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i sal H1, Kungl Tekniska högskolan, Teknikringen 33, Stockholm.

Copyright c© 2005 by Cecilia Forssén

Tryck: Universitetsservice US AB



Abstract

Measurements of partial discharges are commonly used to diagnose the
insulation system in high voltage components. Traditionally a single
fixed frequency of the applied voltage is used for such measurements as
in the Phase Resolved Partial Discharge Analysis (PRPDA) technique.
With the Variable Frequency Phase Resolved Partial Discharge Analysis
(VF-PRPDA) technique the frequency of the applied voltage is instead
variable. This technique provides more information about the condition
of the insulation than the PRPDA technique. To extract the extra infor-
mation a physical understanding of the frequency dependence of partial
discharges is necessary.

In this thesis partial discharges in cylindrical cavities in polycarbon-
ate are measured using the VF-PRPDA technique in the frequency range
10 mHz – 100 Hz. It is studied how the cavity diameter and height influ-
ence the frequency dependence of partial discharges. Insulated cavities
are compared with cavities bounded by an electrode. It is shown that
from measurements at variable applied frequency it is possible to distin-
guish between cavities of different dimensions and between insulated and
metal bounded cavities.

A two-dimensional field model of partial discharges in a cylindrical
cavity is developed. The sequence of discharges in the cavity is simu-
lated by use of the field computation program FEMLAB R©. Discharges
are modeled with a voltage and current dependent streamer conductivity
and are simulated dynamically to obtain charge and current consistency.
It is shown that the frequency dependence of partial discharges is signifi-
cantly influenced by the statistical time lag and by the two dielectric time
constants related to charge movements on the cavity surface and in the
bulk insulation. Simulation results are used to interpret the frequency
dependent partial discharge activity in a cylindrical cavity.
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Chapter 1

Introduction

1.1 Background

The electric insulation in high voltage components is subject to high
stresses due to the strong applied electric fields. The insulation is an im-
portant part of the component design and breakdown may lead to failure
of the whole component. For components such as power cables, power
generators and high voltage machines failures are often costly and cause
large disturbances. Therefore it is of interest to avoid failures by perform-
ing maintenance of components. In planning maintenance actions it is
valuable to have knowledge about the physical condition of an insulation
system. Such knowledge can be obtained by measuring and analyzing the
properties of the insulation. This measurement and analysis procedure is
commonly called insulation diagnostics. The resulting diagnosis is used
for condition based maintenance, which goal is to avoid failures and to
save money by planning and optimizing the maintenance efforts.

Partial discharges (PD) play an important role in insulation diagnos-
tics. They are localized electric discharges that sometimes appear inside
the insulation. The discharges do not bridge the whole distance between
the electrodes and consequently do not cause direct breakdown of the
insulation. However, it is commonly recognized that partial discharges is
a sign of defects and degradation in the insulation system. Depending on
the type and location of the discharges and the design of the insulation
system the discharges may lead to breakdown.

Measurements of partial discharges have been used in insulation di-
agnostics for a long time. Most commonly the partial discharge activity
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in the insulation system is measured at a single fixed frequency of the
applied voltage as in the technique of Phase Resolved Partial Discharge
Analysis (PRPDA) [1]. Here the discharges are analyzed with respect to
the phase of the applied voltage and the results may be used to classify
the types of discharge sources [2]. Usually the applied frequency is the
power frequency 50 (60) Hz but other frequencies are also used. The very
low frequency (VLF) method uses applied frequency 0.1 Hz. One ben-
efit of using frequencies below power frequency is the reduced size and
power needed for the voltage supply equipment. Experimental studies
on power cables using the VLF method [3] show that partial discharge
measurements at 0.1 Hz may give different results than measurements
at 50 Hz. The damped ac voltage (DAC) method uses applied frequen-
cies up to about 1000 Hz [4–6]. The slow charging of the test object in
this method also reduces the needed size and power of the voltage sup-
ply. Experimental studies on power cables [5] and generator stators [6]
declare that there are no significant difference between partial discharge
measurements with the DAC method and measurements at 50 Hz.

With the rather newly developed technique of Variable Frequency
Phase Resolved Partial Discharge Analysis (VF-PRPDA) [7, 8] partial
discharges are measured and analyzed at variable frequency of the ap-
plied voltage. Studies using this technique show that the frequency of
the applied voltage influences partial discharges [7, 8]. The cause of the
frequency dependence of partial discharges is that local conditions at de-
fects in the insulation are different at different applied frequencies. Such
local conditions are among others the influence from different time con-
stants on the electric field distribution and the influence on the partial
discharge activity from the statistical properties of discharges. Since the
frequency dependence origins from local conditions at defects it can be
utilized for insulation diagnostic purposes. Measurements at variable fre-
quency with the VF-PRPDA technique supply more information about
the condition of an insulation system than traditional measurements at
a single frequency. To access the additional information that the VF-
PRPDA technique offers and to use it for insulation diagnostics a phys-
ical understanding of the frequency dependence of partial discharges is
necessary. Such an understanding is useful for interpretation, not only of
partial discharge measurements at variable applied frequency, but also of
measurements at fixed frequencies other than the power frequency.

The aim of this work is to contribute to the physical understanding of
the frequency dependence of partial discharges in cylindrical cavities. The
restriction to cylindrical cavities is done to simplify the manufacturing of
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test objects for experiments.

