross-section has revealed delamination and voids [15]. Voids, delamination,

and cracks have been found to produce similar PD behaviour, but with slightly different

skewness in the PRPDA pattern [16].

Figure 1.2: Sketch of typical voids in stator insulation systems: 1) delamination,
2) ellipsoid void in the high field region, 3) ellipsoid void in the main insulation,
and 4) crack along more layers.

1.2.3 Modelling of Partial Discharge Test Results

The study by the Cigré working group A1.10 [3] reported that electric breakdowns of the

main stator bar insulation system was the main source of generator failures. It is a com-

mon assumption that high PD activity is a precursor to electric breakdown. Fundamental

knowledge of PDs from voids is needed to understand obtained PD test results during

the assessment. In the literature, four major model approaches have been presented for

describing the mechanisms of PDs [17]:

1. The capacitive abc-model [18] treats the different parts as capacitances and the PD

event occurs when the voltage across the void collapses.

2. The electrostatic dipole model [19] treats the PD as a rapid change of the void dipole

moment.

3. The conductance model [20] treats the PD event in a finite element method (FEM)

model as a change in the void conductivity from a low to a high value during the

4



CHAPTER 1. INTRODUCTION

PD event. The discharge event is iteratively calculated.

4. The plasma model [21] treats the PD event in a FEM model with the involved gas

discharge physics by using the plasma model in the void to represent the details of

the PD event.

In a review article from 2005, dealing with the degradation of solid dielectrics due to

internal PDs, Morshuis [22] concluded that there is a lack of knowledge of how the volt-

age frequency affected the PD activity. Since 2005, main contributions on the relation

between voltage frequency and measurable quantities are performed by Cavallini et al.

[23], Forssén et al. [24] [20], and Illias et al. [25], who experimentally have studyed the

PD of an air-filled void in polycarbonate and in epoxy resin. They used the conductance

model and compared measured quantities to expected values from simulations, covering

the voltage frequency range of 0.01 Hz to 100 Hz at ambient conditions. It was con-

cluded, based on PRPDA results, that PD results from different voltage frequencies could

not be directly compared. The maximum apparent charge decreased with frequency for

the small 1 mm diameter spherical voids in [23][25], whereas increased with frequency

for large cylindrical voids in [24]. This might indicate a void geometry dependence of

PD amplitude. The PD amplitude distribution changed with voltage in [24], indicating

that the PD mechanism are different at different voltages. Illias et al. curve-fitted the void

surface conductivity, without physical explanation, to increase linearly with frequency,

and 1 nS/m at 50 Hz, which is a high value, but not sufficiently high to change the electric

field distribution from dominantly capacitive to resistive. These studies have shown that

PD parameters change with voltage frequency and voltage magnitude. Only a qualitative

explanation for the frequency dependence was given.

The experimental and theoretical focus in this thesis has, therefore, been to examine what

factors affect measurable PD parameters of the insulation system. The internal PD event

dynamics are, in fact, very fast and cannot be directly measured. PD analysis is, therefore,

usually limited to examination of the external effect of rapid internal void discharge, that

is, the impact of the total object. The measured PD signals occurring due to such rapid

discharge is usually efficiently described using a capacitive abc-model, which is also the

basis for modelling the PD signals in this thesis.

According to the typical textbook [18], the abc-model is based on four assumptions:

1. The electric field inside the void is homogeneous.

2. PD ignition1 occurs when the voltage across the void reaches the breakdown strength

of the void. Thus, there is no time delay between reaching this threshold voltage

1Ignition is here used as the start of the local PD event, whereas inception is used to describe the
measurable event in the outer circuit.

5



CHAPTER 1. INTRODUCTION

and the start of the PD.

3. The complete electrode area of the void is discharged during the PD event. This

area can be considered as an equipotential surface both before and after the PD

event.

4. There is no decay of residual charges between each event of discharge.

The four fundamental assumptions for the abc-models are, however, not always valid:

1. The electric field inside the void is generally not homogeneous [26].

2. There is a time lag before the void breakdown [27].

3. The void discharge area is smaller than the total void area, only a fraction of the

void is discharged during a PD event [28].

4. Remanent charges decay [10].

5. Void parameters may change with the duration of PD activity [29].

Test objects are generally voltage preconditioned to minimise the effect of time and PD-

dependent void parameters. The capacitive abc-model should be used with care and its

validity should be evaluated to assure proper use of it.

McAllister [30], Crichton et al. [31], and Boggs [32] discredit the capacitive assumption

in the abc-model for spherical voids. They claim that the model capacitance of such geom-

etry gives no meaning. It is not possible to measure capacitance in the spherical void and,

therefore, the use of a corresponding capacitance in the model should be avoided. Only

models that include electric field theory can give physical meaning. On the other hand,

it is argued that the use of the abc-model, such as [33], who stated that ’the capacitive

representation of cavities is a valid and powerful tool assisting engineers to analyse the

transients related to space charges located within cavities inside the insulating material

of any electrical equipment.’

The capacitive model describes what can be measured as an electric signal in an external

circuit. It has, therefore, still been studied in recent years and compared with numerical

field calculations (FEM) including edge effects. In the case of a cylindrical void, it was

found that at 50 Hz [34] both models give similar results. The abc-model, including resis-

tive elements, has also been used to compare the measured effect of DC superimposed AC

voltage on PDs in voids in a PET-film and found that the model described the measured

results [35].

6



CHAPTER 1. INTRODUCTION

1.2.4 Results from Selected Experimental Examinations

Nair et al. [7] showed how phase-resolved PD analysis (PRPDA) changed for typical

defects, such as internal voids, delamination, and slot discharges, in real stator bars as a

function of applied voltage frequency. It was shown that the total of apparent charge per

period increased for decreasing frequency, whereas the maximum apparent charge was

found to increase with increasing power frequency. No models or physical theories were

presented to explain this behaviour.

Niemeyer [36] and Gutfleisch [37] described a method of how to model PDs in voids em-

bedded in a dielectric material. This includes field enhancement, initial electron genera-

tion by volume generation and surface emission, mechanisms of discharge propagation,

and formation of remanent voltage due to surface charge accumulation. The effect of nei-

ther voltage frequency nor temperature was explored. The model included the breakdown

process in the gas without the properties of the surrounding insulation material.

Other relevant articles have investigated the effect of a specific parameter that influences

measurable quantities. Results obtained by Gjærde [38] indicate that the void pressure

decreases as a function of time at test voltages well above PDIV. The decrease was only

significant after tens of hours. The pressure was found to be quasi-constant with a pres-

sure decrease of 0.2% for one hour. The pressure change is, therefore, expected to be

insignificant during short PD tests. Hudon et al. [29] applied a voltage of 3.2 kV close

to PDIV for 500 hours to a parallel plane air gap of 0.5 mm with the electrodes covered

with 0.5 mm anhydride cured epoxy. The surface conductivity was measured and found

to increase by 6 orders of magnitude during the first 100 hours of voltage application. It

was later concluded that the increase in conductivity was caused by conductive PD by-

products [39]. This change in surface conductivity takes time, as Levesque et al. showed

in the case of slot discharges in generator bars kept for 1000 hours at twice the nominal

voltage [40].

The capacitive abc-model requires that the complete void area (i.e., equivalent capaci-

tance) discharges during each PD. Morshuis et al. [41] observed a distribution of light

spots of PDs in cylindrical voids with a larger void diameter. This result indicates the

existence of several PD occurring more or less simultaneously in a large void. Each dis-

charging a fraction of the void surface only. The decay of surface charges on a plain epoxy

surface has also been investigated by Kindersberger et al. [42]. Here, it was concluded

that the decay of a surface charge on insulators is mainly due to three mechanisms: 1)

electric conduction through the volume of the insulator 2) electric conduction along the

surface of the insulator, and 3) charge neutralisation by gas ions. These residual charge

decays were found to last for hours at room temperature. Hudon et al. [43] measured that

the discharge current, that is, the total apparent charge in a void with one electrode surface

7



CHAPTER 1. INTRODUCTION

(slot discharges) increased with a factor of approximately 4 from 20 °C. to 155 °C. This

is one of few works also studying the temperature dependence of the PD activity.

8



CHAPTER 1. INTRODUCTION

1.3 Main Goal and Selected Methodology

1.3.1 Main Goal

The literature survey revealed a lack of research contributions regarding the relations be-

tween measurable partial discharge parameters, the test voltage frequency and tempera-

ture.

As mentioned above, condition assessment can in practice be performed at different volt-

age frequency and test temperature. Morshuis [22] identified a lack of knowledge of how

PD activity is affected by the voltage frequency. Forssén et al. [24] [20] and Illias et

al. [25] claimed that no direct comparison between results obtained at 0.1 Hz and 50 Hz

could be made based on experiments and simulations in cylindrical voids in polycarbonate

and spherical voids in epoxy, respectively. The aim of the work presented in this thesis is

to experimentally and theoretically examine relations between measurable PD parameters

and voltage frequency and test temperature. An important part of this is to examine limi-

tations of the classical capacitive abc-model and to test the validity of proposed modified

model.

Experimental results are discussed with reference to proposed modified abc-model includ-

ing conductivity and dielectric response. Tests were performed using laboratory object

with cylindrical void inclusions and sections of service aged generator bars with unknown

void size and number. The investigations were done by first developing the abc-model

sufficiently to describe observed test results, then test at the cylindrical void with known

geometry before comparing the model to the generator bar with unknown void size and

number.

The main goal of this thesis is summarised by the following statement:

Explain frequency and temperature dependence of
experimental PD results in a generator bar

9



CHAPTER 1. INTRODUCTION

1.3.2 Selected Methodology

The following methodology approach was selected to fulfil the main goal:

1. Conduct a literature review to provide a base for the examination.

2. To propose a modified and applicable PD model including the frequency and tem-

perature dependent material parameters.

3. Experimentally examine the frequency and temperature dependence of PD param-

eters using laboratory-made reference objects with embedded cylindrical void.

4. Perform similar experimental PD examinations of short sections of service-aged

generator bars containing many voids of unknown geometry.

5. Compare experimental results from both test objects to the proposed model. This

should give insight to the similarity in the PD results from both objects and test the

validity of the models used on both test objects.

6. Perform a study of the effects of preconditioning to verify that the test procedure

produces similar void conditions at the different voltage frequencies.

A sketch of the involved test objects in this thesis are presented in Figure 1.3. The gen-

erator bars are taken from a hydropower generator, cut in shorter sections to reduce the

capacitance of each test object. Results from these bar objects with voids of unknown size

and number are compared to results from cylindrical voids with known geometry.

Figure 1.3: Overview of the different studied test objects in relation to condi-
tion assessment of hydropower generators in this work. The test objects include
generator bars with unknown void size and geometry, and objects with known
geometry.
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CHAPTER 1. INTRODUCTION

1.4 Presentation of Data Points

Theoretical models predict continuous values as a function of frequency and tempera-

ture, whereas experimental data points are measured at selected combinations of those

parameters. Some values are impossible to measure directly by common methods and

are, therefore, estimated by using models and a curve fit to find the value. These data

points are presented differently in this thesis:

1. Theoretical values are given either as a continuous or dotted lines, e.g. —and −−

2. Measured data points are given as open markers, e.g. ★, � and M

3. Estimated data points are given as filled markers, e.g. ✥, � and N

4. Simulated values are given either as a continuous or dotted lines, e.g. —and −−

The measured and estimated data points are often given with a dotted ’help’ line (similar

to the lines used for theoretical values), −★−, to increase the visibility of the trend.

The results from different test temperatures are assigned to a specific colour:

20 °C: ✥, 40 °C: ✥, 60 °C: ✥, 90 °C: ✥, 130 °C: ✥ and 155 °C: ✥

Voltages are given as rms values unless otherwise is specified.

11



CHAPTER 1. INTRODUCTION

1.5 Publications Submitted during the Period of PhD Study

Overview of Publications

The findings of this PhD work have also been presented in the following six papers:

Torstein Grav Aakre planned, performed, and wrote all the papers included in this thesis.

All co-authors contributed to discuss the results and paper.

Paper I

T. G. Aakre, E. Ildstad, S. Hvidsten, and A. Nysveen. Review of partial discharge and

dielectric loss tests for hydropower generator bars. In 2017 Nordic Insulation Symposium

(NordIS), volume 25, 2017.

This paper reviews the state of the art of various condition assessment methods for hy-

dropower generators.

Paper II

T. G. Aakre, E. Ildstad, and S. Hvidsten. Condition assessment of hydrogenerator stator

bar insulation using partial discharge measurements. In Electrical Insulation Conference,

EIC 2018, 2018.

This paper presents results from PD measurements at variable voltage frequencies on

various old generator bars.

Paper III

T. G. Aakre, E. Ildstad, and S. Hvidsten. Time development of voltage frequency depen-

dence of partial discharge activity in voids. In Nordic Insulation Symposium (NordIS),

volume 26, 2019.

This paper describes the time development of the effect of preconditioning, that is, the

temporary short-circuiting of the void.

Paper IV

T. G. Aakre, E. Ildstad, and S. Hvidsten. Partial discharge inception voltage of voids

enclosed in epoxy/mica versus voltage frequency and temperature. IEEE Transactions on

Dielectrics and Electrical Insulation 27(1): 214-221, 2020

This paper discusses variants of the impedance abc-model for describing the partial dis-

charge inception voltage at different voltage frequencies and temperatures. The measured

12



CHAPTER 1. INTRODUCTION

dielectric response was shown important at 130°C and 155°C, and a high estimated void

conductivity was shown important at temperatures below 90°C.

Paper V

T. G. Aakre, Erling Ildstad and S. Hvidsten. ’Partial Discharge Magnitude at Variable

Voltage Frequency and Temperature of Voids in Stator Insulation.’ Draft soon to be com-

pleted and submitted to: IEEE Transactions on Dielectrics and Electrical Insulation.

This paper discusses models for describing the apparent charge magnitude at different

voltage frequencies and temperatures. The total apparent charge per period was shown

frequency independent below 130°C, whereas highly influenced by residual charge decay

caused by a high dielectric response at 130°C and 155°C.

Paper VI

T. G. Aakre and S. Hvidsten. Partial discharges in mainwall insulation of hydropower

generator bars versus voltage frequency and temperature. Draft soon to be completed and

submitted to: IEEE Transactions on Dielectrics and Electrical Insulation.

This paper describes if and how the presented models for one void in Paper IV and Paper V

can be used on sections of generator bars (as was initially tested in Paper II). The models

describe well the observed trends.

Additionally, a master student working with related topics resulted in a conference paper

on limitations with the abc-model (Paper VII [44]), the content is, however, discussed

more in detail in other papers and, therefore, not included in the thesis. Participation in

online and offline PD measurements of an old hydropower generator was done, which

also resulted in a conference paper (Paper VII [45]).

Paper VII: Paper not included in the thesis

T. G. Aakre, R. Skattenborg, and E. Ildstad. Limitations regarding use of the abc-model

for interpretation of partial discharge measurements. In 2019 Nordic Insulation Sympo-

sium (NordIS), volume 26, 2019.

This paper discusses limitations with the commonly used capacitive abc-model.

This paper is based on experiments performed by the master work by Regina Skattenborg.

Torstein Grav Aakre analysed the results, wrote the paper, and expanded on her work.

Erling Ildstad participated in writing. All contributed to discuss the results and paper
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CHAPTER 1. INTRODUCTION

Paper VIII: Paper not included in the thesis

E. Eberg, T. G. Aakre, G. Berg, and S. Hvidsten. Comparison of offline VLF pd measure-

ments and online PD measurements on a 50-year-old hydrogenerator stator in Norway. In

Electrical Insulation Conference, EIC 2018, 2018.

This paper discusses online 50 Hz vs offline 0.1 Hz PD measurements on a 50-year-old

hydrogenerator stator. The focus is on pattern recognition.

Torstein Grav Aakre participated in the experimental work and discussions for the paper.
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Chapter 2
Theoretical Model

Partial discharges (PDs) in electrical insulation occur in gas-filled voids that are exposed

to a sufficiently high electric field. It is common to characterise PD activity in a test

object by measurement of partial discharge inception voltage (PDIV), apparent charge

magnitude, and number of discharges per voltage period. The PDIV is the lowest applied

voltage at which PDs are detectable. The measured apparent charge is the charge needed

to restore the voltage across the test object after a rapid discharge. The void voltage in

AC systems is initially varying sinusoidally before any PDs occur. PDs create a residual

charge voltage in a short time that opposes the applied voltage. This means that the total

void voltage, including PD events, has a sinusoidal variation with steps at the PD events.

This chapter first describes a model for the frequency- and temperature-dependent PDIV,

then suggested models for the frequency and temperature dependence of apparent charge

are presented.

2.1 Model for Frequency-Dependent Partial Discharge In-
ception Voltage

The common capacitive abc-model used to describe PDs is independent of voltage fre-

quency [18]. The main contribution of the work presented in this thesis is to describe and

evaluate a more general impedance model to describe a voltage frequency dependency.

Different material modelling approaches are described, including resistance and dielec-

tric response. Including dielectric response in the abc-model and later experimentally

showing its importance is the main contribution in this thesis.
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CHAPTER 2. THEORETICAL MODEL

2.1.1 General Equivalent Circuit

The electrical properties of a dielectric material are generally characterised by its conduc-

tivity and frequency-dependent dielectric response. These properties can be represented

by an impedance Z in an equivalent circuit. Generally, an insulation system containing

a void is modelled as an equivalent circuit with the impedance abc-model, as shown in

Figure 2.1. The impedance in the void is Zc, the impedance in series with the void is

Zb, and the insulation in parallel with Zc and Zb is Za. The top and bottom of the void,

representing the area in the equivalent capacitance of the section, are here called the void
electrodes.

Figure 2.1: Sketch of the general equivalent circuit of an insulation system with
a void. The air-filled void is represented by white, and the surrounding insulation
is grey.

In a gas-filled void, PDs occur when the electric field becomes higher than the breakdown

strength of the gas. In the case of homogeneous air-filled gap, the breakdown voltage

follows the Paschen law for air, empirically given by

Us = 6.72
√
pd+ 24.36pd+

0.00411√
pd

[kVpeak], (2.1)

which is based on experimental data for air gaps [18] and is valid for pressure p times

distance d between 10−3 and 102 bar·cm.

The general relation between void voltage Uvoid and applied voltage Uapplied for an electric

circuit described in Figure 2.1 then becomes:

Uapplied =

(
1 +

Zb(ω)

Zc(ω)

)
· Uvoid. (2.2)

This equation can be used to find the expected PDIV Ui considering the void voltage Uvoid

to be equal to the Paschen voltage Us.
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CHAPTER 2. THEORETICAL MODEL

2.1.2 Estimates of PDIV for Different Impedance Models of Material
Properties

As an example, the following reference test object was chosen with total thickness of

3 mm and a void gap distance of 0.5 mm. This type of insulation system is similar to

the laboratory test objects used during the experimental examination described later. The

presented models start with the common capacitive model, then describing the capacitive

and resistive model, and finally introducing the capacitive and resistive model including

dielectric response.

Selected material parameters used in the examples are listed in Table 2.1. Different sub-

sets of the values were used for different models for material properties. The values were

inserted into Equation (2.2) to illustrate the influence of the different material models on

the measurable PDIV. In all models, the lowest breakdown voltage of the void is deter-

mined by Paschen law to 1.94 kVrms.

Table 2.1: Material properties derived from literature.

Parameter name Symbol Value Unit Reference
Mica/epoxy conductivity σb 2 · 10−16 S/m [46]1

Insulation activation energy Ea 0.70 eV [47]2

Air conductivity σc 10−16 − 10−13 S/m [48]
Mica/epoxy permittivity εr(∞) 3.94 1 [46]1

Mica/epoxy permittivity εr(DC) 989 1 [46]1

Polarisation relaxation time constant τ(20◦C) 1.3 · 1015 s [46]1

Time constant activation energy Ea 1.42 eV [46]1

Shape factor α 0.71 1 [46]1

1 Based on data found in the reference
2 Curve-fitted to data found in [47] in the temperature range 60 °C to 100 °C
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CHAPTER 2. THEORETICAL MODEL

Model 1: A Pure Capacitive Model

The pure capacitive model is the standard abc-model found in textbooks and often used as

a first approximation in modelling of PD parameters, Figure 2.2a. The PDIV in the case

of this pure capacitive model is

Ui =

(
1 +

db
dc

· εr,c

εr,b

)
· Us, (2.3)

where εr,c and εr,b are the frequency independent relative permittivity of air and material,

respectively. Thus, PDIV is frequency independent, as also indicated in Figure 2.2b.

(a) Model (b) PDIV as a function of frequency.

Figure 2.2: Capacitive model.
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CHAPTER 2. THEORETICAL MODEL

Model 2: Capacitive and Resistive Model

As a first modification, the effect of material conductivity is included in the model. The

material DC conductivity is generally temperature dependent, and this dependence is here

modelled by the common Arrhenius relation

σb = σ0 exp

(
− Ea

kBT

)
, (2.4)

where σ0 is a constant, Ea is the activation energy, kB is the Boltzmann constant, and T is

the absolute temperature in Kelvin. The void is here considered to have a high resistance,

due to a combination of high air resistance and void surface resistance. For simplicity,

this combination is treated by the equivalent conductivity σc. It is common to assume that

the void conductivity is close to zero and thereby neglect it; this was also done here.

The PDIV for the Model 2 in Figure 2.3a using a capacitance and resistance is

Ui =

(
1 +

db
dc

· σc + iωε0εr,c

σb + iωε0εr,b

)
· Us, (2.5)

where σc and σb are the void and material conductivity, respectively. The combination of

permittivity and conductivity results in a frequency dependent PDIV, as indicated in Fig-

ure 2.3b. At low frequencies, the high insulation conductivity short-circuits the insulation,

resulting in low PDIV values. This case illustrates that PDIV is permittivity-dominated at

high frequencies and conductivity-dominated at low frequencies.

(a) RC-model (1) (b) PDIV as a function of frequency.

Figure 2.3: Capacitive and resistive model, neglecting void resistance.
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CHAPTER 2. THEORETICAL MODEL

Using this model, it is also possible to consider the effect of a certain void resistance Rc,

Figure 2.4a. If the void conductivity increases of any reason, for example due to con-

ductive PD by-products [29], the graph presented in Figure 2.4b illustrates that increased

PDIV values are expected. It is demonstrated that the effect of increased void conduc-

tivity is to strongly increase the PDIV at low frequencies. The voltage across the void is

expected to be low in the case of a high void conductivity and hence no PDs occur for the

same applied voltage.

(a) RC-model (2) (b) PDIV as a function of frequency.

Figure 2.4: Capacitive and resistive model considering selected non-zero values of void conduc-
tivity. (Conductivity values selected at 90 °C with σb = 4.1 · 10−12 S/m)

From literature, it is expected that the void conductivity increases with the duration of

PD activity. It is here assumed that such increase is time dependent with an exponential

behaviour. Details behind this choice are found in Appendix A.3. It is assumed one

behaviour when the high voltage is applied, and PDs are produced as

σc(t) = σc,0 ·
(
1− exp

(
− t

τPD

))
, (2.6)

where σc,0 is a constant representing the equilibrium value and τPD a time constant related

to the rate at which the void conductivity is changed. A similar relation is obtained for

the situation after grounding of the object. Without PDs present, a different time constant

τGND describes the rate of restoring:

σc(t) = σc,0 · exp
(
− t

τGND

)
. (2.7)
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CHAPTER 2. THEORETICAL MODEL

Model 3: General Impedance Model Including Dielectric Response

In this theoretical approach also the effect of dielectric response is considered in Fig-

ure 2.5a. The dielectric response of a material is a measure of dielectric loss by polari-

sation relaxation mechanisms. One mathematical description of dielectric response is the

Cole-Cole model [49] of the complex permittivity. This is here considered to describe

the dielectric response in general. The advantage is that the shape parameter α can be

adjusted so many different materials can be described,

ε∗ = ε(ω = ∞) +
ε(ω = 0)− ε(ω = ∞)

1 + (iωτ)1−α
= Re(ε∗)− j Im(ε∗), (2.8)

where ε(ω = ∞) is the permittivity at high frequencies, giving rise to capacitance in Zb,

ε(ω = 0) is the permittivity at low frequencies, ω is the angular frequency, the relaxation

time constant τ is temperature dependent with an Arrhenius relation; τ = τ0 exp
(

Ea

kBT

)
[50] and the shape factor α varies between 0 and 1 describing the broadness of the relax-

ation. The Cole-Cole relaxation model is reduced to the Debye model if the shape factor

α = 0, equivalent to polarisation relaxation modelled by a capacitance in series with a

resistance.

By inserting values in Equation (2.2), expected values of PDIV is given by

Ui =

(
1 +

db
dc

· σc + iωε0εr,c

σb − ωε0 Im(ε∗b) + iωε0Re(ε∗b)

)
· Us, (2.9)

where db = d − dc is the insulation thickness and dc is the void gap distance. PDIV as a

function of frequency by including the dielectric response of the material is illustrated at

different temperatures in Figure 2.5b. The temperature dependence is included by using

a temperature dependent time relaxation τ(T ) in Equation (2.8). In this case, the effect of

dielectric response is dominating the effect of material conductivity, as seen in Figure 2.3.

(a) RCtanδmodel(1) (b) PDIV as a function of frequency.

Figure 2.5: Capacitive and resistive model including dielectric response and neglecting void
resistance.
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The effect in this case of including a void conductivity, Figure 2.6a, is illustrated by the

graphs presented in Figure 2.6b. Resulting in increased PDIV values, comparable to

similar values of Model 2 at 90 °C shown in Figure 2.4b.

(a) RCtanδmodel(2) (b) PDIV as a function of frequency.

Figure 2.6: Capacitive and resistive model including dielectric response, considering selected
non-zero values of void conductivity. (Conductivity values selected at 90 °C)
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CHAPTER 2. THEORETICAL MODEL

2.2 Estimating Apparent Charge Magnitudes

The void voltage and PDIV are described in the previous chapter, that is, the voltage

distribution in the insulation system with a void before a PD occurs. The PD pulses

are fast transients, that is, they consist of high frequencies, and the insulation system is,

therefore, considered purely capacitive when performing calculations of PD parameters

as measured in the outer circuit. The following description of apparent charge magnitude

is, therefore, the same for all three abc-models.

2.2.1 The Basic Model

Residual charges are deposited at the void surface immediately after a PD. These charges

create a residual voltage that opposes the externally applied voltage. This remanent void

voltage is Ur and is of lower value than the breakdown voltage Us. Previous examinations

have estimated the electric field in breakdown channels in air to about 0.5 kV/mm [51].