A limited number of previous experimental works have studied how
partial discharges in cavities are influenced by the frequency of the applied
voltage. In [9] measurements of partial discharges (not phase resolved)
in cavities in epoxy and polyethylene at different applied frequencies in
the range 0.1 – 50 Hz show that there sometimes is a variation in partial
discharge characteristics with applied frequency. Especially an reduction
in discharge magnitude is observed at low frequencies. In [10] partial
discharges in cylindrical cavities in epoxy are measured in the frequency
range 0.1 – 100 Hz. It is seen that the apparent charge per cycle of the
applied voltage decreases with increasing applied frequency. A strong
influence from the applied frequency (1 mHz – 400 Hz) on the measured
partial discharge activity is also reported in [11] for a stator bar and a
power cable model. In [12] partial discharges in spherical cavities in cross-
linked polyethylene (XLPE) are measured with applied frequency in the
range 0.1 – 100 Hz. It is seen that the number of discharges per cycle of
the applied voltage decreases with increasing applied frequency. In [13]
partial discharges in generator stators and power cables are measured
with applied frequency in the range 0.1 – 50 Hz and a decrease in number
of discharges and charge per cycle of the applied voltage is reported for
low frequencies.

Some previous work has also been done on modeling the frequency
dependent partial discharge activity in a cavity. These modeling works
are all based on the studies [14–16]. The main partial discharge quantities
are estimated analytically and a discharge is modeled as an instantaneous
change in the charging of a capacitance. In [17] an attempt is done to
simulate the partial discharge activity in spherical cavities at different
applied frequencies. It is found that at low applied frequency (0.1 Hz)
the results from the simulations do not agree with those obtained exper-
imentally. In [18] the description of electron generation in a cavity given
in [14] is further developed and the model is used to simulated partial dis-
charges in spherical cavities in epoxy at applied frequencies in the range
0.1 – 300 Hz. In [19] partial discharges in spherical cavities in polyester
are measured with applied frequency 0.1 Hz, 50 Hz and with the DAC
method (up to about 1000 Hz) and the results are analyzed theoretically.

In this work partial discharges in cylindrical cavities are measured
using the VF-PRPDA technique. A field model of a discharging cylin-
drical cavity is developed and used to simulate the sequence of dis-
charges dynamically. The work is based on previous studies on partial
discharges carried out at Electrotechnical Design, KTH Electrical Engi-
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neering, especially the development of a VF-PRPDA measurement sys-
tem by Hans Edin, Uno Gäfvert and Juleigh Giddens [8]. The choice of
a field model for the modeling part in this work was facilitated by the
recent developments in the available commercial finite element method
computation programs. In the field model the electric field in the model
geometry is calculated numerically. Therefore there is no need for ana-
lytical estimations of the field enhancement in the cavity, the influence
on the field from charge densities on the cavity surface and the influ-
ence from induced charge densities on the electrodes. This is beneficial
for modeling complex geometries. In addition the discharge process in
the cavity is modeled dynamically which gives a consistent treatment of
charge and current in the model.

1.2 Author’s contributions

The author is responsible for Papers III, IV, V and VI. In Paper I the
author participated in the measurements and performed part of the data
analysis. In Paper II the author contributed to a minor part by run-
ning simulations. The model and simulation program were developed by
Prof. Uno Gäfvert, ABB Corporate Research, Väster̊as, Sweden.

The work was supervised by Dr. Hans Edin. Prof. Uno Gäfvert con-
tributed with valuable comments and ideas throughout the work.

1.3 Thesis outline

This thesis consists of six papers and an extended summary of them. The
papers are appended at the end of the book and the content of them is
summarized in Chapter 6.

In Chapter 1 a background to this work is given and previous works
in the field of partial discharges at different applied frequencies are re-
viewed. Chapter 2 discusses partial discharges in cavities, specifically the
generation of free electrons in a cavity and the statistical properties of
partial discharges. The mechanisms behind the frequency dependence of
partial discharges are treated in Chapter 3. A typical measurement of
partial discharges in a cylindrical cavity at variable applied frequency is
interpreted. In Chapter 4 the experimental work is described including
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the test object and the measurement system. The field model and simula-
tion program used to simulate the sequence of discharges in a cylindrical
cavity are presented in Chapter 5 together with some simulation results.
In Chapter 7 the main results from both the experiments and the simu-
lations are presented and in Chapter 8 conclusions from the results are
drawn. Finally Chapter 9 proposes some topics of interest for future work
on frequency dependence of partial discharges.





Chapter 2

Partial discharges in

cavities

2.1 Introduction

Electric discharges that do not bridge the whole distance between elec-
trodes are called partial discharges (PD). This work concentrates on PD
in cavities, that is in gas-filled voids in solid insulation. The cavities are
weak points of the insulation since the electric breakdown strength of the
gas is lower than that of the solid insulation. In addition the electric field
is stronger inside the cavities than in the bulk insulation due to the lower
permittivity of the gas than of the insulation material. Partial discharges
in cavities are localized inside the cavities and do not develop through
the solid insulation to reach the electrodes. In Figure 2.1 a schematic
picture of a partial discharge in a cavity is shown.

An electric discharge in a gas like air is an ionization process driven
by the applied electric field [20]. It starts with free electrons that are
accelerated by the applied electric field thus gaining energy. The accel-
erated electrons collide with molecules in the gas. If the electrons energy
is sufficiently high they ionize the gas molecules and produce more free
electrons. The produced free electrons are again accelerated by the field,
collide with gas molecules and produce further free electrons. The pro-
cess is cumulative and the number of free electrons increases. This is
called an electron avalanche.

As the electron avalanche has grown sufficiently large it forms a so



8 2 Partial discharges in cavities

PSfrag replacements

Applied voltage

Solid insulation

Cavity
Partial discharge

Electrode

Figure 2.1: Schematic picture of a partial discharge in a cavity.

called streamer. It is an ionized channel with branches of successive elec-
tron avalanches. The free electrons produced in the avalanches move
in the streamer channel due to the applied field. As they collide with
gas molecules inside the channel, kinetic energy is transferred from the
electrons to the gas molecules and the temperature of the streamer chan-
nel increases. This can be described as ohmic heating of the streamer
channel. As a result the channel expands, the gas density in the chan-
nel decreases, and the conductivity of the channel rises since electrons
now move a longer distance between collisions and therefore gain more
energy from the applied field. This is also a cumulative process since the
conductivity is enhanced by the heating of the channel and the heating
of the channel is accelerated by the conductivity increase. A streamer
exists as long as the current through the streamer channel is sufficiently
high to maintain the high temperature of the gas. As the current falls
below a critical value the streamer channel collapses and the discharge
stops. Partial discharges in cavities are mainly streamer discharges [15].