The typical void voltage for two voltage periods is sketched in Figure 2.7. The sinusoidal

void voltage without any PDs is presented as green in the graph and the void voltage

including PD events is orange with a voltage reset to the remanent voltage Ur when a PD

occurs when the voltage reaches ignition voltage Us. The step graph in blue representing

the residual charge voltage is, in this case, the difference between the other two curves.

Figure 2.7: Sketch of voltage occurring across a void during sinusoidal appli-
cation of voltage. The different curves represent void voltage (orange), void
voltage without PDs (green), and residual charge voltage (blue).

The rapid voltage change Us − Ur during the PD event is measured as a current impulse.

The apparent charge is defined as the charge needed from the external circuit to restore

the voltage across the test object. This is given by

qa =

(
Ca +

CcCb

Cc + Cb

)
·
(

Cb

Cb + Ca

)
· (Us − Ur) ≈ Cb · (Us − Ur), (2.10)

where Ur is the remanent voltage after the PD event. This approximation is valid if Cb <<

Cc or (Cb and Cc) << Ca. The number of PD events during one voltage period is given
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by

n = 2 ·
⌊
2 · U0 − Ur

Us − Ur

⌋
= 2 · f(x), (2.11)

where U0 is the maximum applied voltage across the void in the case of no PDs and

f(x) = bxc the mathematical floor function, e.g. b2.7c = 2. Experimental results

from [52] indicates that the floor function is omitted in real insulation systems, result-

ing in a straight line vs applied voltage U0. Using this simplification and combining

Equation (2.10) and Equation (2.11), the total measured apparent charge during a voltage

period is expressed as ∑
qa = nqa0 = 4Cb (U0 − Ur) . (2.12)

Example: The Apparent Charge at PDIV

Real and large insulation systems, for example a generator bar, is likely to contain many

voids with different void gap distances. This example describes the expected apparent

charge at PDIV as a function of PDIV with a void electrode area of 1 mm2. The void

gap distance is related to the PDIV value in a system with total thickness of 3 mm and

are shown in Figure 2.8. The relation between void gap distance and PDIV (x-axis) is

based on Equation (2.1) for Paschen law and the capacitive abc-model in Equation (2.3)

for PDIV. The expected apparent charge magnitude is based on Equation (2.10). It is seen

that in the case of an insulation thickness of 3 mm, the minimum PDIV is obtained at a

void gap distance of 0.5 mm. The void gap distance of 0.5 mm is therefore used as the

standard void gap distance in this thesis.

Figure 2.8: Expected apparent charge at PDIV as function of applied voltage.
The different PDIVs correspond to indicated void gap distances (void gap dis-
tances at the graph is in mm). The void area is fixed at 1 mm2 with εr = 3.8.
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2.2.2 The Effect of Faster Void Voltage Restoration by Residual Charge
Relaxation on the PD Repetition Rate

It is shown above that in the case of no relaxation of the deposited charge, the PD repe-

tition rate is expected to follow the basic expression in Equation (2.11). It is, however,

reasonable to assume that the deposited residual charges slowly decay due to surface con-

duction, recombination and diffusion through the void, or surrounding insulation bulk

[42]. The voltage in the void U∗
0 with n PDs occurring at time instant tPD,i can then be

modified to

U∗
0 = U0(t)− Uq

n∑
i=1

exp

(
−t− tPD,i

τ

)
· u (t− tPD,i) , (2.13)

where U0(t) is the sinusoidal void voltage without PDs, Uq the voltage from residual

charges created in the PD events, which decay with a time constant τ , and u (t− tPD,i) is

the unit step function. The total void voltage is the superposition of the sinusoidal voltage

and residual charge voltage from all PD events. Figure 2.9 presents a typical void voltage

with a decaying residual charge.

Figure 2.9: Sketch of voltage occurring across a void during sinusoidal appli-
cation of voltage with residual charge relaxation. The relaxation time constant
of residual charge voltage is equal to half the period. The different curves repre-
sent void voltage (orange), void voltage without PDs (green), and residual charge
voltage (blue).
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The residual charge relaxation time constant τ represents here the RC decay of resid-

ual charges, including a void resistance, insulation resistance, and dielectric response as

sketched in the Thévenin equivalent of the charged void in Figure 2.10. The insulation in

parallel, section a, is neglected because the capacitance Ca is much larger than Cb.

Figure 2.10: The Thévenin equivalent of the insulation system with a charged
void (left). The contribution from section a is neglected due to the large capaci-
tance Ca compared to Cb, which simplifies the circuit (right). Za(ω) and Zb(ω)
represent the dielectric response of the material. The charged void represented by
a charged capacitance is decaying with time according to the circuit parameters.

The time constant τ in Equation (2.13) is frequency dependent when including dielectric

response and is then given by

τ = ε0 ·
εrb(ω) +

db
dc
εrc

σb(ω) +
db
dc
σc

, (2.14)

where εc is the relative permittivity of void air, and σc is the void conductivity. The ma-

terial conductivity and dielectric response is here represented by a frequency-dependent

resistance and capacitance in parallel, to enable the use of a permittivity εrb(ω) and con-

ductivity σrb(ω) representing the insulation material.

2.2.3 The Effect of Variable Discharge Area

Considering the PDIV determined by the Paschen law, the magnitude of the apparent

charge varies in accordance with the series capacitance Cb, which value is determined

by the void electrode area involved in each discharge. In the case of a large void, the

surface roughness and amount of remanent surface charge results in a variation of the

surface potential of the voids. Thus, increasing the probability that just a fraction of

the void electrode area is discharged during each PD. The presented model describes the

case when the complete geometrical void electrode area discharges in each PD, whereas

experimental results show that only a fraction of the void is discharge in each PD [41]

[53].

The fractional discharge of the void electrode results in a high PD repetition rate n, and

the magnitudes vary very much. This makes idealised equations based on a complete void
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discharge difficult to use, and it is difficult to represent the apparent charge distribution

with a single number. It is suggested, therefore, to use an estimator n̂ to represent n to

consider all PDs in one period instead of only single PDs. This estimator is defined by

n̂ =
1

qa0
·
∑

qa = x · n, (2.15)

where qa0 is the theoretical apparent charge given by Equation (2.10) at Paschen voltage in

the case of complete void area discharges, the total measured apparent charge per voltage

cycle is
∑

qa, and x is the fraction of the void electrode area discharging during one

voltage period. This means that the new estimator n̂ is a measure of how many times

the total void electrode area is discharged during each voltage cycle. The fundamental

equation for the total apparent charge, Equation (2.12), is, therefore, used in this analysis.

An important interpretation of this is that the void electrode area is not needed to discharge

simultaneously to use the presented model equations.

2.2.4 The Effect of Statistical Time Lag on Ignition Voltage

Generally, PD inception requires that the voltage across the void is higher than the Paschen

breakdown voltage and that a start electron is available to start an avalanche. The avail-

ability of start electrons is statistically described by a statistical time lag ∆t. It has been

suggested to have an exponential distribution [54]. A time lag is directly influencing the

ignition voltage Us, which can be higher than the values given by the Paschen law by

Us = U0 sin (ω (tPD +∆t)) + Ures, (2.16)

where tPD is the time the void voltage Us is at the Paschen voltage U0
s , U0 is the maximum

applied voltage across the void without any PDs occurring as found by Equation (2.9),

and Ures is the voltage from residual charges from the previous PDs. A varying time lag

produces a measurable effect as an overvoltage resulting in larger PD magnitudes. In the

case of a completely discharged void electrode area, Figure 2.11 presents one example of

such void voltage with an exponential distribution of time lags with ∆t0 chosen to be 5%

of voltage period. The time lag is the time from when the voltage is at Us to the PD event

occurs (as a rapid voltage drop).
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Figure 2.11: Sketch of voltage occurring across a void during sinusoidal appli-
cation of voltage with a time lag present. The time lag follows an exponen-
tial distribution with ∆t0 chosen to be 5% of voltage period (∝ exp∆t/∆t0).
The different curves represent void voltage (orange), void voltage without PDs
(green), and residual charge voltage (blue).

The maximum theoretical ignition voltage Us with a time lag longer than half a period

is twice the maximum void voltage amplitude without PDs U0, as it is possible to get

residual charges creating a voltage of Ures = U0 from one PD. A frequency independent

time lag gives rise to a frequency dependence of the maximum apparent charge, assuming

Ur = 0,

qa,max = Cb · (Us + (2U0 − Us) · f(ω∆t)) , (2.17)

where the transition function f(ω∆t) between discharge voltage of Us at low frequencies

to 2U0 at high frequencies is here assumed linear in frequency until ω∆t = 1, and above

the unit function as a first approximation:

f(ω∆t) = min (ω∆t, 1) . (2.18)

This is basically describing a frequency dependence between the low and high frequency

limit. Appendix C presents a numerical comparison of Equation (2.16) and Equation (2.18).

The time lag is inversely proportional to the electron generation rate [37]. Volume ioni-

sation is important before surface charges are deposited due to the first PD event after the

electron generation rate is dominated by surface emission [36]. The electron generation

rate from surface emission is increasing with a factor of about 105 from 20 °C to 155 °C

by using the parameter values in [37].
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Chapter 3
Research Questions and Hypotheses

This chapter presents the research questions (RQs) together with hypotheses (Hs) based

on the presented literature survey and theoretical model. The research questions are or-

dered by the most important research question first, and then the less important questions

succeeding. This is however opposite to the discussion order of the questions in this thesis

because RQ3 and RQ2 are first needed to answer to be able to discuss RQ1 adequately.

Main Research Question:

RQ1 Why are the measurable PD parameters PDIV, apparent charge and PD rep-
etition rate different when applying a voltage frequency at power frequency
(50 Hz) compared to very low frequency (0.1 Hz)?

H1) PD parameters are frequency-dependent in the case of generator bar insula-

tion.

H2) The insulation material conductivity and dielectric response function vary

with temperature.

H3) The three presented abc-models are suitable to describe measured PDIV.

H4) The maximum apparent charge is frequency-dependent and can be modelled

by a time lag.

H5) The PD repetition rate per period is frequency independent.

H6) PD parameters are dependent on the variation in void gap distance and void

diameter.
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Supporting Research Questions:

RQ2 How can the measured PD parameters PDIV, apparent charge and PD repeti-
tion rate from generator bars be compared to voids with known geometry?

H1) Only a fraction of the void electrode area discharges in each PD, but during a

voltage period, the entire void electrode area is discharged.

H2) There is a correlation between measured PD parameters and void size and

number in the test object.

RQ3 What is the effect of preconditioning on measurable PD quantities?

H1) Constant voltage application decreases the void resistance and, hence, the PD

activity.

H2) The effect of constant voltage application vanishes with time after grounding

the object.

H3) Preconditioning the test objects ensures similar start conditions for the differ-

ent voltage frequency tests.
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Chapter 4
Methods and Materials

4.1 Test Objects

Two different types of test objects were used: Laboratory objects with cylindrical voids

and service aged generator bars. The number of parallel objects was 3.

The laboratory objects were made of assembled and cured commercially available resin-

rich mica/epoxy/glass fibre tape (Samicatherm® 366.28-02) and named ’M’. The total

laboratory object dimension was 100 mm × 100 mm × 3 mm. 9 tape layers were stacked

half-overlapping to form a thickness of 1.5 mm (half the object thickness). The test objects

were cured at 160 °C under pressure for one hour, and cooled to room temperature by air,

according to the manufacturer’s instructions. Cylindrical voids were created by a metal

spacer in the curing process. Two cured sheets pressed together form a laboratory object.

Table 4.1 presents the void geometries used when making the laboratory objects. Fig-

ure 4.1 presents a sketch of the laboratory objects. The electrode diameter was 30 mm for

all PD tests of laboratory objects. Laboratory objects M1 consist of voids with a diameter

from 3 mm and up to 20 mm. The smallest void diameter was chosen to conform with the

assumption of a homogeneous electric field, as discussed in Appendix A.1. The void in

the laboratory objects M2 has a diameter of 80 mm and larger than the 30 mm electrode

to study PDs without void walls in the high field region. The laboratory objects M3 are

a modified version of M1, where copper tape covers the void top and bottom with and

without thin wires connected to the outside. The thin copper wires enable a measurement

of the void resistance. Laboratory object M4 is without voids, intended for dielectric tests

and are 1 mm thick, except for the object tested for PD with a thickness of 3 mm.

The measurement of DC conductivity required aluminium electrodes evaporated to the

surface of the laboratory object M4. The electrode diameter was 40 mm with a guard.
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Table 4.1: Test object parameters for laboratory objects with cylindrical voids.

Parameter name M1 M2 M3
Void diameter D (mm) 3, 5, 10, 15, 20 80 10
Void gap distance dc (mm) 0.1, 0.3, 0.5, 0.75, 1.0 1.0 0.5
Void electrode - top and bottom Insulating Insulating Metallic

Figure 4.1: Sketch of test objects M1-3 with cylindrical void.

The generator bars used were taken from after 35 years in service (installed in 1970).

Bars with three different service stresses were used: Back-up bars (GB1), service aged

close to high voltage terminal (GB2), and service aged close to neutral terminal at ground

potential (GB3). The insulation consists of resin-rich tape (MicaMat), and has a thickness

of 3 mm. The rated ground voltage is 6.4 kVrms. The generator bars were cut in 50 cm

long sections. The total active length subjected to HV was 20 cm. The remaining length

was covered by a commercially available field grading paint (CoronaShield® P 8001) at

both sides. The generator bars used in tests to determine the dielectric response and DC

conductivity had a 1 mm thick removal of the semi-conducting paint to form a guard to

the field grading paint. The active test length was 20 mm, excluding the guarded area.

A summary of the different test objects are sketched in Figure 4.2.

Figure 4.2: Sketch [not to scale] and naming of the two test objects. Both test
objects have sub objects with slightly different properties. Red/orange indicate
metal.
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4.2 Methods for Material Characterisation

4.2.1 Dielectric Tests

The insulation in the two test object groups was characterised by dielectric spectroscopy

in frequency domain, and DC conductivity. These parameters are used to compare the

measured and estimated PD parameters.

The dielectric response was measured in the frequency domain. The frequency range was

103 Hz to 10−4 Hz at 200 Vpeak. The temperatures were in the range of 20 °C to 155 °C.

All measurements were performed using an IDAX 206 hardware and software.

The DC conductivity of the laboratory object M4 was measurement using an automated

measurement setup, as described in [55]. A constant DC voltage in the range of 1 kV

to 8 kV was used during the measurements. The temperatures used were 40 °C, 60 °C,

and 90 °C. The DC conductivity of the generator bars with guard was measurement using

a similar setup. The generator bars were tested in the DC voltage range from 200 V to

13.6 kV at room temperature (20 °C). The DC voltage for both test objects was applied for

2 h to measure the polarisation current before the objects were grounded for 20 h during

which period the depolarisation current was measured.

4.2.2 Bar Cross Section Examination

One of each type of the generator bars (GB1, GB2, and GB3) were moulded into epoxy

cylinders. All nine generator bars were then sectioned into twelve 1.5 cm sections each

after performing the electric tests. Only three generator bars were moulded into epoxy

because results from these objects did not show need for the extra epoxy support. The

cross-sections of all sections were examined for voids with a microscope.
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4.3 Partial Discharge Test Setup

The PD test setup is shown in Figure 4.3. The circuit is based on the ’direct test circuit’

as described in for example IEC 60034-27 [56]. The test object was connected in paral-

lel with a coupling capacitance. The voltage measure impedance was in series with the

coupling capacitance (Omicron CPL 542 with PD output frequency range of 20 kHz to

6 MHz) and the data processing unit MPD 600. The voltage amplitude and frequency

were set by a DAQ, and amplified 2000 times to high voltage by a TREK 20/20B in se-

ries with a RLC-low-pass filter with a cut-off frequency at 5 kHz. All test objects were

completely placed inside a kitchen oven that controlled the test temperature. The voltage

source, heat control, and data measurements were fully automated in LabView. The test

procedure was based on the standard method from IEC 60034-27 [56] and IEEE 1434 [8].

Figure 4.3: Sketch and photo of the PD test setup.

To avoid correcting the measured apparent charge value, the following coupling capac-

itances were used: a) 100 pF for laboratory objects with capacitance of 20 pF, and b)

3.4 nF for the generator bar sections with capacitance of 400 pF.
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The ’Rogowski’ brass electrodes for the laboratory objects were moulded into epoxy and

pressed together around the test object with a thin silicone grease layer in between. The

electrodes were tightened until no more grease were squeezed out to minimise unintended

voids between the brass electrode and test object. The electrode arrangement is shown in

Figure 4.4.

Figure 4.4: Sketch and photo of the electrode arrangement for M1 and M2.

Similarly, the ground electrodes for the generator bar sections were pressed to the semi-

conductive outer corona protection to simulate the stator slots. The electrodes for the

sections of generator bars were pressed together to ensure good contact between the test

object and ground electrode, as seen in Figure 4.5.

Figure 4.5: Sketch and photo of the electrode arrangement for GB1-3.

The frequency of the test voltage was varied in the range from 0.1 Hz to maximum 300 Hz.

The upper frequency limit was determined by the capacitance of the test object and cou-

pling capacitance. The test temperatures were in the range from room temperature to

class F temperature (155 °C), which is the design temperature (one class higher than

maximum service class temperature) of the insulation of the generator bars. The maxi-

mum test voltage was set to 1.5 times the rated ground voltage of the tested generator bar

(10 kVrms).
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The setup was calibrated by injecting 100 pC by a calibrator across the test objects.

The PD magnitude detection region of the PD detection equipment covers a range of 1000.

This means that a poor sensitivity is chosen if the equipment is chosen to detect large

PD magnitudes. The maximum expected measured apparent charge is 78 nC by using

Equation (2.10) with numbers from the maximum test void dimensions of dc = 0.5 mm

and D = 20 mm, the corresponding Pachen voltage and Ur = 0. Knowing that the void

electrode of such large voids only fractionally discharges, the maximum detectable PD

magnitude was fixed at 50 nC. This choice limited the sensitivity of the PD detection to

50 pC. The noise was measured to be below this sensitivity limit and thereby not described

further. The PDIV is here measured in accordance with the definition in IEC 60270 [57],

that is, the lowest voltage level that produces PDs above the threshold value of 100 pC.

The threshold level was chosen higher than the sensitivity limit to not risk any PDIV from

too small discharges compared to the expected discharge magnitude.

4.4 Test Procedures

4.4.1 Main Procedure of Voltage and Temperature Application

The voltage application procedure suggested in IEC 60034-27 [56] and IEEE std 1434

[8] was used as a baseline in this work. The stepwise alternative of voltage increase was

chosen in this work and is sketched in Figure 4.6. The standardised procedure at 50 Hz

starts with a preconditioning period at maximum test voltage for 5 minutes. Then, the test

object is grounded before a stepwise increase in voltage to maximum test voltage and a

stepwise decrease in voltage to zero voltage. The minimum step length is 10 s, and the

minimum number of steps is 5 (10 steps are sketched here). This enables measurements

of PDIV, apparent charge, and PD repetition rate.

Figure 4.6: Sketch of the standardised voltage application procedure to measure
PDIV, apparent charge, and PD repetition rate.
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Several different voltage frequencies were tested in this work. A modification of the pre-

sented standardised test method was therefore needed. The purpose with the modification

was to establish equal starting conditions for each test frequency. A frequency sweep

modification was, therefore, established. The standardised test procedure was repeated at

all test frequencies, with two modifications:

1. The preconditioning voltage frequency was 50 Hz. The length of the precondition-

ing was 5 min only before the first test, the other intermediate conditioning periods

were reduced to 5 s.

2. The length of the voltage steps was the longest duration of 10 s and 10 voltage

periods.

The intermediate conditioning was reduced to 5 s because the start conditions should

remain the same during the frequency sweep. This 5 s voltage application also worked as

a reference for PD parameters at 50 Hz. The minimum of 10 voltage periods was chosen

in order to test many objects at different frequencies in a limited time.

The test frequency was varied in the range of 300 Hz to 0.1 Hz for the laboratory objects

with capacitance of 20 pF and varied in the range of 50 Hz 0.1 Hz for the generator bar

sections with capacitance of 400 pF. Measurements at 50 Hz were repeated after 0.1 Hz.

Figure 4.7 presents the frequency sweep procedure for the laboratory objects.

Figure 4.7: Sketch of voltage application procedure to measure PDIV and qa in
laboratory test objects.

The frequency sweep was finished at one temperature before heating the object and con-

tinuing at a higher temperature. The waiting time before PD measurement after change of

oven temperature was 1 (2) hour(s) for test objects M1-2 (GB1-3). The temperature was

varied in steps from 20°C via 40°C, 60°C, 90°C, 130°C, and ending at 155°C.

Four M1 laboratory objects were tested a second time to check if the frequency and tem-

perature sweep had introduced permanent changes to the objects that influenced the PDIV.
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4.4.2 Procedure of Voltage Application for Investigating the Effect of
Voltage Preconditioning

The purpose of the previously presented voltage application procedure was to perform

PD tests with equal starting conditions for each test frequency. The effect of the 5 min

voltage application (preconditioning) was, therefore, studied in detail, both during voltage

application and after grounding the test object. Additionally, an 1 h voltage application

period was used to investigate the effect of a long voltage application time.

A maximum test voltage of 50 Hz and 10 kV was applied on three objects with electrode

separation of 3 mm and void gap distance of 0.5 mm with a void diameter of 10 mm. The

test was done at 20 °C, 40 °C, and 60 °C.

Assuming that PD activity influences the void condition, the PD test length must be kept

at a minimum. Voltage frequency sweeps were, therefore, chosen to have 5 periods at

each frequency of 50-10-1-0.1-1-10-50 Hz, equal to 35 voltage periods, which are likely

to have a negligible effect on the void condition. Figure 4.8 presents a sketch of this

voltage application with time. This choice of frequency sweep enables checking whether

the first and second frequency tests are different. If they are not different, the frequency

sweep did not influence the condition. Such frequency sweeps were distributed in time to

show the time dependence.

Figure 4.8: Sketch of voltage application procedure for studying the effect of
voltage application. The procedure starts with a constant voltage application
before object grounding and frequency sweeps are performed at selected time
instants.
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The void resistivity was measured at 1 kV DC before and after 1 h voltage preconditioning

on the test object with metal void electrodes and metal wires (M3). A sketch of the elec-

trode arrangement is presented in Figure 4.9. The voltage for PD application is applied

between the brass electrodes, whereas the 1 kV from the DC insulation tester (Megger) is

applied between point A and B. by using a DC insulation tester at 20 °C. This was done

to examine whether the long voltage application affected the void resistivity.

Figure 4.9: Sketch of test object M3 with metal void electrodes and thin wires to
the outside (red). Voltage for PD application is applied to the brass electrodes,
whereas the 1 kV DC insulation tester is applied between point A and B.
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Chapter 5
Results from Laboratory Objects with

Known Geometry

5.1 Material Characteristics

5.1.1 Material Conductivity of Laboratory Objects

Figure 5.1 presents the measured DC conductivity of laboratory-made test object M4 as

a function of voltage and temperature. The conductivity was independent of the electric

field range of 0.2 kV/mm to 5 kV/mm for the 1 mm thick object. The comparison to

an Arrhenius relation in temperature resulted in the following parameters: σ20◦C = 5 ·
10−15 S/m and Ea = 0.44 eV.

Figure 5.1: Measured DC conductivity as a function of inverse temperature at
two electric field strengths. The test object was a 1 mm thick laboratory made
sheet of glass fibre reinforced mica/epoxy tape (M4).
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GEOMETRY

5.1.2 Dielectric Response of Laboratory Objects

The measured dielectric response with model fit as a function of frequency is presented

in Figure 5.2 for the laboratory object M4. The real part of the permittivity increases

with temperature at the lowest frequencies to high values. The results indicate that the

imaginary part of the permittivity is increasing with a temperature-independent slope for

lower frequencies. The dielectric response was here fitted to one Cole-Cole model, Equa-

tion (2.8), and Table 5.1 presents the best fit parameters by simultaneously fitting both the

real and imaginary part of the permittivity.

Table 5.1: Curve-fitted numbers in the Cole-Cole model to measured complex
permittivity.

Parameter Mica/epoxy tape Unit
ε(f = ∞) 4.42 1
ε(f = 0) 940 1

τ0 7.4 · 10−9 s
Eaτ 1.0 eV
α 0.42 1

Figure 5.2: Measured real and imaginary part of the permittivity as function of
frequency at the indicated temperatures. The solid lines represent the Cole-Cole
model using curce fitted values.
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5.2 PD Inception Voltage of Laboratory Objects

Figure 5.3 presents measured PDIV as a function of frequency at the indicated tempera-

tures for laboratory objects with a void diameter of 80 mm (M2) and 15 mm (M1). The

results for void diameter of 15 mm are similar to those obtained for laboratory objects

with void diameter of 10 mm and 20 mm. The main similarity between the two figures is

the frequency independent PDIV at 60 °C and 90 °C, and a reduced PDIV at the combi-

nation of frequencies below 10 Hz and temperatures above 130 °C. The main difference

between PDIV results from these two objects (M1 and M2) with large void diameter is

that PDIV of M1 with void walls in the high field region at 20 °C and 40 °C are above 10

kV below 100 Hz. This is here modelled (solid lines) as a very high void conductivity in

the impedance abc-model in Equation (2.9) based on measured dielectric response.

(a) Laboratory object M2 with a void diameter of 80 mm
larger than the electrode with diameter of 30 mm.

(b) Laboratory object M1 with a large void of 15 mm in
diameter and void gap distance of 0.5 mm.

Figure 5.3: Measured PDIV as a function of frequency at indicated temperatures. The
values are compared to an estimate based on the impedance abc-model (solid lines),
including dielectric response and void conductivity σc. Black markers represents no
measured PDs.
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Figure 5.4 presents a similar graph as for the voids with large void diameter in Figure 5.3,

with either a narrow void gap distance of 0.1 mm (Figure 5.4a) or a small void diameter

of 3 mm (Figure 5.4b). Both geometries show an influence of the estimated high void

conductivity in the impedance abc-model in Equation (2.9) based on measured dielectric

response (Chapter 5.1.2). The estimated void conductivity for a void diameter of 3 mm is

high at all temperatures, and thereby influencing the PDIV.

(a) Laboratory object M1 with a void of 10 mm in diameter and nar-
row void gap distance of 0.1 mm.

(b) Laboratory object M1 with a small void of 3 mm in diameter and
void gap distance of 0.5 mm.

Figure 5.4: Measured PDIV as a function of frequency at indicated temperatures. The
values are compared to an estimate based on the impedance abc-model (solid lines),
including dielectric response and void conductivity σc. Black markers represents no
measured PDs.
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5.3 Distribution of PD Magnitude in Laboratory Objects

All the abc-models describe the case when the complete void electrode area discharges

during each PD event. The reality is that voids produce an apparent charge distribution.