A PD in a cavity starts if two necessary conditions are fulfilled. Firstly
the electric field in the cavity must exceed the breakdown strength of
the gas. For example the breakdown field of dry air at 20 ◦C is about
4.7 kV/mm. Secondly there must exist a free electron in the cavity to
start an electron avalanche. The voltage over the cavity at which the
first condition is fulfilled is called the inception voltage level Uinc. The
voltage over the cavity at which the PD stops is called the extinction
voltage level Uext. The extinction voltage level may depend on the actual
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voltage at which a discharge starts since presumably a higher inception
voltage yields a higher initial temperature in the streamer channel.

2.2 First electron generation

A PD in a cavity cannot start if there is not a first free electron available
in the cavity to start an electron avalanche. Free electrons are mainly
generated in the cavity by surface emission processes, especially field
emission and field-induced ejection of surface charges from the cavity
surface [14,21]. Other possible generation processes are radiation ioniza-
tion of the gas from background radiation and emission from the cavity
surfaces due to ion bombardment from previous discharges. The inten-
sity of the electron emission from the cavity surface can be assumed to
increase exponentially with the applied electric field [14]. In addition it
is dependent on the materials the cavity is bounded by, the smoothness
of the cavity surface, the polarity of the cavity surface and by possible
charge concentrations and pollution on the cavity surface left behind by
previous discharges.

A cavity may be bounded by more than one material. For example in
a cavity placed against an electrode part of the cavity surface is metallic
while remaining parts are dielectric. This may lead to different electron
generation mechanisms on the positive and negative half cycles of the
applied voltage. For example it might be easier for the electric field to
eject electrons from a negatively charged insulating surface than from
an uncharged metal surface. This can cause asymmetry in the discharge
activity in the cavity between the positive and negative half cycle of the
applied voltage [21].

The generation of free electrons in a cavity can depend on how long
time has passed since the last discharge in the cavity. The discharge by-
products left behind from one discharge (preferably surface charges and
ions) act as sources of free electrons to start the next discharge. But if
the time interval between discharges is long the discharge by-products
decay due to recombination on the cavity surface, ion drift in the applied
electric field or diffusion into the bulk insulation, and the generation of
free electrons decline. This is manifested in the difference in the statistical
time lag between the first and subsequent discharges during one half cycle
of the applied voltage that may occur in a cavity [22].
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2.3 Statistical time lag

As mentioned above two necessary conditions have to be fulfilled for a
PD to start in a cavity: the electric field must exceed the breakdown
strength of the gas and there must be a free electron available in the
cavity to start an electron avalanche. Sometimes there is a lack of free
electrons to start the electron avalanche. As a result a time lag τ arises
between that the first and the second conditions for PD are fulfilled. Due
to this time lag PDs are shifted forward in phase and occur at voltages
different from the inception voltage level. τ is a stochastic variable since
the electron generation process is a stochastic process. The expectation
value of τ is called the statistical time lag τstat.

The inception of a PD in a cavity can be considered as a discrete
stochastic process with two states and continuous time t. The process
is denoted with the stochastic variable X(t) and is valid for time t > 0.
The states are called “no PD” and “PD” and are denoted with X = 0
and X = 1. The process starts with t = 0 and X(0) = 0. After some
time a PD occurs and the process converts to X = 1, without changing
more after that. Consider a small time interval [t′, t′+h] and assume that
X(t′) = 0, that is no PD has occurred up to time t′. The probability for
X(t′ + h) = 1, that is for a PD occurring in [t′, t′ + h], is assumed to be

P
(

X(t′ + h) = 1
∣

∣

∣
X(t′) = 0

)

= Ie(t
′)h + O(h) (2.1)

The function Ie(t) is a time-dependent non-negative intensity function
that represents the number of electrons that are generated in the cavity
per unit time. It is called the electron generation intensity. The function
O(h) goes to zero faster than h and represents the error in (2.1). With
these assumptions the inception of a PD in a cavity can be regarded as a
lifetime process with intensity function Ie(t) [23]. From this follows that
the probability density for inception of a PD, provided that the electric
field exceeds the breakdown field, is

f(t) = Ie(t)exp

(

−

∫ t

0

Ie(t)dt

)

(2.2)

and the distribution function is

F (t) = 1 − exp

(

−

∫ t

0

Ie(t)dt

)

(2.3)



Chapter 3

Frequency dependence of

partial discharges in

cavities

3.1 Introduction

The partial discharge activity in a cavity is dependent on the frequency
of the applied voltage. Among other things the number of discharges
and the amount of charge per cycle of the applied voltage alter when
the frequency varies. Mainly three parameters contribute to the PD
frequency dependence: the statistical time lag and the two dielectric
time constants.

3.2 Statistical time lag

It is the relation between the statistical time lag τstat and the period time
of the applied voltage that determines the influence on the PD activity. If
τstat is much shorter than the period time the time lag of the discharges
can be neglected. In this case all discharges occur approximately at the
inception voltage level and the time lag do not influence the sequence
of discharges significantly. The result is a frequency independent PD
activity with a constant number of discharges per cycle of the applied
voltage.
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If on the other hand τstat is in the same range as or longer than
the period time of the applied voltage, the time lag of the discharges
is significant. The discharges are shifted forward in phase and can oc-
cur at voltages different from the inception voltage level. This results in
fewer discharges per cycle of the applied voltage and in larger discharge
magnitudes. Consequently the PD activity is frequency dependent and
the number of discharges per cycle decreases with increasing applied fre-
quency. This can be called a statistical effect.

Figure 3.1 shows the measured PD activity in a discharging cylindrical
cavity. In the frequency range 50 mHz to 20 Hz the measured number of
PDs per cycle decreases with increasing frequency. This is interpreted as
the statistical effect. Despite the decrease in PDs per cycle the measured
charge per cycle increases in the same frequency range. The time lag
causes the discharges to occur at higher voltages as the frequency is
increased. Therefore the mean charge per discharge is larger at higher
frequency.
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Figure 3.1: Measured number of PDs per cycle (�) and charge per cycle
(©) in an insulated cylindrical cavity in polycarbonate. Cavity diameter
10 mm, cavity height 1 mm, amplitude of applied voltage 10 kV.
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3.3 Dielectric time constants

There are two time constants associated with the electric field distribution
in a cavity: τcavity and τmaterial . τcavity is the relaxation time of the
cavity. It is related to charge movement on the cavity surface and is
determined from the conductivity of the cavity surface and the geometry
of the cavity. A higher surface conductivity and/or a smaller cavity
results in a shorter τcavity . If the cavity is modeled with the abc-model [1]
τcavity can be expressed as

τcavity = RcCc (3.1)

where Rc is the resistance of the cavity surface and Cc is the capacitance
of the cavity. τmaterial is the dielectric time constant of the bulk. It is
determined by the the conductivity and permittivity of the bulk material
and by the geometry. A higher conductivity and/or a lower permittivity
results in a shorter τmaterial . When using the abc-model τmaterial can
be expressed as

τmaterial = RbCb (3.2)

where Rb is the resistance and Cb is the capacitance of the bulk insulation
in series with the cavity.

The two dielectric time constants influence the electric field distribu-
tion and hence also the discharge sequence in the cavity. The influence is
determined by the mutual relation between the two time constants and
by their relation to the period time of the applied voltage. If both time
constants are much longer than the period time they do not significantly
influence the field distribution in the cavity. Then the PD activity in
the cavity is independent of the applied frequency. If on the other hand
one or both of the dielectric time constants are in the same range as or
shorter than the period time they influence the field distribution. De-
pending on the mutual relation between the time constants, two different
cases appear: the screening effect and the blocking effect.

The screening effect occurs when τcavity < τmaterial. This may for
example be the case when the conductivity of the cavity surface is in-
creased by aging phenomena. Conduction on the cavity surface causes
recombination of surface charges. As a result the electric field and ac-
cordingly the number of PDs per cycle in the cavity decreases. The cavity
is screened by its own conducting surface. If the frequency of the applied
voltage is lowered the screening effect gets more intense and the number
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of PDs per cycle decreases. In Figure 3.1 the screening effect is visible
for frequencies below 50 mHz.

The blocking effect occurs when τmaterial < τcavity. This may for
example be the case when the cavity is a delamination perpendicular
to the applied electric field. Conduction in the bulk insulation yields a
charge concentration on the cavity surfaces perpendicular to the applied
field. Hence the cavity blocks the conduction through the insulation. As
a result the electric field and the number of PDs per cycle in the cavity
increase.

3.4 Other parameters influencing the PD fre-

quency dependence

As discussed above the PD frequency dependence is mainly influenced by
the statistical time lag and the two dielectric time constants. There are
however more parameters that may contribute to the frequency depen-
dence:

• If the bulk insulation is dispersive τmaterial will vary with applied
frequency. This may have an impact on the PD frequency depen-
dence.

• As discussed in [22] the statistical time lag for the first discharge
during one half cycle of the applied voltage may be longer than for
the subsequent discharges during the same half cycle. Presumably
the statistical time lag for the first discharge during a half cycle also
decreases with increasing applied frequency. This comes since, as
the period time shorten, the possibility that charged particles gen-
erated during one voltage half cycle act as sources for free electrons
during the next half cycle increases. As a result there could be more
PDs per cycle at high applied frequencies. This phenomena may
explain the increase in the measured number of PDs per cycle for
frequencies above 20 Hz in Figure 3.1. This is however not further
investigated in this work.

As discussed in Section 3.2 the statistical effect shifts discharges forward
in phase so that they may occur at voltages above the inception voltage
level. This results in a decline in the number of PDs per cycle with
increasing applied frequency. The statistical effect may however also
influence the PD frequency dependence indirectly:
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• The electron generation intensity Ie increases with an enhanced
electric field [14].

• The voltage at which a discharge starts may affect the voltage at
which it stops. A higher start voltage may yield a lower stop volt-
age. Hence the statistical effect may cause discharges to stop at
lower voltages than in the case without statistical effect. This re-
sults in larger discharges transmitting more charge and causing a
greater drop in the voltage over the cavity. Finally this may end
in a further decline in the number of PDs per cycle with increasing
applied frequency.

• The area of the cavity surface that is affected by a discharge may
depend on the voltage at which the discharge starts [24].





Chapter 4

Experimental

4.1 Test object

Measurements of PD at variable frequency of the applied voltage are
performed on simple test objects (Figure 4.1). The test objects contain
one cylindrical cavity in a delaminated insulation. The test objects are
created by pressing together insulating plates between two disc shaped
electrodes. The electrodes are made of brass and are cast in epoxy to
prevent from discharges at the electrode edges. In one or more of the
insulating plates a hole is drilled to create the cylindrical cavity. This
cavity shape is chosen since it makes the manufacturing process of the
cavities easy and accurate. There are no PD in the inter-space between
the insulating plates for applied voltages at least up to 12 kV.

The cavity diameter is changed by changing the diameter of the drilled
hole (Figure 4.2). The cavity height is changed by changing the thickness
of the insulating plates. The cavity location is changed by reordering the
insulating plates between the electrodes. In most measurements insulat-
ing plates of thickness 1 mm are used thus creating cavities with height
1 mm. Real cavities in for example machine insulation usually are less
thick. However 1 mm plates are easy to handle and are on sale from the
manufacturers in many materials, thus providing possibilities to compare
materials with different properties.
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Figure 4.1: Test object with cylindrical cavity. Cross-section along
symmetry axis.
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Figure 4.2: Different insulating plate configurations: insulated cavity
(a), cavity bounded by electrode (b), cavity with large diameter (c),
cavity with large height (d).