This is illustrated in Figure 5.5 for the measured PD repetition rate per period as a func-

tion of measured PD amplitude. Three example test objects with void diameter of 10 mm

and void gap distance of 0.5 mm is presented. The measurements were done at 90 °C

and 50 Hz. The apparent repetition rate, indicated as coloured markers, are close to the

expected theoretical repetition rate n0. The PD repetition rate per period for the three test

objects have a similar curve for the large PD magnitudes, whereas a larger spread for the

smaller PD amplitudes. The corresponding graphs for varying void diameter, tempera-

ture, voltage frequency, and voltage amplitude are comparable to the graphs presented in

Figure 5.5. These graphs are given in Appendix B.1.

Figure 5.5: Measured PD repetition rate per period (histograms) as a function
of PD magnitude (solid lines) and expected PD repetition rate n0 and apparent
repetition rate n̂ for the same data (markers). Results were obtained at 90 °C at
50 Hz and 10 kV for three similar objects with void diameter of 10 mm and void
gap distance of 0.5 mm to show the reproducibility.
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5.4 Distribution of PD Magnitude: Conductive Void Elec-
trodes

The laboratory objects with equipotential void electrode surfaces (M3) have a behaviour

similar to the other laboratory objects with insulating void electrodes (M1). This is pre-

sented in Figure 5.6, where both objects have a void diameter of 10 mm. The main

difference between the two curves is that the objects with a void metal electrode have PD

magnitudes around the expected value, whereas the objects with insulating void surfaces

have a larger distribution.

Figure 5.6: Measured PD repetition rate per period (histograms) as a function
of PD magnitude (solid lines) and apparent repetition rate n̂ for the same data
(markers). Results were obtained at 90 °C and 10 kV at 50 Hz for objects with
void diameter of 10 mm and void gap distance of 0.5 mm. Two laboratory objects
with different void electrode surface are compared: an object with insulating
surfaces (M1) and an object with equipotential surfaces (M3).
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5.5 Maximum Apparent Charge in Laboratory Objects

Measured PD magnitudes are generally a distribution of magnitudes. The maximum mea-

sured apparent charge is often used as a measure on the PD activity. Figure 5.7 presents

a typical example of measured maximum apparent charge as a function of estimated void

voltage U0 based on the impedance abc-model in Equation (2.9). The measurements in

this example were performed on three test objects with void diameter of 10 mm at 90 °C,

10 kV, and 50 Hz. The measured trend was compared to Equation (2.10). The voltage

dependency follows the same step function for all tested void geometries, temperatures,

and voltage frequencies, but with a different amplitude as is shown in the next figures.

Figure 5.7: Measured maximum apparent charge as a function of voltage. The
results were obtained at 90 °C for three similar objects with a void diameter of
10 mm at 50 Hz. The theoretical model is shown as a solid black line.
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The temperature dependence of the maximum apparent charge at low frequencies is here

presented as a ratio between measured and expected numbers based on Equation (2.10)

in Figure 5.8. This choice neglects any influence of time lag and describes the simulta-

neously discharging void electrode area. The use of the ratio also enables a direct com-

parison between different void diameters as compared to the model. A value of 1 means

that the apparent charge is in line with the presented theory. All void diameters show an

increasing discharging void electrode area as a function of temperature. The largest voids

discharge only fractionally, whereas the two smallest voids seem to discharge 3-6 times

the actual void electrode area at 155 °C.

Figure 5.8: Ratio between measured maximum simultaneously discharged void
electrode area and the geometrical void electrode area as a function of temper-
ature. The results were obtained for laboratory object M1. The ratio of 1 is
indicated by a solid black line.

The smallest voids have a very high simultaneously discharging area at high temperatures.

Such large discharges can originate from noise from the test circuit, as was indicated in

the test without void in Appendix A.4. The objects with the smallest void diameters have

an expected low PD magnitude and are thereby more sensitive to such noise than the

objects with larger void diameters with higher expected PD magnitude.
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The maximum apparent charge as a function of frequency at different temperatures and

the model in Equation (2.17) describing the effect of time lag on maximum apparent

charge are presented in Figure 5.9. The example is given for laboratory object M1 with

diameter D = 10 mm and a void gap distance dc = 0.5 mm. There are two important

observations that can be made from these results:

1. The maximum apparent charge at temperatures below 90 °C is below the expected

estimated value.

2. The maximum apparent charge is closest to the theoretical maximum value in the

case of high test frequencies and high temperatures.

Figure 5.9: Measured maximum apparent charge as a function of frequency at in-
dicated temperatures. The measured values are compared to the model in Equa-
tion (2.17). Results are obtained for laboratory object M1 with a diameter of
10 mm and a void gap distance of 0.5 mm. The horizontal solid black lines rep-
resent the expected apparent charge for the cases when the void voltage is Us and
2U0.
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5.6 Total Apparent Charge in Laboratory Objects

The total apparent charge per period is here presented and considered as a relevant quan-

tity because PDs in a void are occurring with a magnitude distribution. Figure 5.10

presents a typical example of measured total apparent charge per period as a function

of estimated void voltage U0 based on the impedance abc-model in Equation (2.9). The

measurements in this example were performed on three test objects with void diameter

of 10 mm at 90 °C, 10 kV, and 50 Hz. The measured trend was compared to Equa-

tion (2.12). The measured total apparent charge per voltage period for all frequencies and

temperatures and void dimensions follow the straight line versus voltage as is shown in

Figure 5.10. Using this approach, it might also be possible to indicate estimated values of

the capacitance Cb and the remanent voltage Ur.

Figure 5.10: Measured total apparent charge as function of voltage. Results
are obtained for three similar objects and compared to the model fit of Equa-
tion (2.12). The void diameter was 10 mm and a void gap distance was 0.5 mm.
The two cases with zero remanent voltage and remanent voltage equal to the
Paschen voltage are indicated by dotted lines.
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The measured total apparent charge per period as a function of frequency is presented in

Figure 5.11. The measured values are compared to a model including the increased PD

repetition rate given by Equation (2.13), caused by increased residual charge relaxation.

The purpose in this figure was to focus on the frequency dependency of total apparent

charge. The PD repetition rate in the model was therefore fixed at the value at 300 Hz,

and hence not including effects in the model that are temperature dependent and fre-

quency independent. The important model parameters are given in Table 5.2. The residual

charge relaxation time constant is, in addition to the estimated void conductivity, based on

measured dielectric response (shown in Chapter 5.1.2) inserted into Equation (2.14), and

shown in Figure 5.12. No frequency dependence of total apparent charge was observed

below 100 °C.

Figure 5.11: Measured total apparent charge per period as a function of fre-
quency. The measured values are compared to the model for total apparent
charge, based on the increased PD repetition rate found by using Equation (2.13).
The estimated values are based on measured dielectric response and calculated
void conductivity. Measured results were obtained for laboratory object M1 with
a void diameter of 10 mm and void gap distance of 0.5 mm.

Table 5.2: Residual charge relaxation parameter values. The insulation material
conductivity (b-values) were measured directly. The curve fit is comparable for
all void diameters, slightly varying τ and σc, when fixing the value at 300 Hz.

Parameter name σb(20
◦C) Eab σc(20

◦C) Eac

Unit S/m eV S/m eV
Value 5 · 10−15 0.44 8.9 · 10−15 0.9
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Figure 5.12: Calculated relaxation time constant as a function of frequency at
indicated temperatures. The values are based on Equation (2.14) with the mea-
sured dielectric response and calculated void conductivity for the curve fit in
Table 5.2. Values below the solid black line are time constants lower than the
voltage period where relaxation is influencing the test results.

The measured total apparent charge is increasing with temperature and shown in Fig-

ure 5.13. Values at 300 Hz were chosen to neglect the increased PD repetition rate at low

frequencies as shown earlier in Figure 5.11. The expected value based on Equation (2.11)

is indicated by a black square marker. Measured results were obtained for laboratory ob-

ject M1 with a void diameter of 10 mm and void gap distance of 0.5 mm, and other void

geometries show a similar temperature dependency.

Figure 5.13: Measured total apparent charge per period at 300 Hz as a function
of temperature. Measured results were obtained for laboratory object M1 with a
void diameter of 10 mm and void gap distance of 0.5 mm. The expected value
for a completely discharged geometrical void electrode is indicated.
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Figure 5.14 presents the measured total apparent charge as a function of void diameter

at indicated temperatures at 50 Hz. The measured total apparent charge at 90 °C follows

the model for void diameters up to 15 mm. The PD activity for a test object with void

diameter of 20 mm is lower than expected. The general temperature trend presented in

Figure 5.13 for void diameter of 10 mm can also be found at all void diameters.

Figure 5.14: Measured total apparent charge per period as a function of the void
diameter for indicated temperatures. The theoretical estimate is indicated as a
solid black line.
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Chapter 6
Results from Service Aged Generator Bars

6.1 Material Characteristics

6.1.1 Material Conductivity of Generator Bar Insulation

The measured DC conductivity of sections of generator bar objects with a mechanical

guard are presented in Figure 6.1. Three objects were measured as a function of voltage

and measured only at room temperature (20 °C). The maximum voltage of 14 kV is equal

to a field strength in the straight sections of 4.67 kV/mm with an insulation thickness

of 3 mm. The conductivity is in the ohmic region from 0 to 8 kV. There is hardly any

difference between the three different bar types. The conductivity in the generator bars

at room temperature is about 50 times lower than in the laboratory object presented in

Figure 5.1.

Figure 6.1: Measured DC conductivity as a function of applied voltage measured
at room temperature of 20 °C for the three generator bars.
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6.1.2 Dielectric Response of Generator Bar Insulation

The measured dielectric response with model fit as a function of frequency is presented in

Figure 6.2 for one generator bar. The real part of the permittivity increases with tempera-

ture at the lowest frequencies to high values. The results indicate that the imaginary part

of the permittivity is increasing with a temperature-independent slope for lower frequen-

cies. The dielectric response was here fitted to one Cole-Cole model, Equation (2.8), and

Table 6.1 presents the best fit parameters by combining both the real and imaginary part

of the permittivity. The results are similar for the other bars and, therefore, not included.

The dielectric response from bar sections and laboratory objects differ only slightly. The

influence from measured DC conductivity is negligible.

Table 6.1: Curve-fitted numbers in the Cole-Cole model to measured complex
permittivity.

Parameter Mica/epoxy tape Generator bar Unit
ε(f = ∞) 4.42 3.79 1
ε(f = 0) 940 941 1

τ0 7.4 · 10−9 8.8 · 10−9 s
Eaτ 1.0 1.0 eV
α 0.42 0.49 1

Figure 6.2: Measured real and imaginary part of the permittivity as function of
frequency at the indicated temperatures. The solid lines represent the Cole-Cole
model using curve fitted values.
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6.2 PD Inception Voltage of Generator Bar Sections

Figure 6.3 presents the PDIV for the different generator bar types, GB1, GB2 and GB3, as

a function of frequency for the indicated temperatures. The results were compared to the

impedance abc-model with measured dielectric response (Chapter 6.1.2). The PDIV is

frequency independent at temperatures below 90 °C. There are no significant differences

between the different generator bar types.

(a) Back-up bar objects (GB1)

(b) Bars from close to high-voltage terminal (GB2). The graph for bars
from close to neutral terminal (GB3) is similar.

Figure 6.3: Measured PDIV as a function of frequency at the indicated temperatures.
The curve fits used (dc = 0.3 mm) in the impedance abc-model.
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6.3 Distribution of PD Magnitude in Bar Sections

The measured distribution of PD repetition rate per period for three bars from close to the

neutral terminal are presented in Figure 6.4 at 50 Hz, 90 °C and 10 kV. Similar results

were obtained for the other bar objects and, therefore, are not included here. The apparent

charge magnitudes are comparable for the three similar objects. Many small magnitudes

combined with a few large are typical for void discharges and the distribution is as ex-

pected from the literature. The corresponding graphs for varying temperature, voltage

frequency, and voltage amplitude are comparable to the graphs presented in Figure 6.4.

These graphs are given in Appendix B.2.

Figure 6.4: Measured PD repetition rate per period as a function of PD magni-
tude. Results were obtained at 90 °C at 50 Hz and 10 kV for three similar objects
close to neutral terminal to show the reproducibility.
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6.4 Maximum Apparent Charge in Bar Sections

Figure 6.5 presents a typical example of measured maximum apparent charge as a func-

tion of applied voltage. The measurements in this example were performed on one bar

from close to high-voltage terminal at 90 °C, 10 kV, and 50 Hz. The measured trend was

compared to Equation (2.10). This figure is highly representative as most of the corre-

sponding graphs at different temperatures, frequencies, and bars are qualitatively equal.

The maximum apparent charge increases with voltage.

The deviation from a step function in maximum apparent charge indicates that more void

gap distances are present or that a larger fraction of the void discharges simultaneously at

higher voltages.

Figure 6.5: Measured maximum apparent charge as function of voltage. Results
were obtained at 90°C and 50 Hz for the bars close to high voltage terminal.
The model is based on one void. The remant voltage is assumed zero becuase
variations are difficult to distinguish from the capacitance Cb.
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Figure 6.6 presents the maximum apparent charge as function of frequency for one typ-

ical bar close to the high-voltage terminal, together with a curve fit to the model. The

measured maximum apparent charge was curve fitted to Equation (2.17) by finding the

optimal time lag. Table 6.2 lists the relevant parameters. The fraction between maxi-

mum voltage and initiation voltage U0/Us is temperature independent and corresponds to

a PDIV of 6 kV.

Table 6.2: Calculated parameters for three temperatures in Figure 6.6 for time
delay as a function of frequency for test object HV terminal GB3(2).

Parameter 20 °C 60 °C 155 °C
CbUs 0.54 · 10−9 1.08 · 10−9 2.16 · 10−9

Cb2U0 1.8 · 10−9 3.6 · 10−9 7.2 · 10−9

U0/Us 1.67 1.67 1.67
∆t(ms) 5 5 20

Figure 6.6: Measured maximum apparent charge as function of frequency at in-
dicated temperatures. The measured values are compared to the model in Equa-
tion (2.18). Results were obtained using one bar close to neutral terminal at
50 Hz and 10 kV. The overall trends are comparable between the different bars.
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6.5 Total Apparent Charge in Bar Sections

The total apparent charge as a function of voltage is predicted by Equation (2.12). Fig-

ure 6.7 presents one example taken from measurements at 90 °C at 50 Hz for one bar

close to the high-voltage terminal. This figure is highly representative as most of the

corresponding graphs at different temperatures, frequencies, and bars are qualitatively

similar. The total apparent charge as a function of voltage is a straight line in accordance

with the theory for one void.

Figure 6.7: Measured total apparent charge per period as function of voltage. Re-
sults were obtained at 90°C and 50 Hz for the bars close to high voltage terminal.
The model is based on one void.
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The measured total apparent charge per period as a function of frequency is presented

for one example bar close to the high-voltage terminal (GB3) in Figure 6.8 and in Fig-

ure 6.9 with a zoomed-in y-axis at the indicated temperatures. The measured values are

compared to a model including the increased PD repetition rate given by Equation (2.13),

caused by increased residual charge relaxation. The purpose in this figure was to fo-

cus on the frequency dependency of total apparent charge. The PD repetition rate in the

model was therefore fixed at the value at 50 Hz, and hence not including effects in the

model that are temperature dependent and frequency independent. The important model

parameters are given in Table 6.3. The residual charge relaxation time constant is, in ad-

dition to the estimated void conductivity, based on measured dielectric response (shown

in Chapter 6.1.2) inserted into Equation (2.14), and shown in Figure 6.10. The fraction

db/dc was fixed at 9 based on the calculated void gap distance from the PDIV measure-

ments (2.7 mm/0.3 mm). No frequency dependence of total apparent charge was observed

above 1 Hz below 100 °C.

Figure 6.8: Measured total apparent charge per period as a function of frequency.
The measured values are compared to the model for total apparent charge, based
on the PD repetition rate found by using Equation (2.13). The estimated val-
ues are based on measured dielectric response and calculated void conductivity.
Measured results were obtained for generator bars close to neutral terminal.
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Figure 6.9: The same as Figure 6.8, but with a zoomed-in y-axis.

Figure 6.10: Calculated relaxation time constant as a function of frequency at
indicated temperatures. The values are based on Equation (2.14) with the mea-
sured dielectric response and calculated void conductivity for the curve fit in
Table 6.3. Values below the solid black line are time constants lower than the
voltage period where relaxation is important.

Table 6.3: Residual charge relaxation parameter values.

Parameter name σb(20
◦C) Eab σc(20

◦C) Eac

Unit S/m eV S/m eV
Bar 1 · 10−16 0.44 1 5.2 · 10−15 0.9
Laboratory object 5 · 10−15 0.44 8.9 · 10−15 0.9

1 From mica/epoxy tape used in the laboratory object.
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6.6 Defects in the Cross-Sections of Sectioned Stator Bars

All nine generator bar objects were sectioned into twelve 1.5 cm thick pieces. The sur-

faces were sanded to get a smooth cross-section surface and then investigated with a

microscope for voids. Figure 6.11 shows a typical cross-section. It is possible to identify

the tape layers, epoxy filler, copper strands, and strand insulation.

Figure 6.11: Photo of a typical cross-section in this thesis for the tested generator
bars with 3 mm thick mica/epoxy insulation. It is possible to localise the copper
strands with strand insulation, the mica/epoxy tape layers, and filler material
between strands and tape.

The mica/epoxy tape in the main wall insulation were generally without voids, as indi-

cated in Figure 6.12a. The complete insulation system in the back-up bars is intact, and

no defects were found in Figure 6.12b. If voids are present, they would have a void gap

distance below 0.03 mm, which according to Paschen law and Figure 2.8 have a PDIV

above 10 kV and hence are not relevant in this study limited to 10 kV.

(a) Main wall insulation (b) Main wall insulation, filler material,
strand insulation, and strands.

Figure 6.12: Photo of selected cross-sections of insulation, where no voids were de-
tected. The epoxy filler is dark, whereas the light regions are mica.
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The bars from service show brown crystals between the copper strands and the mica/e-

poxy tape layers, with several examples shown in Figure 6.13. These brown crystals

occur close to the copper strands in both object types from service, that is, indications of

no voltage needed to form those crystals. The formation of such crystals can, therefore,

be correlated to the conductor temperature, which can be assumed equal in the stator.

Some of these regions are already starting to crack and cause voids, Figure 6.13d, and it

is probable that the region with brown crystals is weak.

(a) Example 1 (b) Example 2

(c) Example 3 (d) Example 4

Figure 6.13: Selected photos containing brown crystals between tape and copper
strands from service-aged bars. Example 4 additionally has cracks in the brown crystal
region.

63



CHAPTER 6. RESULTS FROM SERVICE AGED GENERATOR BARS

The bars from service showed voids between the copper strands and the mica/epoxy tape

and delamination, as shown in Figure 6.14. Table 6.4 summarises the findings from the

dissection. The maximum electric field in these voids is comparable to cylindrical voids

as shown in a FEM simulation in Appendix A.2. No general conclusions should be drawn

to voltage dependence in ageing due to the very limited number of bars investigated by

microscope.

Table 6.4: Results from microscopy investigations of the bars.

Bar # Tape Between strands and tape Voids
Back-up bar 1 Good Some brown crystals No

2 Good Some brown crystals No
3 Good Some brown crystals Delamination1

Low 1 Good Brown crystals Much delamination
voltage 2 Good Brown crystals Much delamination
terminal 3 Good Brown crystals Yes - a few
High 1 Good Brown crystals Delamination1

voltage 2 Good Brown crystals Yes - a few spheres
terminal 3 Good Brown crystals Large voids in strand wedges

1 The delamination was found at a location in the bar that were pressed together during
voltage application. These voids are, therefore, expected not to influence electric PD

results.
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(a) Example 1: Void (b) Example 2: Void

(c) Example 3: Void (d) Example 4: Void

(e) Example 5: Delamination (f) Example 6: Void

Figure 6.14: Selected voids observed in the stator bar cross-section. The void gap
distance in Example 2 is approximately 0.2 mm.
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Chapter 7
Results Describing the Effect of Constant

Voltage Application

7.1 Void Resistance Change due to PD Activity

The void resistance was measured using laboratory object M3 with copper wires to the

outside at three instants correlated to one hour of voltage application at 20 °C. Table 7.1

presents the results, which show that the resistance decreases with PD activity and is

restored when the object is grounded afterwards.

Table 7.1: Measured void resistance on laboratory object M3 as function of time.

Time (h) Resistance (TΩ) Comment
0 > 3 Before voltage application
1 1 2 min after 1 h voltage application at 50 Hz 10 kV
20 > 3 19 h with 0 V after 1 h voltage application
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7.2 The Effect of Voltage Application on PD Activity

Based on the literature survey in Chapter 1.2, it is expected that PD activity will result

in increased PDIV. One M1 laboratory object with a diameter of 10 mm and a void gap

distance of 0.5 mm was, therefore, tested by increasing the voltage stepwise at 0.1 Hz

without any preconditioning. This test demonstrated a PDIV of 5 kV.

The second PDIV test of four M1 laboratory objects succeeding the first complete fre-

quency and temperature sweep did not produce any significant changes to the PDIV

curves. Possible permanent surface changes due to the temperature and electric stress

during the test do not seem to affect the PDIV.

The apparent PD repetition rate as a function of time during 1 h voltage application is

shown in Figure 7.1. A vertical black line indicates the instant of 5 min that corresponds

to the generally chosen preconditioning time in this thesis. The results show that the PD

activity reduces as a function of time during voltage application. The reduction in the

repetition rate is basically occurring during the first 10 min to 15 min. The experimen-

tal results at 20 °C are compared to the time dependence of void conductivity in Equa-

tion (2.6) with parameters σ0 = 10−12 S/m and τ = 0.01 s inserted into Equation (2.5) for

the voltage and Equation (2.15) for the repetition rate. It is seen that the model predicts

a too high decrease rate and does not adequately describe the reduction in PD activity as

function of time with PD activity.

Figure 7.1: Apparent PD repetition rate n̂ as function of time during the volt-
age application at 10 kV at indicated temperatures. The measured values are
compared to the model at 20 °C (solid line).
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The apparent PD repetition rate as a function of time after a 1 h voltage application period

(gray shaded region in Figure 7.2a) and after a 5 min voltage application (Figure 7.2b)

period are presented at 20 °C, 40 °C and 60 °C. The measured values were fitted to

Equation (2.7) by choosing the optimal value for the void conductivity and relaxation

time constant. The fit parameters are given in Table 7.2.

(a) Voltage application time of 1 h.

(b) Voltage application time of 5 min.

Figure 7.2: Apparent PD repetition rate at 50 Hz vs time as the average of three objects,
D = 10 mm. The solid lines are model fit to Equation (2.7). The grey shaded area
represents the voltage application period of 1 h.
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Table 7.2: Measured void resistance on laboratory object M3 as function of time.

Parameter Value for 5 min Value for 1 h Unit
σc 1.2 · 10−8 1.2 · 10−8 S/m
τ20 10 60 min
τ40 6 40 min
τ60 2 30 min

7.3 Test Conditions during the Test Procedure

The total apparent charge from the 5 s intermediate conditioning periods at 50 Hz, de-

scribed in the voltage procedure in Figure 4.7 between the PD tests at different voltage

frequencies, were used as a measure on the stability of PD parameters at 50 Hz throughout

the frequency sweep. The results presented here were obtained in one laboratory object

M1 with a void diameter of 10 mm and a void gap distance of 0.5 mm are shown in Fig-

ure 7.3. This is a typical graph, representing the test objects. The values increase with

sweep frequency at 20 °C and 40 °C, are stable at 60 °C and 90 °C, and decreases at

130 °C and 155 °C.

Figure 7.3: Measured total apparent charge per period during the 5-second in-
termediate condition periods at 10 kV 50 Hz (obtained before indicated sweep
frequency). This is one example obtained for a laboratory object with a void
diameter of 10 mm and a void gap distance of 0.5 mm.
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Chapter 8
Discussion

This section starts by discussion the supplementary research questions regarding method

development (Chapter 8.1) and test object applicability (Chapter 8.2). When those ques-

tions are sufficiently answered it is possible to discuss the main research question (Chap-

ter 8.3) with less uncertainty with respect to test method and different object geometry.

The discussion is summarised in Chapter 8.4 discussing possible applications of this work

in condition assessment of hydropower generators.

8.1 Discussion of the Effect of PD Activity

This section discusses the supplementary research question: What is the effect of pre-
conditioning on measurable PD quantities? Answering this question is needed in order

to understand if the chosen test method facilitates time invariant void conditions through-

out the frequency sweep. A time invariant void condition implies that any measured

difference obtained from different test frequencies can be understood as a frequency de-

pendence.

a) The Effect of a Long Voltage Application Time

Constant voltage application decreases the void resistance and, hence, the PD activity.

Chapter 7.1 describes results from resistivity measurements from before and after apply-

ing voltage at 10 kV for 1 h performed on laboratory object M3. Initially, the resistivity

was above the equipment limit of 3 TΩ. This value was reduced to 1 TΩ immediately

after the 1 h voltage application period.

The measured apparent charge magnitude and its repetition rate can be represented by

the total apparent charge per period, as was done in this thesis. Chapter 7.2 describes

70



CHAPTER 8. DISCUSSION

the results from the study concerning the effect of voltage application. Figure 7.1 shows

the results for the total apparent charge per period at 50 Hz during 1 h 10 kV voltage

application at 20 °C, 40 °C, and 60 °C. The apparent repetition rate decreases during the

first 15 minutes. This decrease can be deduced to be correlated to PD by-products acting

as charge carriers and increasing the void conductivity, which by Equation (2.9) reduces

the void voltage.

The required conductivity increase after the 5 min voltage application to describe the

reduction in PD activity is much higher than measured in for example Levesque et al.

[40] for slot discharges obtained at a voltage much higher than PDIV. They observed a

sufficiently high conductivity increase after 100-1000 hours. It is a contradiction between

the literature description of a low increase in surface conductivity with PD activity and

the explanation of experimental results by a greatly increased void conductivity. The

void resistance was measured to decrease with PD activity, supporting that PD activity in

cylindrical voids in this study had an increased void conductivity.

The effect of voltage application is here directly experimentally shown to reduce void

resistance and to reduce PD activity.

b) The Effect of Voltage Application with Time without PDs present

The effect of constant voltage application vanishes with time after grounding the object.

Chapter 7.2 describes results from the study of the effect of voltage application after

grounding the test object. Results in Figure 7.2 shows the total apparent charge per period

at 50 Hz after 1 h of preconditioning at 50 Hz 10 kV at 20 °C, 40 °C, and 60 °C. The

apparent repetition rate increases during the first two hours after the grounding of the

test object and thereby more PDs occur in the system. The reduced total apparent charge

vanishes faster at higher temperatures. The same trends are seen for the restoration after

5 min preconditioning but with shorter time constants. Hudon et al. [29] correlated an

increased conductivity to PD by-products acting as charge carriers. Such by-products

can be assumed to self-decompose at a higher rate at higher temperatures, especially

nitric acid [58]. Testing at different temperatures shows different numerical values of

convergence. This can be explained by a temperature-dependent equilibrium of the self-

decomposition process. The charge carriers are self-decomposed to a greater extent at

a high temperature than at a low temperature. However, the existence of such charge

carriers was not measured explicitly, and the discussion here is based on their existence

from literature and observed experimental effects.

The effect of voltage application is here shown to vanish with time after grounding the

test object, in line with the model.
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c) The Effect of Preconditioning the Test Objects

Preconditioning the test objects ensures similar start conditions for the different voltage

frequency tests.

The purpose of preconditioning test objects is to obtain stable test conditions. Figure 7.3

shows results from the 50 Hz intermediate conditioning. The results show that the ob-

served trend at 20 °C and 40 °C are increasing, but PD results in Chapters 5 and 6 show

an opposite function of frequency. The same is seen at 130 °C and 155 °C. This indicates

that the measured frequency dependency for typical PD parameters in this thesis describes

a frequency dependency and not a time dependency caused by the test method.

The measured total apparent charge from the intermediate conditioning periods was sta-

ble, or of an opposite trend as was measured for PD quantities, throughout the frequency

sweep. It is, therefore, reasonable that the used voltage application frequency sweep re-

veals a frequency dependence and not an effect of a time dependence of PD parameters.

8.2 Describing Test Objects with Unknown Void Content

This section discusses the supplementary research question: How can the measured PD
parameters from generator bars be compared to voids with known geometry? Answer-

ing this question is needed in order to know how to adequately describe generator bars by

the presented models.

a) Comparing the Void Electrode Area for Single Discharges to the
Total Void Electrode Area

Only a fraction of the void electrode area discharges in each PD, but during a voltage

period, the entire void electrode area is discharged.

The laboratory objects have voids with a defined geometry. This is not the case for the

generator bars, where the results from cross section microscopy in Chapter 6.6 identi-

fied many voids with various dimensions that cannot be determined without performing

destructive dissection. Delamination and voids with a large void electrode area were lo-

calised in the bar cross sections. It is reasonable, based on presented cross-sections in

Figure 6.14, to approximate the observed large voids in the generator bars as parallel void

electrodes separated by a void gap distance.

Figure 5.6 from Chapter 5.4 is repeated in Figure 8.1 and presents the difference between

PD repetition rate as a function of PD amplitude for laboratory object M1 with insulating

void electrodes and laboratory object M3 with conductive void electrodes. The results for
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M3 have a few and large PDs located around the expected apparent charge magnitude.

The corresponding PD magnitude distribution for M1 consists of a larger number of PDs,

but they are smaller in magnitude. However, both test objects show comparable apparent

repetition rate (M1: 9 vs M3: 13). This means that the total apparent charge per period

is comparable for the case with a few large PDs closely related to the expected value and

a distribution of PD magnitudes with more small magnitudes. The PD energy per period

is therefore not affected by whether the void electrode is completely or partly discharged

during one PD because partly discharged void electrodes have a higher PD repetition rate,

but with smaller amplitudes.

Figure 8.1: Repetition of Figure 5.6. Measured PD repetition rate per period as
a function of PD magnitude (histograms in solid lines) and apparent repetition
rate for the same data (markers). Results were obtained at 90 °C and 10 kV at
50 Hz for laboratory objects with void diameter of 10 mm and void gap distance
of 0.5 mm. Two objects with different void electrode surface are compared: an
object with insulating surfaces (M1) and an object with equipotential surfaces
(M3).
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The measured PD repetition rate per period as a function of PD magnitude for laboratory

object M1 (D = 10 mm) in Figure 5.5 and generator bar sections in Figure 6.4 are shown

together in Figure 8.2. The two curves are comparable, and even the single void with

defined geometry produces a distribution. Such a distribution is expected from literature

[41]. The large difference between results from the two objects is that the number of small

PD magnitudes in the generator bar sections are significantly larger than those in the single

void. This indicate that the generator bars have many small voids, which is reasonable

with respect to the results from the cross-section microscopy. Both test objects have a

distribution of PD repetition rate, rather than the expected repetition rate. This similarity

suggests that there is no fundamental difference in the results from testing on one large

void or many small voids. This is important because it enables the use of the super position

principle for the presented theory for PDs.

Figure 8.2: Measured PD repetition rate as function of PD magnitude. Results
are given as a comparison of both laboratory object with a void diameter of
10 mm (average curve in Figure 5.5) and generator bars (average curve in Fig-
ure 6.4) at 50 Hz, 90 °C, and 10 kV.

The measured results for PD repetition rate as a function of PD magnitude for different

voltage frequency, test temperature, void size, and maximum test voltage are presented in

Appendices B.1 and B.2. The overall shape of all graphs is similar: A few large PDs and

many small PDs. The differences are with respect to maximum PD and the size of PD rep-

etition rate. The apparent repetition rate n̂ was comparable to the theoretically expected

repetition rate. This means that the PD repetition rate as a function of PD magnitude can

be represented by an apparent repetition rate. The apparent repetition rate is equal to how

many times, in total, the geometrical void electrode is discharged during a voltage period.
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A ratio between the apparent repetition rate and the theoretical repetition rate clearly

shows deviations from the expected value. This ratio as a function of both temperature and

void diameter is presented in Figure 8.3 based on data at 300 Hz. It is seen that voids with

a geometrical void electrode area larger than 5 mm in diameter are only partly discharged

because the ratio is less than 1. However, at higher temperatures, this ratio increases.

The voids with a diameter of less than 10 mm have a ratio larger than 1, indicating a

larger void electrode area than the geometrical void electrode area. This high number

can, however, be caused by PD noise from the measure system at high temperatures, as

was measured in the M4 object without voids. The total apparent charge per period from

the measure system was about 10 nC, whereas the measured total apparent charge for a

void diameter of 3 mm was 40 nC at 155 °C. It is, therefore, possible that the insulation

system unintentionally had a larger void than the geometrically defined 3 mm diameter.

Figure 8.3: Ratio of measured apparent repetition rate and theoretical repetition
rate as a function of temperature and void diameter. The ratio of 1 is indicated
by the black line.

This research question is only partly answered here and can act as an introduction to

further work describing the geometry and distribution of the generator bar voids in more

detail. It is, however, sufficiently answered to understand that the presented models can

be used for both tested objects.

Only a fraction of the void electrode area discharges in each PD. The apparent repetition

rate is for many test parameter combinations found to correlate closely to the expected

repetition rate. It is possible to correlate a high PD activity to that of PD occurring in a

large void or many smaller voids with the same total void electrode area.
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b) Comparing Dissection and Electrical PD Results

There is a correlation between measured PD parameters and void size and number in the

test object.

Table 8.1 presents the estimated void gap distance and the total discharged void electrode

area based on electrical PD measurements and Equation (2.12) and Equation (2.9), and

estimated void content from cross section microscopy. Only values at 20 °C are consid-

ered to avoid possible temperature changes in void geometry because dissection happened

at 20 °C. The estimates of void electrode area from both electrical PD measurements and

cross section microscopy are showing the same trends. This means that the electrical PD

measurements, together with the presented models, can indicate the generator bars with a

high void content.

Table 8.1: Calculated void geometry compared to detected void type. Results
were obtained for all tested generator bars GB1-3 at 20 °C. ATOT represents the
total discharged void electrode area based on PD measurements. The measured
void gap distance from cross-section microscopy in the object from close to high-
voltage terminal was approximately 0.2 mm. The total copper surface area was
estimated to be 280000 mm2.

Estimates based on electrical measurement Dissection
Void gap ATOT Void type

Object mm mm2

Back-up 1 0.11 84 None
bar 2 0.09 84 None

3 0.11 56 Small/few
Low 1 0.20 1340 Delamination
voltage 2 0.20 924 Delamination
terminal 3 0.14 168 Small/few
High 1 0.08 224 Small/few
voltage 2 0.08 196 Small/few
terminal 3 0.22 1430 Large voids

The estimated maximum void gap distance from the microscopy pictures of the bar cross

section in Chapter 8.2 (≈ 0.2 mm) is in line with the results from electrical measurements

(≈ 0.2 mm). The generator bars with an increased void content, compared to those with-

out voids, had correspondingly higher PD activity with an estimated high void electrode

area. The comparison between voids found in cross-sections and experimental PD results

in Table 8.1 indicates that the electrical PD measurements can localise the bars with voids.

There is a correlation between void size and number and measured PD properties.
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8.3 Voltage Frequency and Temperature Dependence of
Measurable PD Parameters

It is known from the literature, for example IEEE std 322 [9], Forssén et al. [24], [20],

and Illias et al. [25], that the PD results obtained from 0.1 Hz tests might significantly

differ from those at 50 Hz. The frequency and temperature dependence of experimental

results presented in this thesis can be explained by features in the impedance abc-model

(Model 3).

This section discusses the results addressing the main research question: Why are the
measurable PD parameters different when applying a voltage frequency at power fre-
quency (50 Hz) compared to very low frequency (0.1 Hz)? It is first necessary to elucidate

if the PD features are frequency and temperature dependent, as literature shows for other

materials. Second, to discuss the frequency and temperature dependence of important ma-

terial properties that influence the models describing measurable PD features. After this,

the estimated void voltage for different test conditions are discussed. Having established

the frequency and temperature dependency of the void voltage, it is easier to discuss the

measurable PD parameters, such as the maximum apparent charge, total apparent charge,

remanent voltage, and finally a discussion of the validity of the models for different void

geometries.

a) Frequency and Temperature Dependency of the Measured PD pa-
rameters.

PD parameters are frequency-dependent in the case of generator bar insulation.

Experiments from literature show a voltage frequency dependence of PD parameters, giv-

ing rise to the main research question. Those experiments were performed in polycarbon-

ate and epoxy resin objects including a cylindrical and a spherical void [24] [25]). These

objects are comparable, but not identical, to the generator bar insulation with voids stud-

ied in this thesis. It was, therefore, necessary first to establish whether the studied voids

produced frequency-dependent PD parameters.

The main results presented in Chapter 5 and Chapter 6 are summarised here to support

the hypothesis stating that there is such a frequency dependence.

The measured PDIVs are generally frequency independent at temperatures below 100 °C

for the generator bars. The PDIVs for voltage preconditioned cylindrical voids are fre-

quency dependent at 20 °C, 40 °C, and 60 °C, where the PDIVs at low frequencies are

higher than the maximum applied voltage. The PDIVs at 130 °C and 155 °C for both test

objects are low at low frequencies. The PDIV changes with temperature and frequency
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but is frequency independent at 90 °C only in the tested voltage frequency range of 0.1 Hz

to 300 Hz.

The measured maximum apparent charge is increasing with frequency. This effect be-

comes stronger with temperature, lowering the cut-off frequency.

The measured total apparent charge per period is frequency independent above 1 Hz and

below 100 °C for both objects. This was observed as a frequency dependence at 130 °C

and 155 °C with a peak at 1 Hz.

PD parameters obtained from voids in generator bar insulation are frequency-dependent

for some test temperatures and frequency ranges, whereas frequency independent for

other test temperatures and frequency ranges.

b) The Temperature Dependence of Insulation Material Conductivity
and Dielectric Response

The insulation material conductivity and dielectric response function vary with tempera-

ture.

Chapter 5.1.1 describes measured material DC conductivity for the laboratory object M4

without a void. The temperature dependence of the DC conductivity is well described by

an Arrhenius relation (∝ exp(−Ea/kBT )).

Chapter 5.1.2 and Chapter 6.1.2 describe the measured dielectric response as a function of

frequency for the void-free laboratory object M4 and one generator bar, respectively. Re-

sults showed that the material dielectric response in both cases is comparable to a function

of frequency and temperature. The dielectric response as a function of frequency at dif-

ferent temperatures are well described by one Cole-Cole mechanism with a temperature

dependence in the relaxation time τ in Equation (2.8) in accordance with an Arrhenius

relation.

The insulation material conductivity and dielectric response vary with temperature. The

temperature dependence is modelled by an Arrhenius relation for the conductivity and an

Arrhenius relation in the relaxation time τ in the Cole-Cole model describing the complex

permittivity.
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c) Estimated Void Voltage

The three presented abc-models are suitable to describe measured PDIV.

The presented theory in this thesis has three variants of the impedance abc-model:

Model 1: The classical capacitive model.

Model 2: The capacitive and resistive model.

Model 3: The impedance abc-model including dielectric response.

The three models require different material properties, where Model 1 only requires the

permittivity, Model 2 requires both permittivity and conductivity, and Model 3 requires

the conductivity and frequency-dependent complex permittivity. Figure 8.4 shows the fre-

quency and temperature dependence of PDIV for laboratory object and generator stator

bars compared to the three impedance abc-models (See also Figure 5.4a and Figure 6.3b

for the presentation of the results). The void voltage is determined by the Paschen law at

PDIV, which means that all model parameters except void conductivity can be determined

if the void geometry is known. The frequency independent PDIV, Model 1, can be used

for both test objects above 20 Hz at all temperatures and at all measured frequencies at

90 °C (laboratory object) and below 90 °C (generator bars). Resistive elements included

in Model 2, are needed to explain the increased PDIV at low frequencies at tempera-

tures below 90 °C in the laboratory objects. Similarly, the dielectric response included in

Model 3 is needed to describe PDIV at 130 °C and 155 °C at frequencies below 20 Hz.

(a) Typical PDIV curve for Laboratory object
M1. This example has D = 10 mm and dc =
0.1 mm.

(b) Typical PDIV curve from generator bars.
This example is from a bar close to high volt-
age terminal.

Figure 8.4: Selected PDIV figures. The different coloured areas indicate in what re-
gions the models are valid.

The PDIV is well described by one of the three models. This means that the temperature

and frequency dependence of PDIV are determined by the temperature and frequency

dependence of the dielectric response and DC conductivity. It is, therefore, possible to
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determine which model it is necessary to use by knowing the dielectric response and DC

conductivity and their temperature dependence in advance.

The different regions, in which the different abc-models apply in Figure 8.4, are sum-

marised in Figure 8.5 as a function of temperature and frequency. The example shown

here includes the laboratory object. A similar graph was obtained for the generator bars,

but not shown. The main difference is slightly changed borders between the indicated

regions.

Figure 8.5: Model regions for different impedance abc-model approximations
based on measured dielectric response.

The effect of electrical preconditioning was to decrease PD activity (as discussed in Chap-

ter 8.1), which is here modelled by an increase in the equivalent void conductivity in the

impedance abc-model. The generator bars and large voids without electrically stressed

side walls did not show an increased PDIV at low frequencies at temperatures below

90 °C. From this, two important observations can be made:

1. PD activity increases the void surface conductivity, hence voids without electrically

stressed side walls does not show an increased void conductivity.

2. The PD activity in an object with many small voids is not affected by the voltage

precondition as is the case for larger voids.

The impedance abc-model can be used to calculate the relation between the applied volt-

age and the void voltage with Equation (2.9). Knowing the permittivity and void geometry

enables a simple prediction of PIDV, with the void voltage assumed to be the Paschen volt-

age. The dielectric response is additionally needed to predict PDIV at 130 °C and 155 °C

when testing at voltage frequencies above 0.1 Hz. The high estimated void conductivity

at temperatures below 90 °C is likely to be caused by the PD activity and is therefore not

possible to determine before doing experiments.
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d) The Measured Maximum Apparent Charge

The maximum apparent charge is frequency-dependent and is modelled by a time lag.

The maximum apparent charge as a function of voltage is expected to follow a step func-

tion, as described in Equation (2.10). This was the case for all laboratory objects with

one single void at all voltage frequencies and temperatures, as shown in Figure 5.7. The

generator bars with many unknown voids showed a linear increase in voltage instead, as

illustrated in Figure 6.5. This might indicate that either the different voids in the generator

bars are more likely to simultaneously discharge than the large void in the laboratory ob-

jects when increasing the voltage, or that voids with different inception voltage and void

electrode area was present in the generator bars. This was, however, not investigated in

detail.

The maximum apparent charge as a function of frequency at different test temperatures

was found experimentally and is presented in Chapter 5.5 for variants of laboratory ob-

ject M1 and in Chapter 6.4 for generator bars. The experimentally detected frequency

dependences at different temperatures for the two test objects are comparable. No general

dependency of PD parameters as a function of the void diameter was seen in the labora-

tory objects. A cut-off frequency that describes the lowest frequency without influence

of a time lag is given in a temperature-void diameter map in Figure 8.6. From the figure

it is seen that the time lag is insignificant at temperatures below 40 °C but significant at

higher temperatures where it influences all frequencies above 1 Hz. The experimental re-

sults fit the model describing an increase in calculated time lag from 1 ms to 10 ms when

increasing the temperature from 20 °C to 155 °C.

Figure 8.6: Cut-off frequency map for the time lag as a function of void diameter
(y-axis) and temperature (x-axis). The time lag is important above the indicated
cut-off frequency. The cut-off frequency of 50 Hz is indicated by a black line.
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Gäfvert et al. [54] used a statistical time lag of 0.1 ms, whereas the presented results in

this thesis indicate that a time lag of 1-10 ms yields the best fit to observations. A time lag

of more than 1 ms was also found by Illias et al. [27] to describe their experimental results

in small spherical voids. The time lag was also found to be dependent on temperature in

this thesis, which is also found by Illias et al.

Figure 8.7 presents the measured ratio between measured maximum simultaneously dis-

charged void electrode area and the geometrical void electrode area as a function of tem-

perature for the laboratory objects. This was obtained by using the measured maximum

apparent charge at 0.1 Hz, assuming no influence of the time lag at 0.1 Hz. It is seen

that the discharged void electrode area increases with temperature. This can be correlated

to the calculated high void conductivity from PDIV measurements and the impedance

abc-model at temperatures below 90 °C. This was not further examined in this work.

Figure 8.7: Repetition of Figure 5.8. Ratio between measured maximum simul-
taneously discharged void electrode area and the geometrical void electrode area
as a function of temperature. The results were obtained for laboratory object M1.
The ratio of 1 is indicated by a solid black line.

The maximum apparent charge is higher at higher frequencies. The transition from low

to high frequencies is here modelled by a time lag in the range of 1 ms to 10 ms for all

temperatures. The discharged void electrode area is smaller at temperatures below 90 °C,

which can be correlated to a high void conductivity.
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e) Total Apparent Charge

The PD repetition rate per period is frequency independent.

The total apparent charge as a function of voltage is expected to be linear, as described

in Equation (2.12). This was measured to be the case for all test objects at all voltage

frequencies and temperatures, as seen in Figure 5.10 and Figure 6.7. This implies:

1. The voltage dependency of total apparent charge per period is not influenced by a

partly discharged void electrode area because the total apparent charge is a linear

function of voltage for both test object types.

2. One void gap distance (dc) is dominating in the generator bar objects. A non-linear

dependence is expected if a distribution of void gap distances are present due to

different inception voltage for those void gap distances.

In practice, the void electrode area is impossible to estimate for the generator bar objects

by any known technique. It is, therefore, not possible to estimate the apparent repetition

rate n̂ because the capacitance Cb is unknown. The measured total apparent charge per

period as a function of frequency at different temperatures is presented in Chapter 5.6

for laboratory objects and Chapter 6.5 for generator bars. The overall trend is that the

total apparent charge is frequency independent above 1 Hz and below 100 °C for both test

objects. Both test objects have a higher and frequency-dependent total apparent charge

above 100 °C. Both situations are described by the presented theoretical model in Equa-

tion (2.13) including residual charge relaxation and dielectric response. The dielectric

response is, however, only sufficiently large at temperatures above 100 °C to significantly

influence the charge relaxation, as indicated in the temperature - void diameter map in

Figure 8.8.

Figure 8.8: Cut-off frequency as a function of void diameter (y-axis) and tem-
perature (x-axis). The charge relaxation is important below the indicated cut-off
frequency. The cut-off frequency of 50 Hz is indicated by the black line.
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The temperature dependence of total apparent charge increases linearly with temperature,

as exemplified in Figure 5.13 for the laboratory object M1. The values were selected

at 300 Hz to neglect the frequency-dependent increase in total apparent charge. The

temperature dependence of maximum apparent charge below 90 °C was also linear. This

was likely due to the high void conductivity that decreases the void voltage. The further

increase above 90 °C is not explained, as the complete void area discharges at 90 °C.

These results indicate that the total apparent charge can be considered frequency indepen-

dent at the combination of numbers below 100 °C and above 1 Hz for the tested objects.

The frequency-dependent total apparent charge at 130 °C and 155 °C is here modelled by

including the measured high dielectric response at those temperatures.
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f) Void Geometry Dependence of Calculated Quantities

PD parameters are dependent on the variation in void gap distance and void diameter.

The total apparent charge is a linear function with voltage. By using Equation (2.12), it

is possible to estimate the remanent voltage and series capacitance with the void (void

electrode area). Performing this calculation on the measured total apparent charge per

period gives a remanent voltage as a function of void diameter as shown in Figure 8.9a

and as a function of void gap distance in Figure 8.9b. The presented results were obtained

at 90 °C. Similar figures were obtained at different temperatures. The calculated remanent

voltage follows the Paschen voltage. This means that any deviation in total apparent

charge from theory with void dimensions can be associated with a change in the series

capacitance Cb (void electrode area).

(a) Calculated remanent voltage as a function of void diameter.

(b) Calculated remanent voltage as a function of void gap.

Figure 8.9: The presented remanent voltage was calculated from curve fits of measured
total apparent charge as function of voltage to Equation (2.12). Results were obtained at
90 °C at the indicated voltage frequencies.
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A comparison between the measured total apparent charge and calculated series capaci-

tance is presented in Figure 8.10. The overall trends as a function of void diameter are

identical for the two quantities. No significant frequency dependence was observed at

temperatures below 90 °C.

(a) Measured total apparent charge per period as a function of void
diameter at 10 kV.

(b) Calculated series capacitance Cb as a function of void diameter.

Figure 8.10: A comparison of the measured total apparent charge per period and calcu-
lated series capacitance at the indicated frequencies and temperatures.

Voids with a diameter larger than 15 mm discharge a smaller void electrode area than

expected by the geometrical value. This might indicate the existence of a maximum void

electrode discharge area.
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The presented PDIV figures for laboratory objects in Figure 5.3 and Figure 5.4 show a

different frequency dependence of PDIV for different temperatures. Therefore, it does not

exist a simple figure to adequately present the temperature and void geometry dependence

of PDIV in general. The frequency dependence is here represented by the calculated void

conductivity from a curve fit to the impedance abc-model in Equation (2.9). This is a

single number representing the frequency dependence together with the equation. The

calculated void conductivity is representing the frequency dependence of PDIV and is

presented in Figure 8.11 as a function of temperature at indicated void diameters. The

corresponding figure for different void gap distances show the same trend and, therefore,

not included. The minimum calculated void conductivity was 4·10−12 S/m, which corre-

sponds to a cut-off frequency at the lowest test frequency of 0.1 Hz. The Arrhenius rela-

tion of the void conductivity in all void geometries shows decreasing values with temper-

ature for all object geometries. This is the opposite of what is measured for the insulation

material where the conductivity increases with temperature. This effect was explained

in Chapter 8.1 by faster relaxation of conductive PD by-products at higher temperatures.

The curves in Figure 8.11 support this statement. Only one indication of geometrical de-

pendence was seen: The void diameters of 3 mm and 5 mm showed a high calculated

void conductivity at all temperatures, opposite to the larger void diameters with only a

high void conductivity at low temperatures. This might indicate a different dynamic of

residual charges in the small voids.

Figure 8.11: Calculated void conductivity as function of inverse temperature for
indicated void diameters D.

Measured and calculated PD parameters follow the model including geometrical dimen-

sions of the void. No other geometrical dependence was seen.

87



CHAPTER 8. DISCUSSION

8.4 How Voltage Frequency and Temperature Dependence
of PD Activity Can Be Used to Improve the Condition
Assessment of Generators

Material properties, such as resulting complex permittivity and conductivity, have been

measured for both laboratory objects and generator bars. The frequency and temperature

dependence in the complex permittivity alone can, to a large extent, explain the different

observed trends of PD features from the different test objects. Non-measurable quantities,

such as void conductivity, time lag, and discharging void area, were based on a fit of

measured values to the parameter of the proposed impedance abc-model.

Two testing approaches are suggested:

1. Testing at a single voltage frequency: Tests should measure the total apparent

charge per period as a function of voltage. This quantity is frequency independent

above 1 Hz and below 100 °C for the tested objects in this thesis. The total apparent

charge as a function of voltage can estimate the capacitance in series with the voids

and remanent voltage by a curve fit to the total apparent charge in Equation 2.12:∑
qa = 4Cb (U0 − Us) ,

where Cb is the related to the total discharged void electrode area, U0 is the maxi-

mum void voltage amplitude, and Us is the remanent voltage.

2. Testing at several voltage frequencies: Tests should measure the total apparent

charge per period as a function of voltage and frequency. A frequency sweep can

eliminate the uncertainty regarding frequency dependence and can, therefore, be

beneficial. It can reveal more of the involved void physics and reduce the uncer-

tainty from testing only at one voltage frequency. It is possible to estimate expected

void conductivity from frequency-dependent values of the PDIV.
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Conclusions

Main Research Question:

RQ1 Why are the measurable PD parameters PDIV, apparent charge and PD repe-
tition rate different when applying a voltage at power frequency (50 Hz) com-
pared to very low frequency (0.1 Hz)?

PD parameters, such as the PDIV, maximum apparent charge, and total apparent

charge are frequency and temperature dependent. The material conductivity and

frequency-dependent dielectric response also varies with temperature. In the stud-

ied materials, the material conductivity contributed less (≈ 103 times) than the

dielectric response and can be neglected.

The frequency and temperature dependence of PDIV can be described by the pre-

sented impedance abc-model including measured material dielectric response and

calculated void conductivity. The temperature and frequency dependency of the

dielectric response directly influenced the frequency dependence of the PDIV at

130 °C and 155 °C. A high dielectric response influences the voltage distribution

in the insulation system with a void and effectively short-circuit the insulation ma-

terial, leaving all applied voltage across the void. A high void conductivity was

needed in the model to explain the high PDIV at low frequencies and temperatures

below 90 °C in the laboratory objects. This high void conductivity can be related

to PD by-products acting as charge carriers. The PDIV can for most cases at 50 Hz

be modelled by the capacitive abc-model.