4.2 Materials

Throughout this work polycarbonate is used as material in the insulating
plates in the test objects. Polycarbonate is preferred to other insulating
materials for two reasons. Firstly its degradation under PD is found to
be slow enough to not influence the VF-PRPDA measurements signifi-
cantly. Hence it can be assumed that the material properties of the test
objects do not change significantly with time. Secondly the permittivity
of polycarbonate is nearly frequency independent in the frequency range
10 mHz – 100 Hz. Therefore the bulk insulation in the test objects can
be regarded as non-dispersive. Figure 4.3 shows results from dielectric
response measurements on polycarbonate.
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Figure 4.3: Measured real (©) and imaginary (�) part of the complex
permittivity of polycarbonate at temperature 20 ◦C.

4.3 Measurement system

The technique of Variable Frequency Phase Resolved Partial Discharge
Analysis (VF-PRPDA) [7, 8] is used to measure PD in the test objects
at variable frequency of the applied voltage. The measurement system is
based on a commercial ICM++ (Insulation Condition Monitoring) sys-
tem from Power Diagnostix Systems GmbH [25]. The software is modi-
fied to reach synchronization between the phase resolved PD acquisition
and the applied voltage in the frequency range 1 mHz – 400 Hz [7, 8].
A detailed description of the measurement system is given in [7, 8]. A
schematic picture of the measurement system is shown in Figure 4.4.
The system comprises a high-voltage supply V , a high-voltage filter Z,
a coupling capacitance Ck, a measuring impedance C, R and L, a pre-
amplifier, the ICM system and a personal computer. The high voltage
is supplied from a computer generated low-voltage signal amplified by
a high-voltage amplifier. The high-voltage filter reduces noise, prefer-
ably the switching frequency of the amplifier. The coupling capacitance
acts as a stable voltage source and current is driven from Ck to the test
object during the short time duration of a partial discharge. The cou-
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pling capacitance also contributes to the high-voltage filter and acts as
a security disconnection between the high-voltage amplifier and the test
object. The measuring impedance includes C, R, L and the impedance
of the connecting cables. It is the time dependent voltage Vm(t) over the
measuring impedance that is measured. The measured signal is amplified
by the pre-amplifier and then sent to the ICM system. For each detected
PD voltage pulse the measurement system determines the phase position
related to the applied voltage and the apparent charge. The apparent
charge qapp is the charge transmitted from the coupling capacitance to
the test object during a partial discharge [1]. It is not the same as the
physical charge qphys transferred by the discharge inside the cavity in the
test object. The system sorts the detected pulses into phase channels and
charge channels. The width of the phase channels is 360 ◦/ 256. There are
128 positive and 128 negative charge channels. After each detected PD
pulse a dead time is set during which no further pulses are detected. This
makes sure that each PD pulse is only detected once. In this work the
dead time was set to 50 µs. The output from the measurement system is
a 256 × 256 matrix where each column represents a phase channel, each
row a charge channel and each element the recorded number of PD pulses
with that specific combination of phase position and apparent charge.
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Figure 4.4: Schematic picture of PD measurement system.



Chapter 5

Modeling

5.1 Introduction

The aim of the model presented here is to dynamically simulate the se-
quence of partial discharges in an insulated cylindrical cavity at variable
frequency of the applied voltage. One difficulty in modeling partial dis-
charges is the difference in time scales between the discharges and the
applied voltage. While the duration of a discharge is typically in the
nanosecond range, the period time of the applied voltage in this work is
in the range 10 ms – 100 s. Therefore the length of the time step used in
the simulations has to be small in comparison to the period time in order
to resolve the discharge phenomena. Additionally the statistical proper-
ties of partial discharges makes it necessary to study a large number of
cycles of the applied voltage to obtain statistically relevant data. As a
result the simulations take long time to perform. The major part of the
time in the simulations presented here is spent on calculating the field
distribution in the test object. The strong non-linearity in the conductiv-
ity during discharge, as discussed in Section 5.4, also calls for small time
steps. The long simulation times has been a critical factor throughout
this work.

The model presented here is a macroscopic model of PD. What is
modeled is the electric potential distribution in the test object and the
current through and charge transferred by a discharge. The model do not
give a detailed description of the discharge mechanism in terms of charge
densities. Such a microscopic modeling approach would yield longer sim-
ulation times.
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The model contains a field model of the electric potential distribution
in the test object. The dynamical simulations are performed with the field
computation program FEMLAB R© [26] with MATLAB R© [27]. Besides the
field model the model also comprises an adaptive time step algorithm, a
model for generation of free electrons to start the discharges, a discharge
model, calculations of PD current and PD charge and a graphical user
interface. A detailed description of the model, the simulation program
and the simulations is given in Paper V and VI.

5.2 Field model

The field model describes the electric potential distribution in the test
object. The governing equations for the field model are (5.1) and the
equation of current continuity (5.2)

div ~D = ρf (5.1)

div ~Jf +
∂ρf

∂t
= 0 (5.2)

where ~D is the electric displacement field, ρf is the free charge density

and ~Jf is the free current density. The dielectric material is assumed to
be linear, hence

div ~D = div(ε ~E) = −div(εgradV ) (5.3)

where ε is the permittivity, ~E is the electric field and V is the electric
potential. With ~J = σ ~E = −σgradV equation (5.2) can be rewritten as

div(−σgradV ) +
∂

∂t
(−div(εgradV )) = 0 (5.4)

where σ is the electric conductivity. The dielectric material is assumed
to be non-dispersive with an instantaneous polarization in the applied
frequency range used in this work (10 mHz – 100 Hz). Hence 5.4 can be
rewritten as

div

(

−σgradV − εgrad
∂V

∂t

)

= 0 (5.5)

If V is denoted by u1 and ∂V
∂t

by u2 equation (5.5) can be expressed as
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{

∂u1

∂t
− u2 = 0

div(−σgrad u1 − εgrad u2) = 0
(5.6)

which is the equation system solved by FEMLAB R©.