The maximum apparent charge is lower at 0.1 Hz than at 50 Hz. This frequency

dependence was well modelled by a time lag in the range of 1 ms to 10 ms in the

temperature range of 20 °C to 155 °C.

The total apparent charge per period was shown to be frequency independent at
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temperatures below 90 °C and at frequencies above 1 Hz, whereas it was frequency-

dependent at higher temperatures caused by a frequency dependence in the apparent

repetition rate. This frequency dependence was modelled by relaxation of residual

charges, which enables a faster recovery of the void voltage and hence more PDs

during the same period. The relaxation model was based on measured dielectric

response and explained the observed trend well.

Supporting Research Questions:

RQ2 How can the measured PD parameters PDIV, apparent charge and PD repeti-
tion rate from generator bars be compared to voids with known geometry?

Only a fraction of the void electrode area discharges in each PD. This means that

there is no major difference in measuring PD activity on objects with one large

discharging void electrode area or many small voids with the same total void elec-

trode area. The use of the apparent repetition rate enables this comparison. There is

a correlation between void geometry and measured PD parameters, enabling void

geometry estimates based on measured PD parameters. This correlation was also

indicated valid for the generator bars based on cross section microscopy.

RQ3 What is the effect of preconditioning on measurable PD quantities?

Voltage preconditioning lowers the PD activity. This effect vanishes as a function of

time without voltage application. The time dependent effect of preconditioning was

reduced to a minimum in the chosen test method and similar start conditions for the

different voltage frequency tests were assumed. The chosen frequency sweep test

method was, therefore, assumed to adequately show a frequency dependence of PD

parameters.
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Chapter 10
Suggestions for Further Work

Correlate the Creation of Voids with Ageing

This thesis did not study how different voids are created during ageing; it studied only the

measurable effect from voids already present. Finding such correlations would strengthen

the interpretation of test results for condition assessment.

Conduct an In-Depth Bar Dissection Study

The void distribution in generator bars should be investigated in detail. Limited available

time did not enable this study in this thesis. Only void content indications based on a few

cross-sections were performed.

Test Other Insulation Materials and Void Shapes

This thesis has focused on describing the frequency and temperature dependence of two

insulation systems based on one material by selected models. It would strengthen the

model if it were tested for more materials. It would be interesting to test a material

with higher dielectric response to test an extremal situation. Other void geometries could

be beneficial to test to find the limitations to the model in void geometry. It would be

interesting to investigate voids in, for example, cables and see the validity for those cases,

because cables are tested at 0.1 Hz due to their large capacitance but are operated at

50 Hz in service. Additionally, it would be interesting to investigate insulation systems

with many known voids. This should be compared to an insulation system with one void

with the same area in total. This study can reveal if it is possible to distinguish between

many small and one large void with the same void electrode area.
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Measure the Void Voltage

In this thesis, evidence was found that residual charges decay quickly at high tempera-

tures, but no direct measurements were performed of this void voltage. One attempt was

made to measure the void voltage, without success. Because of limited PhD time, this was

not prioritised in this thesis. It could be interesting to validate the void voltage variation

by experiments, as only sketches and simulations have been seen in the literature.

Measure the Void Surface Conditions

Hudon et al. [29] measured PD by-products at a plain epoxy surface. It would strengthen

the model if the same were done on enclosed voids in both model insulation and bars as

a function of time before and after grounding the object. It would also be interesting to

correlate PD activity energy EPD directly to a given void condition. One hypothesis is that

the void conductivity is not homogeneous but have a geometrical dependency.

The almost temperature-independent time lag indicates a strong surface charge decay at

high temperatures. This mechanism would be nice to measure directly to verify the model,

to understand more than the indication provided here.

Investigate in Detail the Effect of Preconditioning

The effect of preconditioning was shown in this thesis to be important. It is therefore

interesting to investigate the effect of preconditioning in more detail than was done here.

This includes the effect of PD energy, voltage frequency, and void geometry.

Study the Partial Discharge Magnitude Histogram

This thesis has focused on the total and maximum apparent charge. It would be interesting

to study PRPDA, as was done in [45] and PD magnitude histograms as briefly mentioned

in this thesis.
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Appendix A
Methodology Development

A.1 Ensure Homogeneous Electric Field in the Void

The abc-model requires a homogeneous electric field. It was, therefore, needed to do

preliminary calculations to test the required size of the voids to avoid inhomogeneity.

However, edge effects and inhomogeneity are generally accepted and treated by complex

FEM models in the literature, [20], [25], and [59], instead of the simpler abc-model as is

tested in this thesis. It was, therefore, more important to achieve a homogeneous electric

field in this thesis than in the works comparing experimental results to complex FEM

models.

A basic FEM simulation of the electric field in a cylindrical void was performed in COM-

SOL at capacitive conditions (50 Hz). The void gap distance was 0.5 mm and the elec-

trode separation were 3 mm. The relative permittivity was 4.4, corresponding to epoxy

in [60]. The insulation system was constructed using two perfect cylinders, with an air

cylinder inside a mica/epoxy cylinder. A voltage difference between top and bottom of

the mica/epoxy cylinder was applied.

The results from the basic FEM calculation of the electric field in a cylindrical void at

the lines at top and middle of the cylindrical void is given in Figure A.1 for different void

diameters when the gap distance fixed at 0.5 mm with 3 mm electrode separation. The

field change is only present in a very small region, covering a section of approximately the

outer 0.1 mm of the radius. The field enhancement at the edges are almost independent

of void radius. This makes the average electric field increase with increasing void radius.

Therefore, the void voltage is in this thesis assumed homogeneous for void diameters

above 3 mm.
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Figure A.1: Absolute value of electric field strength from FEM calculations as
function of radial direction at the top and middle of a void. The object void has
a void gap distance of 0.5 mm when applying 1 kV in an insulation system with
a total thickness of 3 mm. The calculated volume average is indicated by a cross
at the respective void radius.

The PDIV for a void gap distance of dc = 0.5 mm at different void diameters was,

therefore, tested at 100 Hz after preconditioning at 50 Hz for 5 min according to the pre-

conditioning choice. The high test frequency should ensure capacitive conditions without

the influence of any resistive or dielectric response parts. The temperature was varied be-

tween 20 °C and 155 °C. The results are given in Figure A.2. Despite the high frequency,

results from 20 °C and 40 °C are not included due to a high PDIV, most likely caused by a

high void conductivity after the preconditioning. The results show a minor void diameter

dependence, meaning that the electric field in the void can be considered homogeneous at

void diameters above 3 mm.

Figure A.2: Measured PDIV as a function of void diameter. The values were
selected from 100 Hz measurements to reduce the influence from void conduc-
tivity and study only the electric field. The Paschen voltage based on both the
homogeneous and inhomogeneous field is indicated.
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A.2 Electric Field Calculation on Void Geometries Found
in Generator Bars

A finite element method calculation was performed in COMSOL on a void geometry

similar to the one shown in Figure 6.14a. The relative permittivity of the mica/epoxy

tape was set to the measured value 3.8, including the measured strand edge radius of 0.6

mm. Figure A.3 and Figure A.4 show the result. The geometry of this void shows a field

enhancement comparable to the cylindrical void in Figure A.1. This makes the electric

field in the void above the Paschen field during laboratory tests, and PDs are, therefore,

probable to initiate in such voids. The electric field is inhomogeneous, which is not in

line with the assumption of discharging equipotential surfaces in the abc-model. The

delamination in Figure 6.14e, on the other hand, is close to the parallel plane case studied

by the cylindrical void.

Figure A.3: Calculated electric field distribution in a void, inspired by the voids
in Figure 6.14a when applying 1 kV. The mica/epoxy tape thickness is 3 mm.

Figure A.4: Calculated electric field distribution as function of radial location.
Results were obtained applying 1 kV between the copper strands and mica/epoxy
tape (the lower part of Figure A.3 indicated by a white arrow) as a function of
distance from the void centre (at the mica tape).
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A.3 Derivation of Time Dependent Void Conductivity

Due to variations in PD activity and different ageing mechanisms occurring in the void,

void parameters can change with time. Hudon et al. [29] showed that PD activity in-

creased the epoxy surface conductivity. Later, they found this to be caused by a variety

of PD by-products, such as different acids that reacted with the void air and void surface

[61]. It is, therefore, expected that the PD activity reduces the void surface resistance.

Such acids self-decompose with time, in particular, nitric acid [58], which means that the

effect of such by-products is expected to fade with time. This means that, as a first ap-

proximation such variations are here modelled as a time-dependent void resistance Rc(t).

The surface conductivity is here assumed to be proportional to the concentration of free

charge carriers N at the surface

σc = N qµ, (A.1)

where q is the species charge and µ the mobility. The increase in the concentration of

charged species can be assumed proportional to the dissipated PD energy per unit time

EPD as a first approximation. Additionally, the gas and surface molecules reacting to form

the conductive species might be exhausted with time, and the concentration might be lim-

ited by relaxation processes. Such relaxation processes can be modelled by a relaxation

time constant τ . In total, the concentration of conductive species is expected to follow the

simplified differential equation based on a source term and a decay term:

dN
dt

= EPD −N · 1
τ
. (A.2)

The energy source term EPD disappears when the object is grounded as no further PDs

occur, and no new charge carriers are formed. Solving Equation (A.2) with the source

term gives the build-up process when the voltage is on with a time constant τPD as

N (t) = N0

(
1− exp

(
− t

τPD

))
, (A.3)

where N0 = EPD/τPD is the equilibrium of charged species. This equilibrium of charged

species from the time with PD activity is the start value for the relaxation process after

grounding the object decaying with a time constant τGND:

N (t) = N0 · exp
(
− t

τGND

)
. (A.4)

A time dependent void conductivity is obtained by combining Equations (A.3) and (A.4)

by Equation (A.1)
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A.4 Partial Discharges from a Reference Object without
Voids

The electrode arrangement was tested with insulation without voids to clarify whether the

electrode arrangement itself could produce PDs. Figure A.5 presents the results from a

standard frequency sweep for different temperatures. It is seen that there is no influence on

PD below 130 °C, but there is some influence above. This means that voids that produce

small and few PDs cannot be measured accurately at 130 °C and 155 °C. Larger voids are

expected to have larger PD activity, which can mask this noise effect.

PDIV in the laboratory object without voids was above 10 kV for temperatures below

130 °C at all voltage frequencies, whereas at 130 °C and 155 °C PDIV was approximately

5 kV, which is approximately the expected PDIV for the voids.

(a) Maximum apparent charge at 50 Hz as a
function of applied voltage.

(b) Total apparent charge per period at 50 Hz
as a function of applied voltage.

(c) Maximum apparent charge at maximum
applied voltage as a function of voltage fre-
quency.

(d) Total apparent charge per period at maxi-
mum applied voltage as a function of voltage
frequency.

Figure A.5: Measured total apparent charge per period and maximum apparent charge in the case
of an insulation system without voids. The total insulation thickness is 3 mm.
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Appendix B
Additional Experimental Results

This chapter presents additional results that are interesting, but not selected to be pre-

sented in the main results section.
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APPENDIX B. ADDITIONAL EXPERIMENTAL RESULTS

B.1 Distribution of PD Magnitude in Laboratory Objects

Different void diameters produce different PD magnitude distributions, as presented in

Figure B.1. The distribution of PD repetition rate per period increase in both number and

maximum amplitude for increased void diameter. The apparent repetition rate, indicated

by coloured markers, are almost 9 for laboratory objects with with a diameter of 5 mm,

10 mm, and 15 mm, and 20 % - 30 % lower for the cases with a void diameter of 3 mm and

20 mm. The lower apparent repetition rate for a void diameter of 3 mm can be correlated

to a lower void voltage, as seen in the field calculations in Appendix A.1.

Figure B.1: Measured PD repetition rate per period (histograms) as a function of
PD magnitude (solid lines) and apparent repetition rate for the same data (mark-
ers). Results were obtained at 90 °C at 50 Hz and 10 kV for objects with indicated
void diameters and void gap distance of 0.5 mm.
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APPENDIX B. ADDITIONAL EXPERIMENTAL RESULTS

Figure B.2 presents the PD repetition rate per period as a function of PD magnitude at

indicated temperatures. The example test object was chosen to the same as before with

void diameter of 10 mm and void gap distance of 0.5 mm. The overall trend is that the

apparent repetition rate increases with temperature, and that the measured PD repetition

rate increases in both number and maximum amplitude. Similar trends were found in the

other objects with other void dimensions.

Figure B.2: Measured PD repetition rate per period (histograms) as a function of
PD magnitude (solid lines) and apparent repetition rate for the same data (mark-
ers). Results were obtained at indicated temperatures at 50 Hz and 10 kV for
objects with void diameter of 10 mm and void gap distance of 0.5 mm.

101



APPENDIX B. ADDITIONAL EXPERIMENTAL RESULTS

Figure B.3 presents the PD repetition rate per period as a function of PD magnitude at

indicated frequencies. The example test object was chosen to the same as before with

void diameter of 10 mm and void gap distance of 0.5 mm. The overall trend is that the

apparent repetition rate is frequency independent. The measured PD repetition rate as

function of PD magnitude changes with frequency. The repetition rate distribution at

low frequencies has many small PDs and no large PDs. This changes as the frequency

increases, to a distribution containing fewer small PDs, but correspondingly more large

PDs. Similar trends were found in the other objects with other void dimensions.

Figure B.3: Measured PD repetition rate per period (histograms) as a function of
PD magnitude (solid lines) and apparent repetition rate for the same data (mark-
ers). Results were obtained at 90 °C and 10 kV at indicated frequencies for
objects with void diameter of 10 mm and void gap distance of 0.5 mm.
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APPENDIX B. ADDITIONAL EXPERIMENTAL RESULTS

Figure B.4 presents the PD repetition rate per period as a function of PD magnitude at

indicated voltage amplitudes. The example test object was chosen to the same as before

with void diameter of 10 mm and void gap distance of 0.5 mm. The overall trend is that

the measured PD repetition rate below 1000 pC increases, but the distribution at larger

amplitudes is voltage independent. Similar trends were found in the other objects with

other void dimensions.

Figure B.4: Measured PD repetition rate per period (histograms) as a function
of PD magnitude. Results were obtained at indicated voltage levels at 90 °C at
50 Hz for laboratory objects with void diameter of 10 mm and void gap distance
of 0.5 mm.
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APPENDIX B. ADDITIONAL EXPERIMENTAL RESULTS

B.2 Distribution of PD Magnitude in Generator Bars

The measured distribution of PD repetition rate per period for bars from close to the

neutral terminal at the indicated temperatures are presented in Figure B.5 at 50 Hz and

10 kV. The larger magnitudes increase more in number with temperature than the smaller

magnitudes. The change is similar to what was measured for the laboratory objects.

Figure B.5: Measured PD repetition rate per period as a function of PD magni-
tude at indicated temperatures. Results were obtained at 50 Hz and 10 kV as the
average of three similar objects close to neutral terminal.
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APPENDIX B. ADDITIONAL EXPERIMENTAL RESULTS

The overall shape of the apparent charge distribution increases slightly as a function of

frequency, as shown in Figure B.6. The change is similar to what was measured for the

laboratory objects.

Figure B.6: Measured PD repetition rate per period as a function of PD magni-
tude at indicated frequencies. Results were obtained at 90°C and 10 kV as the
average of three similar objects close to neutral terminal.

The apparent charge distribution increase as a function of voltage as seen in Figure B.7.

The change is similar to what was measured for the laboratory objects.

Figure B.7: Measured PD repetition rate per period as a function of PD mag-
nitude at indicated voltages. Results were obtained at 90°C and 50 Hz as the
average of three similar objects close to neutral terminal.
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Appendix C
Numerical Verification of Developed

Analytical Equations

C.1 Increased PD Repetition Rate in Frequency Domain

The equation describing the void voltage when including a residual charge relaxation is

U∗
0 = U0(t)− Uq

n∑
i=1

exp

(
−t− tPD,i

τ

)
· u (t− tPD,i) , (C.1)

where U0(t) is the sinusoidal void voltage without PDs, Uq the voltage from residual

charges created in the PD events, which decay with a time constant τ , and u (t− tPD,i) is

the unit step function. The effect of residual charge relaxation is that the number of PDs

are expected to increase according to the relation

n = n0 · f (ω, τ) (C.2)

where n0 represents the situation without residual charge relaxation. An analytical ap-

proach to determine the function f (ω, τ) failed. An empirical relation was therefore

chosen to describe the PD repetition rate in frequency domain:

n = n0 ·
ϕ0

ϕτ

= n0 ·

(
1− 2

π
arcsin U0

Us

)
2
π
arctan

(
ωτ · π

2

) . (C.3)

The nominator ϕ0 represents the available time during a voltage period with a higher

voltage than Us and the denominator ϕτ represents the reduced time between PDs caused

by a residual charge relaxation time constant τ . The denominator is coincidentally equal

to the normalised phase difference between capacitive and resistive parts of the current in
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APPENDIX C. NUMERICAL VERIFICATION OF DEVELOPED ANALYTICAL
EQUATIONS

the Thévenin equivalent of the charged void. The resistive part is caused by the charge

relaxation. The validity of Equation (C.3) is shown later in this chapter by iteratively

solving Equation (C.1).

C.2 Analytical Representation in Matlab

An analytical approach was developed in the theory sections to find the influence of resid-

ual charge relaxation time constant τ and time delay ∆t on qa,max and
∑

qa. Because these

equations were not found in the literature but developed for this thesis, a numerical ap-

proach to support the findings is provided here. Figure C.1 sketches the basic elements of

the simulation:

1. The applied sinusoidal voltage with a voltage divider based on the capacitive and

resistive abc-model in Equation (2.9).

2. A time lag, ∆t, from the void voltage reaches the Paschen voltage Us and the PD

event happens in Equation (2.16). The time lag was implemented by using an ex-

ponential distribution P (∆t) = (∆t0)
−1 exp (−∆t/∆t0) [54].

3. The PD event establishes a residual charge voltage in the void that neutralises the

applied sinusoidal voltage and fixes the void voltage at a remanent voltage Ur.

4. The residual charge voltage decays with a time constant τ ; exp(−t/τ).

Table C.1 presents the parameter variation used in the simulations in this thesis. The sim-

ulation ran for 100 periods at each frequency, and the maximum apparent charge during

these 100 periods and the total apparent charge per voltage period were stored and used

in the analysis.

Figure C.1: Sketch of the core elements of the simulation, including time lag and
residual charge relaxation.
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Table C.1: Simulation parameters

Parameter name Value Unit
Frequency f 10−1 to 103 Hz
Relative void voltage U0/Us 1.87 and 4.68 1
Time delay (∆t)PD 10−4, 10−3 and 10−2 s
Relaxation time constant τ 0.01, 0.1 and 1 s

C.3 Matlab Code in Detail

Figure C.2 presents the core part of the Matlab code. Here, the main iteration is done over

nPERIODS with nperPERIOD iterations per period. Uvoid is the void voltage as a su-

perposition of the geometrical sinusoidal applied voltage Uvoid0 and the residual charge

voltage Ures. If the void voltage is greater than the pre-set threshold BD (e.g., based on

Paschen) and a random number rand() is greater than a pre-set limit rnd representing

∆t, then a void voltage collapse occurs, and the voltage is reset to the remanent voltage

Urem. Lastly, the residual voltage decay with a time constant tau with the numerical

time step dtx.

1 for m = 1 :nperPERIOD*nPERIODS
2 Uvoid (m ) = Uvoid0 (m ) + Ures ;
3 if Uvoid (m ) > BD && rand ( ) > rnd
4 Ures = Ures − Uvoid (m ) + Urem ;
5 elseif Uvoid (m ) < −BD && rand ( ) > rnd
6 Ures = Ures − Uvoid (m ) − Urem ;
7 end
8 Ures = Ures *exp(−dtx . / tau ) ;
9 end

Figure C.2: Main part of the numerical Matlab code for void voltage and gener-
ating PDs.
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C.4 Simulated Maximum Apparent Charge

The simulated maximum apparent charge as a function of frequency at two different ap-

plied voltages both fit well to the expected limits proportional to Us at low frequencies

and to 2U0 at high frequencies, as seen in Figure C.3.

Figure C.3: Simulated maximum apparent charge as a function of frequency.
Selected time lag of ∆t = 1ms with a normalised maximum apparent charge of
UsCb = 1.

Figure C.4 presents the simulated maximum apparent charge as a function of frequency

for three different time lags together with a model fit. The transition from a low-frequency

to a high-frequency limit is well described by Equation (2.17). The equation can, there-

fore, be concluded to be a good representation for the idealised void fitting the abc-

models.

Figure C.4: Simulated maximum apparent charge as a function of frequency.
Selected applied voltage of U0/Us = 4.68 for indicated time delays together
with an empirical curve fit to Equation (2.17). The empirical curve fits equally
well at U0/Us = 1.87.
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C.5 Simulated Apparent Repetition Rate

Figure C.5 presents the simulated apparent repetition rate per period (proportional to total

apparent charge) as a function of frequency together with the numerical model based on

Equation (C.3) with no charge relaxation via RC decay in the void. The developed equa-

tion fits well to the simulated case in the idealised void. This proves numerically the use

of Equation (C.3) as function of frequency to represent the fundamental Equation (C.1)

describing the void voltage in time domain including n PD events.

Figure C.5: Simulated apparent repetition rate as a function of frequency com-
pared to the suggested empirical equation.
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Abstract 
Condition assessment of hydropower generators is 

important to ensure high serviceability of power stations. 

Many of the in-service generators are old and current load 

operation schemes demands more than the design load, 

which makes the remaining lifetime of the generators 

uncertain. The reviewed literature shows many works 

regarding identifying signature PRPDA patterns for 

different relevant defects in the generator. Calibration is 

however impossible, due to variable signal propagation 

in the generator from the partial discharge source. The 

results regarding complex permittivity as function of 

frequency as a measure on water ingress are promising. 

However, the field grading paint at the ends of the bars 

are affected by the low frequency and gives a variable 

capacitance. The literature is still focused on qualitative 

measurements without giving quantitative answers.  

 

 

1. Introduction 
 

The majority of the Norwegian hydropower generators 

was installed between 1960 and 1990, and many of these 

will soon reach their expected lifetime and therefore 

refurbishment is needed [1]. In addition to age, new 

operation loading schemes demands more than the design 

load, with frequent starts and stops that reduces the 

lifetime with an unknown quantity. To plan any 

replacement, it is important to know whether the bars are 

in a good shape, should be considered replaced or if 

refurbishment should be performed.  

 

The main purpose of this review is to describe important 

methodologies to investigate insulation deterioration 

electrically. First, a description of the failure mechanisms 

is presented before an evaluation of the most important 

off-line electrical detection methods are given. 

 

2. Electric design 
 

Previously, until the 1970s, engineers designed 

generators based on experimentally based handbooks and 

analytical calculations. The quality of the material used 

were uneven and the design was therefore often over 

dimensioned.  This can be illustrated by the fact that some 

generators that were installed  as early as in 1920s are still 

in service [2]. Since then, the material quality and design 

tools have developed and the ratings are more accurate 

related to the specified operation conditions.  

 

A detailed historical overview can be found in the review 

of Boulter and Stone [2]. The most important aspects are 

summarized in the following paragraph. The first 

available insulation was based on natural deposits of 

fibers of cellulose, silk, flax, cotton, wool and natural 

resins derived from trees, plants and insects and from 

petroleum. Mica in different shapes become popular due 

to its excellent withstand strength to partial discharge 

activity, which is inherit present in stator insulation. It 

was combined with different kinds of resins, in the 

beginning asphalt was used, and today refined and 

synthetic materials, such as epoxy or polyester resins are 

used. The mica has developed from simple mica 

splittings to mica paper, a product where the mica is 

refined and has even better properties. This development 

has led to thinner insulation, operating at higher electric 

stress with smaller safety margins.  

 

The modern groundwall insulation in hydropower stators 

consists of three major parts; a barrier, a support and a 

filler. It is constructed as a thin tape, wrapped around the 

conductor in many layers, see Figure 1. The barrier 

material is usually mica flakes or mica paper, which has 

a strong resistance to partial discharges, but need 

mechanical support, usually provided by glass fiber, 

PETP film or polyester fleece. To avoid air bubbles in the 

tape and between the tape layers, a binder material of 

polyester or epoxy resin is used. The resin is usually 

impregnated to the rest of the insulation under vacuum 

and pressure, or just heated and pressurized. 

Additionally, the insulation system consists of outer and 

inner corona protection, as well as filler between the 

copper strands and inner corona protection layer, to 

reduce corona activity and preserve the shape.  

 

 

 

 
Figure 1: Physical structure of the main part of a 

generator bar.  



3. Failure mechanisms in stator insulation 
 

It is important to distinguish between fast and slow 

deterioration mechanisms to take correct action to 

prevent breakdown. Defects might originate during 

production or during service. Several different external 

stresses facilitate deterioration that could cause 

breakdown. They can be categorized in four; thermal, 

electric, ambient and mechanical – TEAM. These 

stresses, which could initiate ageing, happen often in 

combination, which enhances the deterioration process. 

The ageing process introduces localized defects and also 

weaken the whole material in general. It is common that 

stresses in combination with electric stress results in 

detectable partial discharges (PDs). Internal voids are 

impossible to avoid during the impregnation process, in 

which voids can cause internal discharges during voltage 

application. The PD from internal voids could become 

harmful over time. An overview of the breakdown steps 

caused by external stresses is given in Figure 2. 

 

One attempt to reveal the most frequent failure 

mechanisms was done by Cigré working group A1.10, 

who conducted a worldwide survey [3] in 2009. Sixteen 

utilities and one manufacturer in total of five countries 

replied to the questionnaire. Insulation damage, which 

mainly include the groundwall insulation of the winding, 

was reported as the largest cause of failure. The damages 

were mainly correlated to stator fault, 45 %, followed by 

insulation burning, 13 %, surface erosion, 12 %, and rotor 

fault, 12 %. The root cause of the insulation failure was 

reported as follows; 30 % suffered from ageing, 25 % 

had contaminations, 22 % suffered from internal partial 

discharge, 10 % had loosening of bars and 7 % had 

reported thermal cycling or overload. Fatigue of 

materials was reported in 16 % of the failures and 

loosening of rotor parts was reported in 13 %.  

 

The most relevant standard for condition assessment of 

the stator insulation. is IEEE std 1434, IEEE Guide for 

the Measurement of Partial Discharges in AC Electric 

Machinery [4]. It defines three types of PD activity that 

are considered the most severe:  

a. Discharges in voids or delaminations within the 

insulation 
b. Discharges occurring between the surface of the 

coil/bar and the stator core, commonly known 

as slot discharge 

c. Discharges in the end-winding area and circuit 

ring bus bar  

 

Partial discharges are inherently present in stator 

insulation due to voids from the impregnation process. 

The most important diagnostic goal is therefore to 

distinguish these three harmful PD activities from the less 

harmfully present PDs, as the voids in aged insulation 

may have different behavior than voids in new insulation. 

Hudon et al. [5] found that no voids were observed inside 

the lateral side of the groundwall. All voids were at or 

close to the corner of the bars. This coincides with where 

the field enhancement occurs.  

 

4. Diagnostic techniques used today 
 

There exist several common methods online or offline of 

detecting deteriorations in insulation. Online techniques 

can monitor and discover trends in temperature, PD, 

ozone production, end winding vibration and leakage 

current, see e.g. the review in [6]. These monitoring 

techniques identifies changes in the measurements and 

by that indicate if the insulation deteriorations are beyond 

the preset safety limits. Online tests are limited by the 

operating voltage and measurements on a complete 

generator. Offline measurements with significant 

dismantling allows other electrical stresses to be applied, 

and isolating different parts of the generator from each 

other. Research on different mechanisms is mainly done 

on single bars or simple insulation systems to control the 

parameters. Strong offline tests include visual inspection, 

surface DC resistance test, PD test, tanδ at 0.2UN, 0.6UN, 

0.8UN and UN, polarization/depolarization measurements 

and dielectric spectroscopy. These methods have the 

possibility to distinguish between different failure 

mechanisms and indicate the severity level.  

 

Most of the electric tests are made to describe operation 

at 50 Hz. A few tests consider lower frequencies, and one 

standard exists for this measurement [7]. However, the 

comparison factor between 50 Hz and 0.1 Hz are based 

on empirical numbers from asphalt systems and are not 

necessarily useful on other insulation systems.  

 

There exist many relevant test standards, some of the 

most relevant are mentioned in this paper. Relevant PD 

tests for stator are briefly described and discussed by 

Stone et al. [8] in a format of a simple FAQ for a broad 

audience. Standardized test methods can be found in 

IEEE std 1434-2014 [4] and IEC 60034-18-34 [9]. 

 

The electrical tests will be empathized here. The 

dielectric dissipation factor and complex permittivity as 

function of frequency provides no indication of the 

distribution of the loss within the bar, whereas PD tests 

can give indications to which defects that are present due 

to their partial discharge phase resolved pattern signature 

(PRPDA).  

 
Figure 2: Different kinds of external stresses can lead to 

electrical breakdown via different processes.  



5. Experience with partial discharge tests 
 

Each defect has its own unique phase resolved partial 

discharge amplitude pattern (PRPDA) [10]. This and the 

magnitude of the PD help to identify the PD source and 

decide if it is necessary to take action, and it is not 

surprising that detection of PDs is a popular diagnostic 

method. Hudon et al. [10] have performed several studies 

regarding correlation between PRPDA and the specific 

defects and created a large database in Hydro Quebec as 

a reference for new PD measurements. A summary of the 

findings are compiled in Figure 3. However, the PRPDA 

from different sources might overlap each other when 

measuring on a bar or generator. This makes it difficult 

to uniquely determine the main PD source. IEEE std 1434 

states that the user should be cautioned that no 

technology exists today that can uniquely identify the 

exact source of the defect causing PD, based on the 

PRPDA.  

 

In order to get comparable results, calibration is 

important in all test methods. However, calibration in 

hydropower windings is difficult. IEC 60034-27 [11] 

states that it is not possible to calibrate the PD signal from 

the windings in machines due to pulse propagation, 

resonance and mutual cross coupling. This is why 

rotating machines are one of the few items of high-

voltage equipment that do not have PD specifications [4]. 

Calibration procedures are then changed to normalization 

procedures that gives a normalized signal referred to a 

signal originating at the measurement spot. Absolute 

numbers are therefore difficult to compare between 

different machines due to many different designs and 

signal modification during signal propagation. Pattern 

recognition and trending are therefore preferable for 

diagnosis of hydropower windings.  

 

Bélec et al. demonstrated how PD monitoring can be used 

to plan re-winding of a 202 MVA hydro generator [12]. 

The PD rate and maximum PD amplitude were stable 

until 2004 when it rapidly started to increase. They read 

this as a pre-warning and three years later, the generator 

was re-winded. As a comparison, the same group 

described another case in [13], a 184 MVA generator that 

suffered from slot PD. The PD monitoring showed, 

however, stable and high PD numbers until failure. The 

PD rate and magnitude fell after re-winding, but slowly 

increased for 6 years until the article was published. This 

illustrates that PD monitoring is not always informative 

if the PD rate and magnitude changes slowly and are 

interpreted as constant. Despite this, continuously 

monitoring is beneficial, especially on large generators in 

remote areas where it is very costly to transport personnel 

for routine tests [14] and there is a high cost of repair. 

 

To understand the PD mechanisms, it is necessary to 

investigate single bars to reduce the number of unknown 

variables as much as possible. Therefore, many 

researchers focus on varying a few parameters on single 

bars or model insulation systems. The variations try to 

mimic realistic stress that the bars might encounter 

during service. Hopefully, these artificial defects can 

give recognizable PD patterns that can give a relevant 

reference for later measurements with unknown source.  

 

Generator windings are exposed to a high service 

voltage. An accelerated electric test could be a voltage 

endurance test at a higher voltage than the rating. An 

example of that was a test performed at 59.5 kV, both AC 

and DC, for up to 2200 hours until breakdown at a 

constant temperature of 110 °C, on six Roebel bars rated 

13.8 kV [15]. PRPDA tests were performed at 8 kV AC. 

For AC voltage endurance, the PD count as function of 

time increased between 7 % and 180 % for the different 

bars, whereas for DC voltage endurance tests, the PD 

count decreased between 35 % and 60 % on the different 

tested bars. This indicates that AC overvoltage is more 

dangerous than DC overvoltage.  

 

Voltage endurance tests at 8.3 kV/mm [16] (15 kV, 

50 Hz, 2.5 times service stress) with PD monitoring show 

a rapid increase before a slowly decrease over a longer 

time. Measurements 25 h before breakdown (short 

relative time) show no indications of an electrical 

breakdown in development. This was explained by the 

possibility of transition from streamer to Townsend 

mechanism or that acids can be formed inside the gas 

void, that suppresses the PD activity.  

 

PD as function of temperature was found in [16], and 

there was a slight increase in the PD pulse count up to the 

design temperature at 155 °C, where temperatures above 

resulted in much higher PD pulse rate. The PRPDA 

pattern changed slightly, but was comparable to the start. 

The same study used thermal cycling to mimic rapid start 

and stops and a temperature gradient in the insulation. 

The temperature of the copper conductor increases 

rapidly, while the temperature in the insulation increases 

more slowly, as it is cooled by the surrounding material. 

In this experiment, the bar was heated for 30 min by a 

current to 155 °C, and then cooled by a fan for 30 min. 

155 °C was chosen because it was the design limit. The 

PD rate increased much until about 2000 cycles, where 

the increase was slower. This can indicate that the 

number of internal voids increased rapid until a certain 

saturation level.  

 
Figure 3: Typical shapes of PRPDA patterns for different 

defects. The PDs are mainly happening on rising edge. 



 

Slot discharges are harmful and also one of the most 

frequently occurring failure modes and was therefore 

studied by Hudon et al. [17]. The bars were placed in slots 

with 0, 0.25, 0.5 and 1 mm gap. The PD magnitude and 

activity increased significantly for both gap size and 

temperature, especially above the glass transition. 

However, increasing the temperature, the insulation was 

expanded and hence the slot gap decreased. The PRPDA 

patterns were documented and described, but the 

background physics were not explained.  

 

PDs can also be detected by high frequency (HF) 

methods. HF sensors can be embedded in the machine 

and provide non-galvanic-contact with the machine [18].  

 

6. Experience with dielectric loss tests 
 

The dielectric losses, or leakage currents, can be 

described by several quantities. The dissipation factor, 

tan(δ) is the most common, especially at 50 Hz, whereas 

the complex permittivity or capacitance can be found in 

either frequency (dielectric spectroscopy) or time domain 

(polarization/depolarization test). In principle, it is 

possible to perform a Fourier transform to get to the other 

[19]. The focus in the following will be in the frequency 

domain. It could be mentioned that dielectric 

spectroscopy is mainly performed on single bars or coils, 

rather than on complete windings [6]. 

 

Farahani et al. [19] performed dielectric spectroscopy on 

single bars at different temperatures and during 

thermoelectrically ageing. The tan(δ) curve as function of 

frequency changed for all frequencies. During ageing, it 

decreased during an initial period, before it increased. 

The loss increased for increased temperature, but the 

loss-frequency shape was preserved with just another 

amplitude factor. After ageing, the insulation was 

considered brittle and general thermal degraded.  

 

Dielectric spectroscopy can be used to detect changes in 

the loss, such as a loss increase due to water ingress [20]. 

Water has a higher conductivity, ion dissociation and 

permittivity than the mica-epoxy insulation and therefore 

the leakage currents increase significantly. Even small 

quantities of water can be detected if measurements are 

compared with results from the sample in dry condition 

recorded earlier.  

 

The generator bars have end-corona protection that acts 

as field grading at some parts outside the stator core. This 

field grading material affects the measured capacitance at 

low frequency and should be considered if non-guarded 

measurements are performed. Taylor [21] described the 

end-winding contribution to dielectric spectroscopy, 

from 0.1 mHz to 100 Hz, and the importance of guarding 

when measuring the main insulation. The total 

capacitance could increase as much as 13 % for the 

lowest frequencies. At power frequency, this capacitance 

increase was only 0.05 % at 300 V and 1.5 % at 14.4 kV. 

The lower frequencies let the high voltage potential to be 

over a larger area than at higher frequencies.  

 

PDs increase the losses in the insulation. These losses are 

more significant at a high voltage than at lower. The 

tip-up method is to compare the 50 Hz tan(δ) value at 

0.2 UN and 0.6 UN. IEC 60034-27-3 [22] describes 

dielectric dissipation factor measurement on stator 

winding insulation of rotating electrical machines. By 

comparing the machine to itself, the variance between 

different units are eliminated. The main goal is to reveal 

voids that create PDs or other mechanisms that increase 

the loss. When the PD rate is too high, the conventional 

PD measurement systems do not count all. The 

dissipation factor is a measure on the average and can be 

suitable to indicate the total number of voids present in 

the insulation [16]. A too high PD rate could also result 

in a constant PD current, which is not possible to trig and 

give individual PDs.  

 

Cimino et al. [23] used tip-up test to verify decreased 

strength at bending points of a bar. They vibrated a bar, 

while fixing one side. The contact point where the 

bending angle were largest suffered from the highest loss 

increase. The tip-up test revealed that voids, 

delamination or cracks were created due to the vibration.  

 

The standard, IEC 60034-27-3 describes a limit for 

allowed tip-up value. Sedding et al. [24] discussed this 

standard and questioned the limit. They think that more 

work is needed to verify or disprove the values. 210 stator 

coils and bars were tested and all met the 2 % 

requirement, but a significant number did not meet the 

0.5 % tip-up requirement. This made them question if the 

limits were set too conservative.  

 

7. Interpretation of the measured results 
 

When online measurements of PD, ozone generation or 

temperature have detected significant changes in 

trending, offline measurements need to be performed to 

further investigate the generator and identify the root 

cause of the measurement. Offline tests can be performed 

with variable degree of dismantling. The more 

dismantling, the more certain about the defect location. 

However, this is a costly process and is only performed 

if necessary. It is then necessary to have accurate 

correlations between defect and measured result to 

identify possible root causes of the measurement.   

 

Different defects produce different PRPDA that acts as 

signatures for the specific defect. This helps in condition 

assessment to identify the defect. The comprehensive 

study by Hudon et al. [10] provides a useful background 

for comparing different PRPDA patterns. However, 

different defects have overlapping PRPDA and it could 

be difficult to distinguish between the different defects. 

Research is therefore performed on single bars to control 

the variables and from that know the relation between 

failure and measurement. Slot gap distances are varied, 



temperature increased and lowered, deterioration by bar 

vibration, artificial voids inserted to the insulation and 

voltage endurance tests to describe how the defects can 

be measured. However, no detailed physical explanation 

of the measured signals has been presented. 

 

The measurement of dielectric losses by dissipation 

factor or complex permittivity/capacitance is a useful 

tool to measure the overall condition of the generator bar. 

It is a good measure on leakage currents that might arise. 

These currents might originate from water ingress, 

overall more PD activity or just a general deterioration of 

the insulation strength. The loss-frequency curve might 

be compared to known loss sources and from that identify 

the source and perform the correct action.  

 

There exists no complete physical explanation of the 

breakdown and pre-breakdown process and signal 

propagation within the bar. Therefore, absolute numbers 

for acceptance criteria are not proposed in the reviewed 

literature. This results in the limited test evaluation that 

trend changing of the variables for the same unit are more 

informative than comparing the absolute numbers with 

other generators. A summary of the described 

mechanisms and preferred detection methods is given in 

Table 1. 

 

A condition assessment should reveal insulation defects 

before they cause breakdown. To do so, it is important to 

know which measured physical state that characterizes 

ageing, contaminations and internal partial discharges. 

When the physical state of these defects is known, it is 

possible to correlate the measured signal and the root 

cause of the signal. This leads to increased reliability of 

condition assessment and reduces the risk of unexpected 

breakdown.  

8. Conclusion 
 

Electrical condition assessment is currently performed on 

hydropower stator bars by mainly partial discharge, 

insulation resistance, dissipation factor and complex 

permittivity measurements. Partial discharges can give 

indications of the maximum void size or most severe 

defect and also the location. The phase resolved 

amplitude plot is a strong characteristic of which defect 

that causes the PD. Each source has each own signature 

and analyses can substantiate which faults that are 

present based on a PRPDA plot. The resistance 

measurement, dissipation factor and complex 

permittivity are measuring leakage currents. Whereas the 

resistance measurement is based on DC, the dissipation 

factor and complex permittivity can be found for a variety 

of frequencies. The frequency variation gives more 

information about the defect source and it is possible to 

identify the source. Water ingress and enlarged PD 

activity can be detected by frequency varied 

measurements. The physical explanation of 

deteriorations and how to make measurement are mainly 

qualitative in the literature. More research is needed to 

explain the quantitative relations and give a complete 

physical explanation.  
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Table 1: Summary of the different deterioration mechanisms.  

 
Thermal H2O Slot Void Delamination Surface 

Electrical 

equivalent 

circuit 

 

Model Resistance in 

parallel with a 

capacitance 

Resistance in 

parallel with a 

capacitance 

Two capacitors 

in series 

Three capacitors 

in series 

Two/three 

capacitors in 

series 

Variable surface 

resistor 

Ageing Number of  
voids increases, 

overall 

condition is 
weakened 

% of water 
increases, 

overall 

condition is 
weakened 

The slot gap 
expands 

The void 
expands or more 

arise 

The 
delamination 

expands 

More 
contaminations 

Characteristic The effective 

resistance is 

lowered 

The effective 

resistance is 

lowered 

Relative C in 

slot decreases, 

PD occurs 

Relative C in 

void decreases, 

PD occurs 

Relative C in 

void decreases, 

PD occurs 

Conductivity and 

E increases, PD 

occurs 

Preferred 

diagnostic 

method 

Permittivity, 
tan(δ), PD 

Permittivity, 
tan(δ) 

PD, PRPDA, 
rate and 

magnitude 

PD, PRPDA, 
rate and 

magnitude 

PD, PRPDA, 
rate and 

magnitude 

PD, PRPDA, rate 
and magnitude 
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Abstract—This paper presents results from laboratory 
measurements of partial discharge (PD) activity in 50 cm long 
samples cut from the mainwall section of old hydrogenerator 
stator bars. All stator bars were manufactured in 1976 and 
samples were taken after 35 years in service from both the low and 
high voltage sections of the generator, as well as non-energized 
back-up bars. The PD activity, using a phase resolved (PRPDA) 
measuring system, was investigated at different test voltages up to 
9.6 kV (1.5 U0), frequencies and temperatures in the range 20-
155 ˚C and 0.1-50 Hz, respectively. The service-aged and the 
unaged reference samples showed a clear difference in voltage 
frequency dependence. It was, however, not possible to distinguish 
between service-aged bars from high and low electric stress. The 
observed frequency and temperature dependences are discussed 
with respect to theoretical assumptions regarding possible void 
degradation and surface conductivity.  

Keywords— Hydropower, partial discharges, variable voltage 
frequency 

I. INTRODUCTION 

Condition assessment of hydrogenerator stator bars, based 
on detection of changes in partial discharge (PD) activity are 
performed either as online or offline measurements. During PD-
testing of installed generators, the temperature varies with the 
current load or time after shutdown. It is usually beneficial to 
perform offline PD tests at low frequency (0.1 Hz) due to the 
large capacitance in the generator windings, keeping the test 
equipment small. Although, several standardized test procedures 
are available [1-3] it is unclear how PD results obtained at 
0.1 Hz relate to results measured at 50 Hz, see e.g. [4, 5].  

One example of results from trend analysis of online PD 
monitoring is given by Bélec et al. [6]. In case of large change 
in PD characteristics, a more detailed examination of the 
generator revealed the presence of slot discharges. Based upon 
this, it was decided to rewind the generator. In case of 
considering and comparing the quality of large number of 
generators, statistical analysis of PD measurements are used to 
locate the critical generators suggested for further more detailed 
investigations [7]. An alternative approach is to use measured 
phase resolved PD signatures (PRPDA) to build a database of 
possible PD sources, for example Hudon et al. [8]. 

The main purpose of this paper is to examine 
experimentally, how PD features change with applied voltage 
frequency and temperature and examine if the variable voltage 

frequency PD technique can be used as a diagnostic tool for 
stator bars.  

II. THEORY REGARDING VOID DISCHARGES 

PDs occur when the voltage across voids exceeds its 
threshold value and a starting electron is available. This means 
that the PD inception voltage strongly depends on void shape, 
size and availability of starting electron. Charge is deposited 
during a PD, opposing the applied field.  

The apparent PD charge qa, which can be measured by an 
external circuit, can approximately be expressed as 

 
where b according to the well-known abc equivalent of the test 
object is the insulation capacitance in series with the void. It is 
assumed that the test object capacitance, a, is much larger than 
the void capacitance. ΔU is the voltage change across the void 
during the PD occurrence.  

In order to consider possible effects of testing at low 
frequencies the deposited charge qi is here considered to decay 
exponentially  

 
where τ is a time constant given by  

where σ is the resulting apparent conductivity and ε the 
permittivity.  

A statistical time lag influence the voltage ΔU and is more 
pronounced at higher frequencies, where a certain delay before 
initiation gives a PD at a higher voltage. The influence of 
statistical time lag on frequency behavior is e.g. described in the 
experimental and numerical work in polycarbonate by Forssén 
et al. [9]. Here a statistical time lag in the millisecond range was 
used to describe an increase in PD magnitude with applied 
voltage frequency.  

In case of varying the frequency of the applied voltage, three 
different cases may occur:  

I. The time constant is much smaller than the voltage half 
cycle. Deposited charge decay fast.  

This work is founded by the project "Hydrogenerator Stator Winding 
Insulation Assessment". The project is supported by The Research Council of
Norway (Project No. 255099/E20), and industrial partners. 
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II. The time constant is at the order of the voltage half cycle. 
Deposited charge decay to some extent and is frequency 
dependent. 

III. The time constant is much larger than the voltage half cycle. 
Deposited charge do not decay. 

The PD repetition rate is limited by how fast the void voltage 
is restored. This means that a higher PD repetition rate is 
expected in case I than in case II than in case III. The frequency 
dependence is however expected to be the same, a decreasing 
PD repetition rate with increasing frequency.  

The PD magnitude is, according to equation (1), dependent 
on a voltage difference and a capacitance. If the complete void 
participates in the PD, i.e. b constant, then the only factor 
influencing the PD magnitude is the voltage ΔU. This means that 
all three cases should have PD magnitude increasing with 
increasing frequency that are at the same level. 

According to equation (3), the time constant is inversely 
proportional to the resulting conductivity, which is commonly 
assumed to increase with temperature following Arrhenius law 

 
where Ea is the activation energy, kB the Boltzmann constant and 
T the temperature in Kelvin.  

It is reasonable to assume that the rate of degradation caused 
by PD activity is proportional to the PD energy dissipated. 
Therefore, the PD power P is here presented to facilitate 
comparing results from test objects differently aged; calculated 
according to  

 
where Δt is a reference time creating either per period or per time 
unit and Ui is the momentary voltage at the time instant the PD 
of apparent measured charge qa,i. 

III. METHODOLOGY 

A. Test samples 

All 50 cm long test samples were cut from the main-wall 
insulation of old hydrogenerator stator bars (U0 = 6.4 kV), 
manufactured in 1976 and taken after 35 years in service. Three 
samples were taken close to HV terminal, three samples close to 
neutral terminal and three samples were non-energized back-up 
bars.   

The bars were insulated by mica paper tape with non-woven 
glass reinforcement, PET film and polyester binder. The 50 cm 
long test objects had a resulting capacitance of about 400 pF. 
The surface of 12 cm at each end was painted with end corona 
protection, CoronaShield P8001, to reduce the electric field and 
prevent external PDs at the terminations. 

B. Measuring principle and test procedure 

The test setup consisted of a standard PD detection circuit, 
schematically shown in Fig. 1, consisting of a measurement 
impedance, Z, Omicron CPL 542A in series with a coupling 

capacitance, CC, of 3.4 nF. The samples were clamped between 
grounded copper plates to simulate the stator slot.  

The bars were initially electrically stressed at the maximum 
test voltage of 9.6 kV (1.5 U0, where U0 is the line voltage of 
6.4 kVRMS) for 5 minutes at power frequency (50 Hz) as 
suggested in IEEE std 1434 [3]. During PD testing the voltage 
was increased from zero voltage to 1.5 U0 in voltage steps of 
0.15 U0. The voltage was kept constant at each step for the 
longest of either 10 s or 10 periods. This procedure was 
immediately repeated for all frequencies, in decreasing order to 
0.1 Hz, with the conditioning period reduced to 5 s. The 
conditioning period also served as a test to control if results from 
50 Hz energizing changed during the frequency sweep.  

An automated computer controlled test equipment was 
developed to facilitate PD measurements as a function of voltage 
magnitude, applied frequency in the range 50 - 0.1 Hz and 
temperature in the range 20 - 155 ˚C.  

During a voltage step, the average of the 10 largest apparent 
discharges, above a threshold of 20 pC, was noted as the 
maximum apparent charge. This was done to reduce the 
influence of noise and large single-occurring PDs. Mean values 
and error bars in the figures are based on three similar samples 
per data point.  

IV. RESULTS AND DISCUSSION 

All tested stator bars were produced for the same 
hydropower generator and it is reasonable to assume that they 

ߪ  ∝ ݁ି ா౗௞ా்	 (4) 
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Fig. 1: Test setup. The circuit is fed by a high voltage variable frequency 
generator, TREK. The coupling capacitance is in series with the measurment 
impdence Z. The test object CT.O. is placed within an oven.  

 
a) Unaged back-up bar, 

0.1 Hz measurement 
b) Unaged back-up bar, 

50 Hz measurement

 
c) Service-aged near HV terminal, 

0.1 Hz measurement
d) Service-aged near HV terminal, 

50 Hz measurement 
 

Fig. 2: PRPDA for 10 periods for back-up bars and in-service-aged bars 
from near HV terminal measured at U0. Measured at both 0.1 Hz and 50 Hz. 
Normalization of PD numbers to PDs per period. The integration settings 
are in the time domain, ±100ns.



were originally similar. Differences must therefore have been 
introduced during service. Typical PRPDA figures, measured 
for 10 periods at U0 and 0.1 Hz and 50 Hz, are shown in Fig. 2. 
The PRPDAs are symmetric in the polarity, showing internal 
PDs, and there are more PDs per period at 0.1 Hz than at 50 Hz, 
as expected. The service-aged bars have more PDs per period 
than the back-up bars, indicating a higher conductivity as 
described in the presented cases in the theory section. This 
indicates that the conductivity has increased during service.  

The overall shape of the PRPDA at both 0.1 Hz and 50 Hz 
are comparable. Measurements at 0.1 Hz energize a larger area 
due to the field grading paint at the ends of the bar. This is 
however considered insignificant. Differences were seen 
between the service-aged and unaged samples. No significant 
differences were observed between service-aged samples near 
neutral or HV terminal.  

A. Applied frequency dependence, 

Results presented in Fig. 3 show the maximum PD charge 
and dissipated energy per period as function of frequency. The 
magnitude of the apparent PD charge for the service-aged 
samples increase with frequency, in good agreement with the 
presented theory. The dissipated energy is a combined number, 
dependent on repetition rate and magnitude. Low frequencies 

give many small PDs and higher frequencies give larger PDs, 
but fewer. It is therefore reasonable that the dissipated energy 
increases with frequency, as seen here with the mean value.  

The unaged back-up bars were found to have a decreasing 
PD magnitude with increasing frequency. The dissipated energy 
is also decreasing with increasing frequency. This is not in 
accordance with the presented theory. One important 
assumption in the theory section was that the capacitance b is 
constant for all frequencies. It seems that the discharging area of 
the voids in the unaged back-up bars is frequency dependent. A 
larger area is discharged at lower frequencies than at higher 
frequencies.  

B. Test temperature dependence 

The graphs presented in Fig. 4 show the ratio of the 
maximum charge and dissipated energy per period. The ratio is 
found by dividing the value at 0.1 Hz by the value at 50 Hz. This 
is a compact method to describe the trends presented in Fig. 3 as 
function of temperature.  

All samples show the same trend as function of frequency 
when the temperature is above 60 ˚C. PD magnitudes at 50 Hz 
are larger than at 0.1 Hz for all samples, but the ratio between 
them varies. The same is valid for dissipated energy, but with 
values at 0.1 Hz larger than at 50 Hz. The presented theory is 
valid for this temperature range. The back-up bars differ 
significantly from the service-aged bars below 60 ˚C where the 

 
a) Maximum charge 

 
b) Average dissipated energy per period. ERRORBARS are not included 
because the standard deviation for service aged bars are 100 % and 20 % 

for the back-up bars.  
 

Fig. 3: Measurements of maximum charge and dissipated energy per period 
measured at 20 ˚C at U0.  

 
a) Ratio of maximum charge at 0.1 Hz and 50 Hz 

 
b) Ratio of dissipated energy (P) per period at 0.1 Hz and 50 Hz 

 
Fig. 4: Ratios of measured dissipated energy and maximum charge versus 
temperature measured at U0. 



values at 0.1 Hz are larger than at 50 Hz and the presented theory 
cannot explain this.  