5.3 Model geometry

The geometry used for the field model is 2-dimensional axial-symmetric
and is shown in Figure 5.1. It consists of three main domains: the bulk
insulation, the cavity and the cavity surface. The cavity is subdivided into
five discharge channels with equal volume and a discharge is modeled as
an increased conductivity in one or more of the discharge channels. The
subdivision into discharge channels is one way to account for the fact
that discharges may affect only part of the cavity. A larger number of
discharge channels would increase the accuracy of the model but would
also yield longer simulation times. The conduction process on the cavity
surface is modeled as volume conduction in a thin layer.

PSfrag replacements

Symmetry axis Electrode surface Insulation

Discharge channels Cavity surface

1 2 3 4 5

Figure 5.1: Two-dimensional axial-symmetric model geometry. Cavity
subdivided into five discharge channels.

The model geometry is 2-dimensional although the real electric po-
tential distribution in the test object is 3-dimensional. This is a choice
made in order to achieve reasonable simulation times; a 3-dimensional
model geometry would extend the simulation times. The discharge chan-
nels in the model have the shape of cylindrical shells and do not describe
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the real space distribution of the discharges in the cavity. Nevertheless
the model gives a qualitative description of how the PD activity in the
cavity is influenced by the frequency of the applied voltage.

5.4 Discharge

The conductivity of the discharge channels is modeled as

σ =

{

min
(

σ0 exp
(

|U/Uinc| + |I/Icrit|
)

, σmax

)

during discharge

σ0 otherwise
(5.7)

where U is the voltage over a channel, Uinc is the inception voltage, I is
the current through a channel, Icrit is the critical current for avalanche
and σ0 is the conductivity between discharges. For numerical reasons it
is necessary to restrict the value of σ to a maximum σmax. The value
of σmax is coordinated with the length of the time step during discharge
so that the channels discharge in a time interval small compared to the
period time of the applied voltage. Equation 5.7 is a conduction ver-
sion of the streamer resistance expression used in Paper II. The channels
discharge independently of each other. A discharge in a channel starts
when U > Uinc and there is a free electron available in the channel. As a
discharge starts the voltage U initially causes a small increase in σ corre-
sponding to the inception of an electron avalanche. Due to the increase
in σ the current I also increases, thus increasing σ further. This corre-
sponds to resistive heating of the streamer channel by the current. As
the discharge continues the voltage U drops due to the high value of σ.
However σ maintains its high value as long as I supersedes the critical
current for avalanche Icrit. The discharge stops when U has dropped
below the extinction voltage level Uext.

Figure 5.2 shows the calculated electric potential distribution in the
test object before and after the first two discharges in the cavity after
voltage application. Before the first discharge the electric field is con-
centrated to the air-filled cavity. This is due to the lower permittivity
of air than of the bulk insulation. After the discharges the voltage over
the discharging channels has dropped below the extinction voltage level,
which is here set low enough to in principle discharge the channels com-
pletely. The channels that have not discharged are influenced and the
voltage over them has also decreased. The horizontal boundary in the
middle of the channels is used for integration of current.
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5.5 Statistical time lag

The presence of a free electron to start an electron avalanche in a dis-
charge channel is modeled by use of a random number generator. The
number of free electrons generated in the cavity per unit time is called
the electron generation intensity Ie and is modeled as

Ie = Ie0 exp
(

|U/Uinc|
)

(5.8)

where Ie0 is the intensity at inception voltage. The electron generation
intensity is modeled as an increasing function with increasing voltage
over the channel. This corresponds to an enhanced emission of electrons
from the cavity surfaces as the electric field strength increases [14]. The
probability that there is a free electron available in a discharge channel
during a time interval [t, t + dt] is modeled as

P =







Ie(t)

N
dt if U > Uinc

0 if U < Uinc

(5.9)

where N is the number of discharge channels and dt is chosen so that P
equals 0.1. To determine if there is a discharge during the time interval
[t, t + dt], P is compared with a random number R (0 ≤ R ≤ 1) for each
channel such as

P > R ⇒ discharge
P < R ⇒ no discharge

(5.10)

Figure 5.3 shows the simulated voltage over one discharge channel
during the first two cycles of an applied voltage with frequency 10 mHz.
Initially the voltage over the channel is zero. The voltage over the channel
then increases due to the increasing applied voltage. As the voltage over
the channel reaches the inception voltage level a discharge starts. The
discharge continues until the voltage over the channel drops below the
extinction voltage level, which is here set low enough to in principle
discharge the channels completely. Then the voltage build-up over the
channel starts over again. There are also some smaller voltage drops
in the channel, for example at phase angle about 85 degrees there is a
voltage drop of about 600 V. These smaller voltage drops correspond
to discharges in the other discharge channels. In this simulation the
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statistical time lag is set to 1 ms at the inception voltage level and the
period time of the applied voltage is 100 s. Since the statistical time lag
is much shorter than the period time, the influence from the statistical
time lag on the discharge sequence is negligible. Therefore, as can be
seen from the figure, the discharges always occur at the inception voltage
level.

In Figure 5.4 the same situation as in Figure 5.3 is simulated but this
time for an applied voltage with frequency 50 Hz (period time 20 ms).
Now the statistical time lag is in the same range as the period time and
therefore influences the discharge sequence. The discharges are shifted
forward in phase and occur at voltages above the inception voltage level.
This is the statistical effect which results in less discharges per cycle of
the applied voltage.