The dissipated energy per period above 90 ˚C is significantly 
larger at 0.1 Hz than at 50 Hz. This might be related to a very 
high conductivity at high temperatures, as described in 
equation (4). This gives a low time constant that allows 
deposited charges to decay almost instantaneously and a high 
PD repetition rate occurs.  

The service-aged bars close to neutral terminal have a higher 
mean dissipated energy per period at 0.1 Hz than at 50 Hz at all 
temperatures. The bars close to HV terminal have a higher 
dissipated energy per period at 50 Hz than at 0.1 Hz below 
100 ˚C, indicating a possible difference between service aging 
with and without voltage stress.  

C. Applied voltage dependence 

Maximum PD magnitude as function of applied voltage at 
20 ˚C and 60 ˚C for the back-up bars is presented in Fig. 5. 
Which frequency that gives the highest PD magnitude is 
dependent on the applied voltage. There is no difference 
between PD magnitude at 0.1 Hz and 50 Hz below 4 kV. This 
statement is also valid for the service-aged bars. 

Above 7 kV, the PD magnitude at 0.1 Hz becomes 
temperature independent, whereas the 50 Hz values differ 
significantly as function of temperature. The PDIV is lower at 
20 ˚C than at 60 ˚C, indicating that the void conditions are 
changed at different temperatures.  

D. Sample differences 

The observed difference in maximum PD magnitude and 
dissipated energy indicate that the void conditions of the unaged 
and service-aged samples are different. These differences could 
originate in various void types or void degradation due to service 
ageing. The large spread (up to 100 %) for the service-aged bars 
makes it difficult to distinguish between samples from high and 
low voltage. This might however indicate that thermal ageing is 
more dominant than electrical ageing.  

The back-up bars show a lower spread in the results than the 
service-aged bars. This might indicate that the service ageing of 
the insulation is not the same in the whole generator. It is 
however possible to distinguish between the service-aged bars if 
neglecting the spread in the results. Then, the bars from close to 
HV terminal produce higher PD magnitude and dissipates more 
energy per period. This might be a possible difference between 
the service-aged bars, but a much larger population than three 
samples must then be tested to reduce the spread and make a 
conclusion.  

V. CONCLUSION 

1. Based upon PD-measurements, it is possible to 
distinguish the service-aged bars from the back-up bars 
using their maximum apparent charge and dissipated 
energy as function of voltage frequency and magnitude.  

2. No significant difference in PRPDA was observed 
between service-aged bars exposed to low and high 
voltage for 35 years. 

3. Frequency sweeps give valuable information that is not 
revealed testing at one voltage frequency only. 
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Fig. 5: Maximum charge for the back-up bar as function of applied 

voltage, measured at 20 ˚C and 60 ˚C at both 0.1 Hz and 50 Hz.  
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Abstract 

Condition assessment of high voltage equipment based on 

partial discharge measurements is often performed after a 

voltage pre-conditioning period. The aim of this paper is to 

present results from experimental examinations of time variance 

of partial discharge activity and to propose physical explanations 

of the phenomena observed. Experiments were performed on 

laboratory made 3 mm thick discs of generator bar insulation, 

consisting of mica and glass fiber reinforced epoxy with a 

0.5 mm thick cylindrical void surfaces of 10 mm in diameter. 

The effect of conducting and insulating void surfaces was 

examined using copper tape as upper and lower electrodes of the 

voids. All objects were tested by 12 one-minute long AC voltage 

frequency sweeps at frequencies from 50 Hz to 0.1 Hz 

distributed in time from start of the experiment, after initial one-

hour constant 50 Hz voltage application and during object short-

circuiting for 20 h. The main result shows that in case of 

insulating voids the apparent charges vanished after the one-

hour constant 50 Hz voltage application. After a grounding 

period of 5 minutes, the charge magnitudes slowly increased 

with time until reaching steady state after about 4-8 hours. Test 

objects with conductive void surfaces showed such reduction in 

case of PD testing at 0.1 Hz only. At voltage frequencies above 

10 Hz the measured PD magnitudes were found to be nearly 

constant, close to the expected high theoretical value. This 

indicate that PD by-products strongly affected the void 

resistivity and thereby affect the PD activity of insulating voids. 

These by-products are temporary and disappear with time.   

 Introduction 

To avoid temporary partial discharge (PD) events and to 

ensure stable void conditions during diagnostic PD-testing, IEC 

60034-27 [1] and IEEE std 1434 [2] suggest a procedure for pre-

conditioning of stator bar insulation. It is recommended to use at 

least 1-15 minutes of pre-conditioning at maximum test voltage. 

Recommended duration is, however, flexible, as it is stated that 

pre-conditioning up to 1 hour may be preferable. For example it 

is reported that in case of polycarbonate insulated samples stable 

PD conditions were reached after 1.5 hours of pre-conditioning 

[3].  

The main purpose of this work is to experimentally 

investigate how PD parameters change with varying frequency 

AC test voltage after different durations of short-circuiting time 

after the one-hour pre-conditioning period. The observed 

phenomena are discussed with respect to a classical theory of 

interpretation of PD measurements.  

 Theoretical model 

Equations applied in this chapter are based on the PD 

characteristics of new samples with no preceding PD activity. 

Examples on how preceding PD activity might change the void 

properties are shown in Chapter 2.3.  

PD arcs in a void are assumed to last for a very short time, 

most probably a few nanoseconds [4], i.e. an applied test voltage 

of 50 Hz can be considered constant during the PD arc. This 

means that any voltage frequency dependence of PD activity 

must be caused by changes occurring before the first PD 

occurrence. 

2.1 Frequency dependent voltage across the void  

A void encapsulated in a partly conducting dielectric can be 

modelled by a modified abc-model, as shown in Figure 1. Here 

the capacitors 𝐶a and 𝐶b of the insulation and the void 

capacitance 𝐶c are considered to have a resistor in parallel.  

 

The voltage across the void 𝑈c is determined by the applied 

voltage 𝑈a  

 
where 𝑍b and 𝑍c represent the frequency dependent impedance 

of the involved sections. This equation has a cut-off frequency 

given by the Maxwell-Wagner relation 

 
 A PD can occur when the applied voltage exceeds the 

breakdown strength of the gas in the void. It is here assumed that 

the electric field inside the void is homogeneous and that the 

minimum breakdown voltage 𝑈s0 is given by Paschen law [5]  

 

 
Figure 1: The modified abc-equivalent circuit for interpretation PD activity 

in a void enclosed in an insulation system with low conductivity.  

 
𝑈c =

𝑍c

𝑍c + 𝑍b

⋅ 𝑈a  (1) 

 

 

𝑓cut−off ≈
1

𝑅𝐶
=

1
𝑅b

+
1

𝑅c

 𝐶b + 𝐶c

=
𝑅b + 𝑅c

𝑅b𝑅c(𝐶b + 𝐶c)
  (2) 

 

 
𝑈s0 = 6.72√𝑝𝑑 + 24.36(𝑝𝑑)[kV] (3) 

 



where 𝑝 is the pressure and 𝑑 the gap distance. This expression 

is valid for 𝑝𝑑 values in the range from 10-2 to 5⋅102 (bar cm). 

2.2 Derived partial discharge parameters  

When the electric field locally is above a threshold value, an 

electron is needed to start PD initiation (statistic time lag) before 

the formation of the PD event takes place (formative time lag). 

The apparent charge 𝑞a0 is measured in the external circuit, and 

can be modelled by the abc-equivalent, due to the short duration 

of the PD pulse. In case the entire void is considered discharged 

 
where 𝐶b is the capacitance of the insulation in series with the 

void, 𝑈r is the remanent voltage after a PD has occurred and 𝑈s 

the actual breakdown voltage of the void. There might be a 

voltage higher than that of equation (3) if no start electron is 

available when the voltage increased above the threshold limit. 

A frequency independent time delay Δ𝑡 causes a larger 

overvoltage at high frequency due to a larger voltage change 

during the same period compared to low frequency 

 

where 𝑈0 is the maximum void voltage, 𝑡PD0 =
1

𝜔
⋅ asin (

𝑈s0

𝑈0
) is 

found by using Δ𝑡 = 0 and Paschen voltage.  

The PD pulse repetition rate 𝑛 per half period is rounded 

down to the nearest digit and given by 

 
where 𝑈0 is the maximum voltage applied across the void during 

a voltage cycle.  

 A new alternative approach, suggested here, is to define a so-

called apparent repetition rate, 𝑛̂. This is defined as the sum of 

all measured apparent charge magnitudes divided by the 

theoretical apparent charge value 

 
The total measured apparent charge is a parameter that is easy to 

measure, less influenced by statistical variation than the apparent 

charge and is directly dependent on the capacitance 𝐶b in series 

with the void, the maximum void voltage 𝑈0 and the remanent 

voltage 𝑈r. The total apparent charge is expressed by combining 

equations (4), (6) and (7): 

 
where 𝑔 is an area correction factor introduced as the ‘relative 

PD-active’ void area. 

2.3 Influence of surface change due to PD activity 

Free electrons, or start electrons, in the void can originate 

from different sources, such as cosmic radiation, field emission 

from the void walls with charges in shallow traps [6]. The PD 

arc reacts with the air in the void and the void surface and can 

produce various acids, which have been found to highly 

increase the polymeric void surface conductivity [7, 8]. Such 

acids are known to self-decompose into neutral components, 

nitric acid in particular [9]. The increased surface conductivity 

due to PD arcs is therefore expected to decrease with time after 

short-circuiting. An increasing surface conductivity on epoxy 

surfaces caused by PD activity has been shown to change the 

discharge type from spark to continuous glow discharges [10]. 

Glow discharges produce a continuous current and can only be 

measured with photodetectors or pico-amperemeters. A higher 

surface conductivity reduces the void resistance and hence the 

void voltage at low frequency. This is demonstrated by the 

graphs presented in Figure 2, where a sketch of the normalized 

void voltage based on equation (1) as function of frequency are 

given for different void relaxation times (𝜏c = 𝑅c𝐶c).  

 

 Examined test objects 

The test samples were produced using a commercially 

available mica tape, which was cured at 160 °C for 1 h under a 

pressure of 3.3 bar into 1.5 mm thickness. A 10 mm hole 

diameter with height of 0.5 mm was constructed with a metal 

spacer in the lower part during the curing. The test object types 

are sketched in Figure 3. The samples had dimensions 

100x100x3 mm3. The upper and lower surfaces (indicated with 

a red line) were either kept insulating, or covered with copper 

tape of thickness 0.1 mm giving a reduced void height of 

0.3 mm. Three similar samples were made for each type of test 

object.  

 

 The samples were clamped between two brass electrodes 

enclosed in an epoxy cylinder to prevent spurious discharges in 

the air at the triple point between insulation surface, electrode 

and air. Additionally, a thin layer of silicone grease was applied 

between the electrodes and the sample to prevent unintended PD 

in small voids at the interface between the test object and the 

metal electrodes.  

 

 

 
𝑞a0 = 𝐶b ⋅ (𝑈s − 𝑈r) (4) 

 

 
𝑈s = 𝑈0 ⋅ sin(𝜔(𝑡PD0 + Δ𝑡)) (5) 

 

 
𝑛 = ⌊2 ⋅

𝑈0 − 𝑈r

𝑈s − 𝑈r

⌋ (6) 

 

 
  𝑛̂ =

1

𝑞a0
∑ 𝑞a (7) 

 

 
  ∑𝑞a = 𝑛̂ ⋅ 𝑞a0 = 4 ⋅ 𝑔 ⋅ 𝐶b ⋅ (𝑈0 − 𝑈r) (8) 

 

 
Figure 2: Sketch of relative void voltage for different void relaxation times 

𝜏c = 𝑅c𝐶c, based on equation (1). The relaxation time of the insulation is 

chosen high; 1000 s, i.e. representing a low insulation conductivity.  

 
Figure 3: Sketch of test objects. The void surface (red) can be covered with 

0.1 mm thick copper tape.  



 Material characterization 

4.1 Methods  

The complex permittivity of the insulation as function of 

frequency was determined by dielectric spectroscopy 

measurements at 200 V in the frequency range of 1 mHz to 

0.1 kHz with IDAX 206 hardware and software.  

One test object was modified by connecting thin copper 

wires to the copper tapes positioned at the surface of the voids. 

The wire ends were available on the outside of the test objects. 

The void resistance of this object before and after 1 h of 10 kVrms 

at 50 Hz was measured using a DC insulation tester at 1 kV.  

4.2 Results from material characterization 

The results from material characterization are shown in 

Table 1. The DC conductivity was calculated from the complex 

permittivity at low frequency.  

 

 Partial discharge test methods 

5.1 Experimental setup 

The experimental setup was fully automated and controlled 

by a LabView program as shown in Figure 4. The hardware is 

based on a standard PD detection circuit [11]. The input voltage 

signal from the computer was amplified by a high voltage 

amplifier, TREK 20/20B, and filtered by a low pass filter 

(5 kHz) to reduce inherit amplifier noise. The test object 

(~20 pF) was in parallel with a coupling capacitance (100 pF). 

PD pulses was detected by using a quadrupole in series with the 

coupling capacitance and processed by the automated PD 

detection system from Omicron, MPD600 and MCU 502.  

The circuit was calibrated with a calibrator that injected a 

charge corresponding to 100 pC across the test object.  

5.2 Test procedure 

The voltage application on the test samples is sketched in 

Figure 5. A constant voltage of 10 kVrms at 50 Hz was applied 

the first test hour with a high PD number before short-circuiting 

for 20 h. PD measurements during voltage frequency sweeps 

were performed at different time intervals during the test as 

indicated in the figure. The frequency sweeps consisted of 5 

periods at 10 kVrms at each of the following frequencies: 50, 10, 

1, 0.1, 1, 10 and 50 Hz. This included only 35 voltage periods, 

equivalent to less than a second of 50 Hz voltage application. It 

was therefore assumed that the conditions within the void was 

unaffected by the short period of PD measurements during the 

frequency sweep. This was controlled by the first and last five 

50 Hz periods in the frequency sweep.  

 

One sample were tested with the frequency sweep order 

changed, starting at low frequency, to investigate if the test 

procedure influenced the results.  

 Results from measurements of time 

development of PD parameters 

The PD frequency sweep gave the same results regardless of 

the frequency sequence (50 Hz to 0.1 Hz or 0.1 Hz to 50 Hz) or 

the position in the frequency sweep (first vs last). Hence, the 

frequency sweep does not contribute to any measured frequency 

dependence on the PD characteristics 

The measured PDs occurred at different phase locations and 

with different magnitude. The distribution of PD magnitude at 

three time instances for the two object types are given as a 

typical example in Figure 6. The PRPDAs are not shown, but 

they are symmetric and shifted to the voltage rise, which is 

typical for void discharges.  

Table 1. Equivalent circuit parameters for a void with diameter 10 mm and 

height 0.5 mm (0.3 mm for conducting samples) and insulation thickness of 

2.5 mm based on measured complex permittivity. 

Parameter Value Comment 

𝐶b [pF] 1.1 Based on measured permittivity at 1 kHz 

𝐶c [pF] 1.4 Based on void geometry h = 0.5 mm 

𝐶c [pF] 2.3 Based on void geometry h = 0.3 mm 

𝑅b [PΩ]  5.6 Based on measured imaginary part of 
complex permittivity at 0.1 mHz 

𝑅c [TΩ] >3  Measured before 1 hour at 10 kVrms 

𝑅c [TΩ] 1  Measured right after 1 hour at 10 kVrms 

𝑅c [TΩ] >3  Measured after 20 h of object grounding 

Voltage divider  0.44 𝐶b/(𝐶b + 𝐶c), insulating samples  

Voltage divider  0.32 𝐶b/(𝐶b + 𝐶c), conducting samples  
 

 
Figure 4: Setup of the PD detection circuit. Everything was controlled by a 

LabView program.  

 
Figure 5: Sketch showing the voltage application versus time. The test object 

was short-circuited between the frequency sweeps, except between the first and 
second frequency sweep.  



 

The apparent PD repetition rate 𝑛̂ versus time for different 

frequency and object type is given in Figure 7. It is a large spread 

in apparent charge magnitude with many small values and the 

resulting repetition rate 𝑛 is very high and thereby useless.  

 

The normalized maximum detected apparent charge during 

five voltage periods as function of time for different frequencies 

and object type is presented in Figure 8. The theoretical value 

was used as normalization factor, given by equation (4), which 

is 3.1 nC for insulating objects and 2.2 nC for conductive 

objects. This difference is due to a reduced void height caused 

by the thickness of the copper tape.  

 

 The calculated void voltage based on equation (8) is 

presented in Figure 9 for insulating objects and in Figure 10 for 

the objects with copper tape. It is a significant influence from the 

pre-conditioning.  

 

 
a) Void with insulating surfaces. 

 
a) Void with copper tape 

Figure 6: Histogram of number of PDs per period for both sample types at 

50 Hz based on the average of three samples. It is a similar distribution at all 
tested frequencies, but with the maximal magnitude slightly different. The 

theoretical value of 8 per period is based on twice the value obtained in 

equation (6) for one half period. 

 
Figure 7: Apparent PD repetition rate 𝑛̂ = ∑𝑞a/𝑞a0 for three parallels (giving 

the error bars) versus test time. A constant voltage was applied (grey region), 

with high PDs, for the first test hour. The theoretical value of 8 per period is 
based on twice the value obtained in equation (6) for one half period. 

 
Figure 8: Average normalized maximum apparent charge for three parallels 

(giving the error bars) versus test time. A constant voltage was applied (grey 

region), with high PDs, for the first test hour. 

 
Figure 9: Void voltage as function of frequency at different time instants for 

samples with copper tape. The y-axis is equal to 𝑔(𝑈0 − 𝑈𝑟) as defined in 

equation (8). The void voltage with n = 8 per period is based on the voltage 

region in equation (6) that gives n = 8. 



 

 Discussion 

The cutoff frequency based on material parameters for new 

samples, given in Table 1, and equation (2) is less than 1 mHz. 

This means that no frequency dependence is expected. The one-

hour pre-conditioning lowered the void resistivity, increasing 

the cutoff frequency to 2 Hz. The pre-conditioning change the 

void resistivity and is thereby expected to change the voltage 

frequency response of the void.  

Figure 6 shows great difference in distribution of PD 

magnitude of both object types vs expected theoretical value. A 

minor spread was expected according to equation (5) with a time 

lag. The large observed spread cannot be explained by a time lag 

and it makes no meaning to use the PD repetition rate 𝑛 to 

describe the PD activity. The suggested apparent repetition rate 

𝑛̂ is therefore an adequate estimator for how many times the total 

void area discharges during a voltage period. The small PD 

magnitudes can be related to edge effects at the edge of the 

copper tape. Another observation is that the voids with 

insulating surfaces in a) are more influenced by the constant 

50 Hz voltage application than the voids with copper tape in b).  

The calculated apparent repetition rate 𝑛̂ based on the total 

apparent charge is presented in Figure 7 for the two object types 

at different voltage frequencies versus time. The theoretical 

repetition rate 𝑛 were expected to be 8 in both objects despite 

the geometrical difference. The apparent repetition rate for the 

voids with copper tape was close to the theoretical repetition 

rate, which indicates that the complete void was discharged as 

expected. However, the steady-state repetition rate at 0.1 Hz is 

only 6, probable related to a lower void voltage. The apparent 

repetition rate in case of voids with insulating surfaces was lower 

than for the samples with copper tape. This can be caused either 

by a lower void voltage, or a smaller relative ‘PD-active area’. 

The sum of apparent charge divided by four divided by the series 

capacitance 𝐶b, equal to 𝑔(𝑈0 − 𝑈𝑟) by equation (8), for the 

objects with copper tape is presented in Figure 9 and with 

insulating surface in Figure 10. Void voltages below Paschen 

voltage cannot give PDs and only a fraction of the total area can 

be ‘PD-active’. By assuming a pure capacitive divider, the area 

correction factor 𝑔 for the insulating object is: 0.70, 0.62, 0.30 

and 0.08 for 50, 10, 1 and 0.1 Hz respectively. This corresponds 

to a reduced ‘PD-active’ void diameter of 8.4, 7.9, 5.5 and 

2.9 mm. The reduction in ‘PD-active’ area provides still a too 

high apparent charge if the complete reduced area discharges 

during a PD, compared to the measured maximum apparent 

charge at these frequencies shown in Figure 8. This strongly 

indicates that the voids with insulating surfaces have a smaller 

frequency dependent PD-active discharge area.  

The pre-conditioning lowered the void resistance, as also 

measured by direct methods reported in Table 1. The resistance 

reduction was only temporary as it restored to original state after 

a long short-circuited period. The reduced void voltage enables 

less discharges to be produced, as is shown in Figure 7 and a 

smaller maximum apparent charge as is shown in Figure 8. This 

effect was largest for the voids with insulating surfaces, which 

indicates that the properties of the insulating surfaces were 

changed by the PD activity during constant 50 Hz voltage 

application. It was a relatively large frequency dependence, in 

which the void was almost short-circuited at low frequency. The 

frequency dependent PD activity at different time instants in 

Figure 10 for the voids with insulating surfaces can be described 

by a varying relaxation time. By comparing it with Figure 2 it is 

seen that the overall trend was that the relaxation time started 

high, reduced to a low value after the pre-conditioning and then 

gradually recover with time. This indicates, by a lower PD 

activity, that the void resistivity decreased with pre-conditioning 

and increased when grounded. One possible explanation is the 

presence of PD by-products such as acids, as seen in [7, 8], and 

following gradual self-decomposition of the acids when the test 

object was short-circuited. The effect of pre-conditioning was 

only important for voids with insulating surfaces as there were a 

large time and frequency dependence in Figure 10 and a low 

frequency dependence in Figure 9.  

Hudon et al. [10] studied PD activity during a long constant 

AC voltage application with PD and described a transition from 

spark to glow discharges after a long time. This was correlated 

to an increased surface conductivity caused by PD activity. The 

increased surface conductivity in voids, in contrast to [10] with 

no void walls, short-circuit the void and it is possible that glow 

discharges are not present in voids. However, a transition to 

glow discharges can explain a reduced void discharging area and 

can be interesting to investigate in further works. This study had 

not the equipment to follow this track any further.  

 Conclusions 

- The measured repetition rate was much higher than the 

theoretical value 𝑛. A more convenient parameter was the 

estimator apparent repetition rate, 𝑛̂, which was introduced 

here. It sums up all the apparent charge during a voltage 

cycle, normalized to the theoretical apparent charge, and was 

close to the theoretical value for the repetition rate.  

- The pre-conditioning period with PD activity changed the 

void such that the PDs extinguished at low frequency. This 

can be explained by a reduced void resistance due to by-

products from PD activity. 

- The void change due to pre-conditioning was only temporary 

as the PD activity slowly restored to the original state when 

short-circuited. This can be explained by gradual 

 
Figure 10: Void voltage as function of frequency at different time instants for 

samples with insulating surfaces. The y-axis is equal to 𝑔(𝑈0 − 𝑈𝑟) as defined 

in equation (8). The void voltage with n = 8 per period is based on the voltage 

region in equation (6) that gives n = 8. 



neutralization of the by-products from PD process that 

initially reduced the void voltage.  

Acknowledgement 

This work is founded by the project “Hydrogenerator Stator 

Winding Insulation Assessment”. The project is supported by 

The Research Council of Norway (Project No. 255099/E20), 

and industrial partners. 

References 

[1] IEC TS 60034-27:2006, Off-line partial discharge measurements on the 

stator winding insulation of rotating electrical machines, 2006. 

[2] IEEE Std 1434-2014 (Revision of IEEE Std 1434-2000), IEEE Guide for the 
Measurement of Partial Discharges in AC Electric Machinery, 2014. 

[3] C. Forssen and H. Edin, "Partial discharges in a cavity at variable applied 

frequency part 1: measurements," IEEE Transactions on Dielectrics and 
Electrical Insulation, vol. 15, no. 6, pp. 1601-1609, 2008. 

[4] R. Morrow and J. J. Lowke, "Streamer propagation in air," Journal of 

Physics D: Applied Physics, vol. 30, no. 4, p. 614, 1997. 
[5] E. Kuffel and W. S. Zaengl, High-voltage engineering: fundamentals. 

Pergamon Press, 1984. 

[6] L. Niemeyer, "A Generalized Approach to Partial Discharge Modeling," 
IEEE Transactions on Dielectrics and Electrical Insulation, Article vol. 2, 

no. 4, pp. 510-528, 1995. 

[7] C. Hudon, R. Bartnikas, and M. R. Wertheimer, "Surface conductivity of 
epoxy specimens subjected to partial discharges," in Conference Record of 

IEEE International Symposium on Electrical Insulation, pp. 153-155, 1990. 

[8] C. Hudon, R. Bartnikas, and M. R. Wertheimer, "Analysis of degradation 
products on epoxy surfaces subjected to pulse and glow type discharges," in 

1991 Annual Report. Conference on Electrical Insulation and Dielectric 

Phenomena, 1991, pp. 237-243. 
[9] G. D. Robertson, D. M. Mason, and W. H. Corcoran, "The Kinetics of the 

Thermal Decomposition of Nitric Acid in the Liquid Phase," The Journal of 

Physical Chemistry, vol. 59, no. 8, pp. 683-690, 1955/08/01 1955. 
[10] C. Hudon, R. Bartnikas, and M. R. Wertheimer, "Spark-to-glow Discharge 

Transition due to Increased Surface Conductivity on Epoxy Resin 

Specimens," IEEE Transactions on Electrical Insulation, Article vol. 28, no. 
1, pp. 1-8, 1993. 

[11] IEC 60270:2000, High-voltage test techniques - Partial discharge 

measurements 2000. 

 

 



APPENDIX D. PUBLISHED PAPERS

Paper IV

© 2020 IEEE. Reprinted, with permission, from:

T. G. Aakre, E. Ildstad, and S. Hvidsten. Partial discharge inception voltage of voids

enclosed in epoxy/mica versus voltage frequency and temperature. IEEE Transactions

on Dielectrics and Electrical Insulation, 27(1):190–197, 2020

130





 

Partial Discharge Inception Voltage of Voids Enclosed in 
Epoxy/Mica versus Voltage Frequency and Temperature 

 
Torstein Grav Aakre and Erling Ildstad 

Norwegian University of Technology and Science (NTNU) 

Department of Electric Power Engineering 

NO-7491 Trondheim, Norway 

Sverre Hvidsten  
SINTEF Energy Research 

Department of Electric Power Technology 

NO-7465 Trondheim, Norway 

 

ABSTRACT 
Detection of partial discharges (PDs) is widely used as a condition assessment tool for 

high voltage equipment. Application of low frequency test voltage is often preferred in 

the case of test objects with a large capacitance. The question addressed here is how 

results from PD-measurements performed at low frequencies correspond to that 

occurring at 50 Hz power frequency. Different theoretical models for void voltage were 

examined and compared to experiments performed on laboratory samples of mica/epoxy, 

including embedded cylindrical voids. All test objects were preconditioned at 10 kV and 

50 Hz for 5 min before partial discharge inception voltage (PDIV) testing by stepwise 

increasing the test voltage from 0 to 10 kV. The PDIV test was first completed at 300 Hz 

before being repeated at decreasing frequencies down to 0.1 Hz. The temperature was 

varied in the range of 20° to 155°C. The results at high frequencies showed that a pure 

capacitive model fits well to the measurements. Measured dielectric response in 

mica/epoxy explained the decreasing PDIV at low frequencies and high temperatures. A 

high PDIV was measured at a combination of low temperatures and low frequencies. 

This was correlated with a reduced void resistance of the electrically stressed void 

sidewalls caused by the PD activity during the preconditioning period. This indicates that 

the effect of PD by-products decays faster at higher temperatures. Values of PDIV are, 

therefore, expected to be dependent on both temperature and frequency.  

Index Terms — partial discharges, rotating machine insulation, cavities, variable 

frequency 

 

1 INTRODUCTION 

ELECTRICAL condition assessment of high voltage 

equipment is today performed at different voltage frequencies. 

It is advantageous to test high voltage equipment with a large 

capacitance, e.g. generators and cables, by energising them at a 

very low frequency (VLF) voltage, because these voltage 

sources are much smaller and easier to apply than the required 

transformer or resonant source at power frequency. Power 

frequency tests have been in focus in condition assessment 

standards [1, 2]. VLF tests can be used, but at a higher voltage 

[3], and VLF and power frequency tests can give significantly 

different results.  

Several studies have tried to explain partial discharges (PDs) 

in small voids as a function of frequency. The simplest approach 

was by using an RC circuit to model an insulation system with 

a void [4]. They varied the time constants of the insulation and 

the void. A greater cavity time constant than the material time 

constant resulted in a higher PD repetition rate at low 

frequencies. The PD repetition rate decreased when the time 

constant of the void was smaller than that of the insulation. 

Other works have compared finite element method (FEM) 

modelling of various void dimensions of different level of detail 

to experimental results [5-10], with parameters such as apparent 

charge and repetition rate vs voltage frequency.  

The purpose of this study is to establish an equivalent circuit 

that can be used to describe the frequency- and temperature- 

dependent void voltage. This was studied experimentally in a 

laboratory setup using mica/epoxy samples with an enclosed 

cylindrical void. This work will discuss the experimental 

validity of different theoretical models and the mechanisms 

responsible for frequency-dependent partial discharge inception 

voltage (PDIV) behaviour at different temperatures.  Manuscript received on 01 July 2019, in final form 20 August 2019, 
accepted 21 August 2019.  Corresponding author: T. G. Aakre. 



 

2 VOID VOLTAGE MODELS 

The voltage across a void encapsulated in a dielectric can 

be modelled by representing the system by an equivalent 

circuit. To establish such circuits, the void is denoted with 

subscript c, the series insulation subscript b, and the 

surrounding insulation parallel subscript a. Edge effects are 

not included, and the electric field is assumed to be 

homogeneous in all parts of the insulation.  

The first model considered here (Model 1, Figure 1a) is 

the capacitive so-called abc-circuit equivalent [11], referring 

to the circuit components as pure capacitances. In the case of 

modelling PD inception at DC or low voltage frequency, the 

abc-model is expanded by introducing resistance (Model 2, 

Figure 1b) and dielectric response (Model 3, Figure 1c) in 

the insulation. The void resistance 𝑅c consists of both 

resistance in air and resistance at the surface between 

sections a and c. 

 

 
The resulting relations between the applied voltage 𝑈i  and 

the voltage occurring across the void 𝑈s are presented in 

Equations (1), (2), and (3), assuming a cylindrical void. The 

definitions of the symbols used in these equations are given 

in Table 1. The circuit elements are expressed by material 

parameters to make the equations independent of void area.  

 

PDIV 𝑈i for given void voltage 𝑈s with Model 1: 

 
PDIV 𝑈i for given void voltage 𝑈s with Model 2: 

 
 

PDIV 𝑈i for given void voltage 𝑈s with Model 3: 

 
Partial discharge modelling assumes that a discharge 

occurs when the voltage across the void exceeds the 

withstand strength of the void. In the case of a homogeneous 

electric field in the void, the withstand strength of the void 

given by the Paschen law can be approximated to [11]: 

 
when the pressure times distance, 𝑝𝑑, is in the range 10-2 to 

5⋅102 (bar cm).  

In the case of dielectric response, the frequency 

dependence of the permittivity of the solids, 𝜀∗, needs to be 

included. Here, the empirical Cole-Cole model [12] is used, 

 
where 𝜀(∞) is the permittivity at very high frequencies, 

𝜀(𝐷𝐶) the permittivity at very low frequencies, 𝜔 the angular 

frequency, and 𝜏 the temperature-dependent relaxation time. 

The shape parameter 𝛼 describes the broadness of the 

relaxation peak and has a value between 0 and 1. 

Equation (5) is temperature-dependent according to an 

Arrhenius relation [13] such that 𝜏(𝑇) =  𝜏0 ⋅ exp
𝐸a

𝑘𝐵𝑇
, where 

𝐸a is the activation energy, 𝑘B the Boltzmann constant, and 𝑇 

the temperature in Kelvin.  

The capacitive Model 1 is valid at high frequencies when 

the resistive contribution is low. Model 2 applies at low 

frequencies when the resistive contribution is higher or 

comparable to the capacitive contribution, as can be seen in 

Equation (2) for Model 2. The cut-off frequency 𝑓c between 

high and low frequencies is described by the Maxwell-

Wagner effect for interfacial polarisation between two 

materials:  

 

The inclusion of dielectric response in Model 3 

complicates the calculation of the cut-off frequency 𝑓c. As 𝜀b
∗ 

is frequency-dependent, a numerical approach is needed. 

This can be done by creating a frequency-dependent 

 
a) Model 1: Capacitive 

 
b) Model 2: Capacitive and resistive 

 
c) Model 3: Capacitive, resistive and dielectric response 

Figure 1. Equivalent circuits of an insulation system with a cylindrical 

void. The insulation is shaded gray, whereas the void is white.  

Table 1. Definition of parameters used in the models. 

Parameter Definition 

𝑈s Breakdown voltage in void, based on Paschen curve 

𝑈i Measured Partial Discharge Inception Voltage for given 𝑈s 

𝑑b Insulation thickness 

𝑑c Void gap distance 

𝜔 Angular frequency; 𝜔 = 2𝜋𝑓, where 𝑓 is frequency 

𝜀0 Vacuum permittivity 

𝜀r,c Relative permittivity of air 

𝜀r,b Relative permittivity of insulation 

𝜀𝑏
∗ Complex permittivity of the insulation 

𝜎b Conductivity of the insulation 

𝜎c Conductivity of the air in the void 

 

 
𝑈i = (1 +

𝑑b

𝑑c

⋅
𝜀r,c

𝜀r,b

) ⋅ 𝑈s. (1) 

 

𝑈i = (1 +
𝑑b

𝑑c

𝜎𝑐 + 𝑗𝜔𝜀0𝜀r,c

𝜎𝑏 + 𝑗𝜔𝜀0𝜀r,b

) ⋅ 𝑈s.  (2) 

 

𝑈i = (1 +
𝑑b

𝑑c

𝜎c + 𝑗𝜔𝜀0𝜀r,c

𝜎b −
Im{𝜀b

∗}
𝜔

+ 𝑗𝜔Re{𝜀b
∗}

) ⋅ 𝑈s.  (3) 

 

 
𝑈s = 6.72√𝑝𝑑 + 24.36(𝑝𝑑)[kV], (4) 

 

 
𝜀∗ = 𝜀(∞) +

𝜀(𝐷𝐶) − 𝜀(∞)

1 + (𝑗𝜔𝜏)1−𝛼
, (5) 

 

𝑓c =
𝑑c𝜎b + 𝑑b𝜎c

𝑑c𝜀0𝜀𝑟,𝑏 + 𝑑b𝜀0𝜀r,c

. (6) 

 



 

estimator 𝑓c for 𝑓c in Equation (6) and comparing it to the 

frequency at the different values for 𝜀b
∗. The cut-off 

frequency 𝑓c is then defined when 𝑓c = 𝑓. 

The void resistance is usually neglected, as the air 

conductivity is low. The conductivity of air strongly depends 

on atmospheric conditions and is in the range 10-16 to 

10-13 S/m [14]. The value is drastically reduced if the gas ions 

are neutralised. This conductivity range corresponds to cut-

off frequencies in the range 5⋅10-6 to 5⋅10-3 Hz.  

PDs produce chemical by-products when in contact with 

the surrounding gas or dielectric surface. Hudon et al [15] 

determined that PDs react with air and the epoxy surface and 

create oxidic, formic, glycolic, glyoxylic, and nitric acids, 

which result in a significantly increased surface conductivity. 

Test objects are often preconditioned, and during this period 

such components are likely to be produced, thereby 

decreasing the void resistivity. This can partly or completely 

short-circuit voids, significantly increasing the cut-off 

frequency, while the void models cannot neglect the void 

resistivity.  

The effect of such preconditioning disappears with time 

[16]. Generally, at elevated temperatures, the PD by-

products diffuse or are neutralised faster than they are 

produced. The temperature dependence is especially large 

for the self-decomposition of nitric acid [17], which reduces 

the acidity at higher temperatures and thereby the surface 

conductivity. Consequently, the decomposition of nitric acid 

is almost instantaneous at 90°C. Possible effects of PD by-

products caused by the preconditioning are, therefore, 

expected to be active at low temperatures only.  

3 EXPERIMENTAL METHODS 

3.1 TEST OBJECTS 

Square samples with dimensions 100x100x3 mm3 were 

produced from a resin-rich mica tape commonly used as the 

main insulation of bars and coils of motor and hydro and turbo 

generators with 45% mica, 43% epoxy resin and 12% glass 

fibre, by weight percent. The samples were cured at 160°C for 

one hour before being rapidly cooled to 20°C for 5 minutes. 

Three different test objects with embedded voids were used, as 

shown in Figure 2. Test object 1 consisted of two layers pressed 

together, where the void was created in the lower layer by using 

a thin metal disk during the casting process. This created voids 

with a smooth surface. The void diameter 𝐷 was in the range of 

3-20 mm and the void gap distance 𝑑c in the range of 0.1-1 mm. 

Test object 2 consisted of three layers with a drilled hole in the 

middle layer with a void diameter of 80 mm, much larger than 

the electrode, giving no electrically stressed sidewalls and a void 

gap distance of 1 mm. Test object 3 was similar to Test object 

2, but with a void diameter of 10 mm and a void gap distance of 

0.8 mm. The top and bottom of the cylindrical void in Test 

object 3 were covered with copper tape, which was connected 

to the outside of the sample with a thin copper wire. The test 

objects were clamped between two electrodes with a diameter 

of 30 mm with the side walls embedded in epoxy and covered 

with a thin silicon grease layer to prevent any unintended air 

discharges.  

3.2 MATERIAL CHARACTERISTICS 

The insulation material was characterised by dielectric 

spectroscopy in both time and frequency domain. This can 

measure the frequency-dependent complex permittivity and 

DC conductivity, which are important parameters to the 

presented void voltage models. 

The time domain dielectric response tests on the 

mica/epoxy insulation were performed using 1-mm-thick 

objects without voids. Aluminium electrodes with a diameter 

of 40 mm with guard were evaporated to the surface. These 

samples fitted into an automated measurement setup, as 

described in [18]. A constant DC voltage in the range of 1 to 

8 kV was used. The temperature was set to 40°, 60° and 

90°C, in increasing order. The DC voltage was applied for 

2 h to measure the polarisation current before the object was 

grounded for 20 h during depolarisation current 

measurements.  

Dielectric response in the frequency domain was 

performed on 1 mm thick mica/epoxy samples without 

voids, by standard methods with IDAX 206 hardware and 

software. This was done at frequencies in the range of 103 to 

10-4 Hz at 200 Vpeak. The temperatures were in the range of 

20° to 155°C and larger than for the time domain 

measurements due to limitations of the equipment. 

The void resistivity was measured before and after 

preconditioning on Test object 3 by a DC insulation tester by 

applying 1 kV DC voltage. This was done to establish 

whether the preconditioning can decrease the void resistivity 

or not by a direct resistivity measurement method.  

3.3 PD MEASUREMENTS 

The PDIV is here defined, in accordance with the 

definition in IEC 60270 [19], as the voltage level that first 

produces PDs above a threshold value of 100 pC. Each PDIV 

data point in this article represents the average result of PD 

measurements for three similar samples.  

The standard PD test setup is shown in Figure 3, as 

described in e.g. IEC 60034-27 [1]. The Test object (with a 

capacitance of ~20 pF) was in parallel with a coupling 

capacitance (100 pF). The measure impedance was in series 

with the coupling capacitance, Omicron CPL 542, and the 

data processing unit MPD 600. The high voltage was set by 

a DAQ and amplified by a TREK 20/20B high voltage 

amplifier in series with a low-pass filter, with a cut-off 

frequency at 5 kHz.  

The voltage source, heat control, and data measurements 

were fully automated in LabView. The test procedure was 

based on the standard method in IEC 60034-27 and IEEE 

1434 [1, 2]. The standardised procedure at 50 Hz was 

expanded to a frequency and temperature sweep, to keep the 

void condition time variation at a minimum during the test.  
 

Figure 2. Schematic drawing of the cross section of the test objects. 



 

  

The procedure of voltage application is shown in Figure 4. 

It started with a conditioning period of 5 minutes at a 

maximum test voltage of 10 kVRMS at 50 Hz. Then, the 

sample was grounded before the voltage was increased in 10 

equal steps to maximum test voltage and then decrease in 10 

steps back to zero voltage, starting at 300 Hz. The duration 

of each voltage step was the longest time of 10 s and 10 

voltage periods. A minimum of 10 periods was chosen in 

order to be able to sweep many samples at different 

frequencies in a limited time. The procedure of voltage 

application was repeated for several frequencies in 

decreasing order down to 0.1 Hz. The 50 Hz PDIV test was 

repeated after the 0.1 Hz PDIV test was finished. The 

conditioning period at 50 Hz between different frequencies 

was reduced to 5 s to not influence the void condition but, 

rather, act as a reference if PDs at 50 Hz changed during the 

frequency sweep. Both the maximum and total apparent 

charge during this 5 s period were recorded and used as they 

can be related to the void voltage [16].  

 

The temperature was increased in the range of 20° to 

155°C after the frequency sweep was finished. A waiting 

time of 1 hour was shown to be sufficient to reach stable 

thermal conditions before a new frequency sweep started. 

Four samples were tested a second time to check if the 

frequency and temperature sweep had introduced permanent 

changes to the samples that influenced the PDIV. 

The preconditioning was expected to increase the void 

conductivity according to Model 2. An increased void 

conductivity results in a high PDIV. One sample of Test 

object 1 with a diameter 10 mm and void gap distance 

0.5 mm was, therefore, PDIV tested at 0.1 Hz without any 

preconditioning. This test should indicate whether the 

preconditioning period increased the value of PDIV at 

0.1 Hz. 

4 RESULTS AND DISCUSSION 

4.1 MATERIAL CHARACTERISATION 

The mica/epoxy bulk conductivity was found to be 

independent of the electric field in the measured range of 1 to 

8 kV/mm. It followed an Arrhenius relation with 

conductivity at 20°C of 𝜎20∘𝐶 = 5 ⋅ 10−15 S/m and 

activation energy 𝐸a =  0.44 eV with 𝑅2 = 0.995.  

The void resistance before preconditioning at 20°C was 

above the instrument limit of 3 TΩ. The void resistance had 

decreased after the preconditioning to 1 TΩ (corresponding 

to a void conductivity of 𝜎c ≈ 10−11 S/m), which means 

that PD-activity was reducing the void resistance.  

The measured values of the real and imaginary parts of the 

complex permittivity for the tested insulation are given in 

Figure 5 as data points. The extrapolated conductivity based 

on the measured values is given as dotted, straight lines. The 

solid lines correspond to one Cole-Cole mechanism, 

including the DC conductivity, as described in the 

temperature-dependent version of Equation (5). The Cole-

Cole parameters were curve-fitted to be 𝜀(∞) =  4.42, 

𝜀(𝐷𝐶) =  940, 𝜏0 = 7.4 ⋅ 10−9𝑠, 𝐸a,τ =  1.00 and 𝛼 =

0.42. At frequencies above 0.1 Hz, the contribution to 

dielectric loss from DC conductivity is more than two orders 

of magnitudes lower than the other losses and can be omitted.  

 

4.2 VALIDITY REGIONS OF THE MODELS 

A typical insulation system in this study has a void gap 

distance of 0.5 mm and a mica/epoxy thickness of 2.5 mm. 

Measured material parameters, together with the assumption 

of a non-conducting void, have been inserted into the 

different models. The resulting regions in the temperature-

frequency domain, where the different models work, are 

given in Figure 6. The estimated PDIV cut-off frequencies 

based on Equation (6) are also included in the figure. All 

models are equal in the red region (Models 1, 2, 3) where the 

DC conductivity or dielectric response do not contribute. The 

conductivity is dominant in the blue region, and Models 2 

and 3 are equal. Similarly, in the green region, the dielectric 

response is dominant, and Model 3 is the only model 

describing this. The borders between the different regions are 

 

Figure 3. Setup of the PD detection circuit. The setup was controlled 

by a LabView program.  

 

 
Figure 4. Sketch of the frequency sweep with reducing frequencies.  

 
Figure 5. Complex permittivity of the epoxy/mica insulation as a 

function of frequency for increasing temperatures fitted to a temperature 
dependent Cole-Cole mechanism and the curve fitted DC-conductivity 
based on measured dielectric response in the time domain. 



 

defined as the frequency at which the different models differ 

more than 5% from each other, and the valid model is 

assumed to be the most advanced. The limit of 5% was set as 

a low limit, considering the uncertainties when measuring 

PDIV in the laboratory and voltage step size. The polarisation 

losses and insulation conductivity can be neglected above their 

respective cut-off frequencies, 𝑓c, which is practically always 

when testing above 0.1 Hz and below 110°C.  

 

4.3 INFLUENCE ON PDIV FROM 
PRECONDITIONING 

A PDIV test at 0.1 Hz without preconditioning on Test 

object 1 with a diameter 10 mm and a height 0.5 mm 

demonstrated a PDIV of 5 kV, estimating a low void 

conductivity. This indicates that the high PDIV at low 

frequencies after preconditioning - as seen for example in 

Figure 8 - is a result of the preconditioning period.  

A second PDIV test succeeding the first complete 

frequency and temperature sweep did not produce any 

significant changes to the PDIV curves. Possible permanent 

surface changes due to the temperature and electric stress 

during the test do not seem to affect the PDIV. This means 

that any increase in conductivity was caused by temporary 

effects, such as PD by-products that disappeared when the 

temperature was increased.  

The preconditioning was found to influence the void 

conditions. The total apparent charge during the 5 s 

conditioning between the different frequencies generally 

increased with time. This indicated that the preconditioning 

effect faded with time, similarly to what was seen in [16]. 

This means that the effect of preconditioning was weaker at 

lower frequencies than at higher frequencies due to the 

frequency test order. However, as is seen in the following 

figures and discussion, the effect remains strong enough to 

increase the PDIV at low frequencies and thereby predict a 

reasonable void conductivity. The measured PDIV can be 

lower than expected if the preconditioning effect fades, 

resulting in an underestimated void conductivity. 

4.4 THE EFFECT OF PRECONDITIONED 
ELECTRICALLY STRESSED SIDE WALLS 

The measured PDIV as a function of frequency for 

selected sample geometries is given in Figures 7-10. The 

solid lines represent curve fitting by varying the void 

conductivity to the dielectric response-based Model 3 in 

Equation (3). Model 2 could have been used to give equally 

good estimates to explain trends, but with a minor deviation 

at high temperatures where the dielectric response is 

dominating. It was, therefore, considered easier to use 

Model 3 to fit all the data. Figure 8 describes Test object 1 

with a large void diameter (20 mm) and gap distance 

(0.5 mm) acting as an example for large voids. PDIVs as a 

function of frequency are all similar for Test object 1 with 

diameters larger than 10 mm or the gap distance is larger than 

0.5 mm. 

Test object 2 without electrically stressed sidewalls in 

Figure 7b has, as expected, zero void conductivity compared 

to the case in Figure 6.  Voids without electrically stressed 

walls appear as non-conducting. The difference in PDIV at 

low temperature between Test object 2 in Figure 7 and the 

other three figures with Test object 1 illustrates that the 

electrically stressed sidewalls in Test object 1 are important 

and increases the void conductivity. PD by-products must 

then deposit at the void sidewall and thereby increase the 

void conductivity. 

The void with a small gap distance (0.1 mm) in Figure 9 

shows a smaller frequency dependence than the voids with 

larger gap distances. The measured low PDIV at low 

temperatures in a larger frequency range indicates that the 

void conductivity is lower than for larger gap distances. This 

indicates that narrow void gaps are less influenced by the PD 

by-products from the preconditioning than the larger gaps 

are.  

In the case of a small void diameter (3 mm) in Figure 10, 

measured values of PDIV did not fit the suggested models by 

being less frequency-dependent than expected. This 

indicates that the fundamental model assumptions did not 

hold for void diameters lower than 5 mm. One possible 

explanation is that the effect of the preconditioning had 

become weakened and influenced the measured PDIV. The 

stronger influence at higher temperatures can be due to 

different time dynamics of the PD by-products due to void 

geometry. 

 

 
Figure 6. ‘Model phase diagram’ based on measured values for 

insulation conductivity and dielectric response for the three different 
models. The conductivity in the void is assumed to be zero. The 

estimated Maxwell-Wagener frequency, 𝑓𝑐, is indicated by coloured 

dotted lines.  



 

 

 

  

 

 

 

 

 

 
a) PDIV with fitted curves based on Model 3. Markers are measured 
values, whereas solid lines in the same color represent the theoretical 

values. 𝜎c ≤ 3 pS/m, which were the limit by using minimum 0.1 Hz. 

 
b) Validity regions of presented PDIV models. 

Figure 7. PDIV vs frequency for different temperatures for Test 

object 2, without void walls, with void gap distance 1 mm.  

 
a) PDIV with fitted curves based on Model 3. Markers are measured 
values, whereas solid lines in the same color represent the theoretical 

values. Black markers indicate PDIV values higher than 10 kV.  

  
b) Validity regions of presented PDIV models.   

Figure 8. PDIV vs frequency for different temperatures for Test 

object 1, with void diameter 20 mm and gap distance 0.5 mm.  

 
a) PDIV with fitted curves based on Model 3. Markers are measured 
values, whereas solid lines in the same color represent the theoretical 

values. Black markers indicate PDIV values higher than 10 kV.  

  
b) Validity regions of presented PDIV models.  

Figure 9. PDIV vs frequency for different temperatures for Test 

object 1, with void diameter 10 mm and gap distance 0.1 mm.  

 

 
a) PDIV with fitted curves based on Model 3. Markers are measured 

values, whereas solid lines in the same color represent the theoretical 
values. Black markers indicate PDIV values higher than 10 kV. 

 
b) Validity regions of presented PDIV models. 

Figure 10.  PDIV vs frequency for different temperatures for Test 

object 1, with void diameter 3 mm and gap distance 0.5 mm.  



 

4.5 TEMPERATURE DEPENDENCE OF 
CALCULATED VOID CONDUCTIVITY 

The calculated void conductivities from Model 3 for selected 

void geometries as a function of temperature are shown in 

Figure 11. The Arrhenius relation of the void conductivity 

shows decreasing values with temperature. This is the 

opposite of what is usually measured for insulation materials 

where the conductivity increases with temperature. PD by-

products deposited at the surface and contributing to the void 

conductive are, therefore, most likely responsible for this 

temperature dependence. The involved conductivity 

processes are not following simple theory, but rather a 

complex process in which the conductive species are created 

and assumed to disappear with time and faster at higher 

temperatures. This can explain the high conductivity at low 

temperatures and why the conductivity is low at high 

temperatures, but it needs to be investigated in detail in other 

studies.  

The objects with the smallest void diameters and void gap 

distances had a different void conductivity temperature 

dependence than the objects with larger voids. The 

conductivity remained high, which might indicate that by-

products in smaller voids do not relax as fast as in larger 

voids. This might indicate that the void volume is important 

for by-product relaxation.  

 

4.6 SIMPLIFIED VOID VOLTAGE MODEL 

The mica/epoxy and void air bulk conductivity were 

demonstrated to be low, resulting in a cut-off frequency 

below 0.01 Hz. This means that the capacitive Model 1 is 

sufficient to describe the frequency dependence of PDIV. 

The capacitive Model 1 must be modified to include the 

dielectric response at temperatures above 110°C and 

frequencies above 0.1 Hz. Other limits apply if changing the 

minimum frequency, according to Figure 6.  

The void conductivity can be high and influencing the 

PDIV when dealing with preconditioned electrically stressed 

voids at temperatures below 60°C, as was seen by an 

increased calculated void conductivity in Figure 11. This 

means that the void conductivity must be included in the 

model. A simplified version of Model 2 is obtained by 

expanding Model 1 with the void resistance as presented in 

Figure 12. The material conductivity was demonstrated to be 

low and thereby not influencing the PDIV and not included 

in the model. The simplified Model 2 is valid below 110°C 

and frequencies above 0.1 Hz, where the permittivity is low 

and not influencing the PDIV. The model does not fit for 

voids smaller than 5 mm in diameter. Model 1 can be used if 

no preconditioning has occurred. The dielectric response 

must, however, be included if applying frequencies or 

temperatures outside the limiting values described by 

Figure 6.  

 

5 CONCLUSIONS 

• The frequency-dependent mica/epoxy permittivity was 

shown to follow the Cole-Cole model. The increased 

dielectric response at low frequencies at high 

temperatures decreased the PDIV. 

• The calculated void conductivity was dominated by the 

void surface conductivity. 

• PD activity during the preconditioning period at low 

temperatures increased the void surface conductivity and 

hence short-circuited the voids at low frequencies 

resulting in no PDs. This effect was not present at high 

temperatures. This indicates that the effect of PD by-

products decays faster at higher temperatures. 

• A simplified model for calculating void voltage that fits 

well to the measured data is proposed, with two 

capacitances representing the insulation and the void, and 

a resistance representing the void wall. This model was a 

satisfactory approximation for voids with a diameter 

larger than 5 mm, even though dielectric response had to 

be included in the model to fit the measured data at 

temperatures above 110°C. 
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