5.6 Simulation program

The simulation program is a MATLAB R© script and is described in a flow
chart in Figure 5.5. A graphical user interface allows the user to define
input data and to display and save output data. The model contains a
frequency loop over all frequencies the user has chosen to simulate and a
time loop over all cycles of the applied voltage at the current frequency.
In each time step the time dependent FEMLAB R© model is called to
calculate the electric potential in the geometry. Geometry and mesh are
initialized once outside the loops. Constants, boundary settings and sub-
domain settings are set at each time step separately. The length of the
time step is adaptive and is also set separately for each time step. It is
chosen to be short enough to resolve the discharge sequence in the cavity
and at the same time long enough to avoid unnecessary long simulation
times. After each time step it is controlled whether any of the channel
voltages U exceed the inception voltage Uinc. If U < Uinc in all channels
there cannot be any discharges in the cavity and another time step is
taken. If U > Uinc in any channel there can be discharges in the cavity if
there are also free electrons available. In this case it is checked whether
the statistical time lag τstat is negligible in comparison to the period
time of the applied voltage. If τstat is negligible, one channel is chosen
randomly to discharge. This is done to shorten the simulation times. If
however τstat cannot be neglected, the probability P that there is a free
electron available in a channel is calculated and compared with a random
number R for each channel. If P < R in all channels there is no discharge
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and another time step is taken. If P > R in any channel a discharge
starts. The FEMLAB R© model is called at each time step during the
discharge to calculate the potential. The conductivity as given in (5.7) is
calculated at each time step and defined as a constant in the FEMLAB R©

model. The discharge continues as long as U > Uext in any channel. As
the discharge has stopped a new time step is taken.
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Figure 5.2: Calculated electric equipotential lines before first discharge
(upper), after first discharge in channel 1 (middle) and after a consecutive
discharge in channel 3 (lower).
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Figure 5.3: Simulated voltage over one discharge channel (number 3) in
the case of no influence from the statistical time lag on the discharge se-
quence. Amplitude of applied voltage 10 kV and frequency 10 mHz. Hor-
izontal dash-dotted lines mark the PD inception voltage level (4600 V).
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Figure 5.4: Simulated voltage over one discharge channel (number 3)
in the case of the statistical time lag influencing the discharge sequence.
Amplitude of applied voltage 10 kV and frequency 50 Hz. Horizontal
dash-dotted lines mark the PD inception voltage level (4600 V).
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Figure 5.5: Flow chart of simulation program. U is voltage over a chan-
nel, Uinc is inception voltage, τstat is statistical time lag, P is probability
that there is a free electron available in a channel, R is a random number
and Uext is extinction voltage.





Chapter 6

Summary of papers

Paper I

In this paper the VF-PRPDA technique is used to measure PD at vari-
able applied frequency in in-service aged stator bars from a hydro-power
generator. Two types of PD frequency dependence are observed: de-
creasing PD activity with decreasing applied frequency and increasing
PD activity with decreasing applied frequency. The former is interpreted
as a screening effect due to surface conduction in cavities in the stator
bar insulation. The latter is interpreted as a blocking effect due to field
concentration in cavities caused by increased conductivity or strong dis-
persion of the bulk insulation. No major differences are seen in the PD
phase distribution for the cases of screening and blocking effect. Hence
the two cases are distinguishable from their frequency dependence but
not from their phase distributions.

Paper II

In this paper the frequency dependence of PD in a discharging cavity in an
otherwise homogeneous insulation is modeled. The sequence of discharges
in the cavity is dynamically simulated at variable applied frequency using
an electric network model. In the model the PD current path is modeled
by a voltage and current dependent streamer resistance. It is shown that
the conductivity of the bulk insulation, the surface conductivity in the
cavity and the statistical time lag significantly influence the PD frequency
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dependence.

Paper III

In this paper it is experimentally studied how cavity size and cavity loca-
tion influence the PD frequency dependence. The VF-PRPDA technique
is applied to a test object containing a cylindrical cavity in a delaminated
insulation of polycarbonate. It is shown that from PD measurements at
variable applied frequency it is possible to distinguish between cylindrical
cavities of different diameter and between insulated cavities and cavities
bounded by an electrode. The PD frequency dependence of a cylindrical
cavity is dynamically simulated using a two-dimensional field model. A
discharge is modeled with an increased conductivity in the whole cavity.
This type of modeling can be used to interpret the PD frequency de-
pendence only for small cavities where every discharge affects the whole
cavity.

Paper IV

In this paper the PD frequency dependence of a discharging cylindrical
cavity is dynamically simulated using a two-dimensional field model. In
the model the cavity volume is subdivided into smaller parts and a dis-
charge is modeled as an increased conductivity in only part of the cavity.
This type of modeling can be used to interpret the PD frequency depen-
dence also for large cavities where a discharge may affect only part of the
cavity. It is shown that the statistical time lag has a significant influence
on the PD frequency dependence. Simulated results are used to interpret
the PD frequency dependence of a test object containing a cylindrical
cavity in a delaminated insulation of polycarbonate.

Paper V

In this paper the PD frequency dependence of cylindrical cavities is mea-
sured and modeled. It is shown that from measurements with the VF-
PRPDA technique it is possible to distinguish between cylindrical cavi-
ties of different diameter and height and between insulated cavities and
cavities bounded by an electrode. Part of the measurement results are
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previously presented in Paper III. The sequence of discharges in a cylin-
drical cavity is dynamically simulated as a function of applied frequency
using a two dimensional field model. The model is a further development
of the model presented in Paper IV. Now the conductivity of a discharg-
ing part of the cavity is modeled as a function of voltage and current.
The influences on the PD frequency dependence from the statistical time
lag, the cavity surface conductivity and the bulk conductivity are cor-
rectly predicted by the model. The simulated number of PDs per cycle
for an insulated cylindrical cavity is compared with measurement data
with good agreement.

Paper VI

In this paper a more detailed description of the model presented in Pa-
per V is given from a modeling point of view.





Chapter 7

Main results

Partial discharges in test objects are measured at variable frequency of
the applied voltage using the VF-PRPDA technique. The frequency is
varied in the range 10 mHz – 100 Hz. The test objects are composed of
a cylindrical cavity in a delaminated insulation of polycarbonate.

The effect of changing the cavity diameter is shown in Figure 7.1 where
the number of PDs per cycle of the applied voltage is measured for three
insulated cylindrical cavities with different diameters but same height. At
applied frequency 50 Hz the number of PDs per cycle is about the same
in all three cavities. As the frequency is varied below 50 Hz the cavities
distinguish significantly and the number of PDs per cycle increases with
increasing diameter. This is interpreted as a difference in how large area
a discharge affects; a discharge in the smallest cavity may affect the whole
cavity surface while a discharge in a larger cavity most likely only affect
part of the cavity surface. The actual frequency dependence of the PD
activity is similar in all three cavities and is interpreted in Chapter 3.

In Figure 7.2 the effect of changing the cavity height is shown. The
number of PDs per cycle is measured for five insulated cylindrical cavities
with different heights but same diameter. Again at applied frequency
50 Hz the number of PDs per cycle is about the same in all cavities
while at lower frequencies there is a difference. This is interpreted as a
difference in amplitude of applied voltage at PD inception between the
different cavity heights, resulting in less PDs per cycle in cavities with
higher applied voltage at PD inception. This affects the PD activity more
at lower frequencies where the statistical time lag is negligible and the
PDs always occur at the inception voltage level.
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Figure 7.1: Effect of cavity diameter. Measured number of PDs per
cycle for insulated cylindrical cavities with diameter 1.5 (×), 7 (©) and
10 (�) mm and height 1 mm. Amplitude of applied voltage 10 kV.

The difference in PD frequency dependence between insulated cylin-
drical cavities and cylindrical cavities bounded by an electrode is shown
in Figure 7.3. The number of PDs per cycle is measured for an insulated
cavity and for cavities placed against the upper and lower electrode, re-
spectively. There is no big difference in the number of PDs per cycle for
the three cavities at applied frequency 50 Hz. However, at lower frequen-
cies the number of PDs per cycle is much higher in the insulated cavity
than in the cavities bounded by an electrode. This is explained by the
high conductivity of the electrode surface in the metal bounded cavities.
Charge densities deposited on the metal surface decay fast and there are
no local field concentrations. In contrast, on the dielectric cavity surface
the field is locally enhanced by surface charge densities. Moreover, the
magnitude of discharges in the metal bounded cavities is larger than in
the insulated cavity. This is due to an enhanced supply of charge from
the metal surface to an ongoing discharge. All together this results in a
lower field and therefore less PDs per cycle in the metal bounded cavities.

Partial discharges in an insulated cylindrical cavity at variable applied
frequency is modeled using a two-dimensional field model. The discharge
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Figure 7.2: Effect of cavity height. Measured number of PDs per cycle
for insulated cylindrical cavities with height 0.14 (×), 0.25 (©), 0.5 (4),
0.75 (�) and 1 (�) mm and diameter 10 mm. Amplitude of applied
voltage 10 kV.

sequence in the cavity is dynamically simulated in the frequency range
10 mHz – 100 Hz. The cavity has diameter 10 mm and height 1 mm. The
simulated number of PDs per cycle is shown in Figure 7.4 and compared
with measurement results. The measurement results are further discussed
in Chapter 3. The simulated number of PDs per cycle is in good agree-
ment with the measurement results for frequencies below 10 Hz while it is
far too low for frequencies above 10 Hz. One explanation of the discrep-
ancy at high frequencies is that the phenomena of an increasing number
of PDs per cycle at the highest frequencies observed in the measurement
results is not included in the model.

The simulated charge per cycle is compared with measurement results
in Figure 7.5. Although the simulated charge per cycle is in the same
range as the measurement results the agreement is poor. For all frequen-
cies except the highest one the simulated charge is a factor 3 – 5 too
large. This probably is an indication that the discharge channels in the
model are too large. Another reason could be that the extinction voltage
level set in the model is too low. The simulated charge per cycle drops
drastically at frequency about 1 Hz in contrast to the measured charge



40 7 Main results

0

2

4

6

8

10

10
-2

10
-1

10
0

10
1

10
2

PSfrag replacements

Frequency (Hz)

P
D

s
p
er

cy
cl

e

Figure 7.3: Insulated cavity versus cavity bounded by an electrode.
Measured number of PDs per cycle for cylindrical cavities placed in the
middle of the insulation (�) and against the upper (©) and lower (×)
electrode, respectively. Cavity diameter 10 mm and height 1 mm. Am-
plitude of applied voltage 10 kV.

per cycle which is almost constant for the higher frequencies. This also
indicates that the discharge channels in the model are too large. Another
reason for the drop in the simulated charge could be that the extinction
voltage level should depend on the actual start voltage for a discharge,
as was discussed in Chapter 2. This could have an effect on the charge
per cycle at high frequencies where the influence of the statistical time
lag is significant.
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Figure 7.4: Comparison between simulated (©) and measured (�) num-
ber of PDs per cycle in an insulated cylindrical cavity with diameter
10 mm and height 1 mm. Amplitude of applied voltage 10 kV.
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Figure 7.5: Comparison between simulated (©) and measured (�)
charge per cycle in an insulated cylindrical cavity with diameter 10 mm
and height 1 mm. Amplitude of applied voltage 10 kV.
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Conclusions

From measurements of partial discharges at variable frequency of the
applied voltage more information about the condition of an insulation
system is obtained than from measurements at a single frequency.

By measuring partial discharges at variable applied frequency it is pos-
sible to distinguish between insulated cylindrical cavities of different di-
ameters and heights and between insulated cavities and cavities bounded
by an electrode.

The statistical time lag and the two dielectric time constants, related
to charge movement on the cavity surface and in the bulk insulation,
significantly influence the frequency dependence of partial discharges in
cylindrical cavities.

The sequence of partial discharges in an insulated cylindrical cavity at
variable applied frequency is simulated using a two-dimensional field
model. The discharges in the cavity are simulated dynamically to ob-
tain consistent charge densities and currents in the model.

The model makes a plausible prediction of the influence on the partial
discharge frequency dependence from the statistical time lag and the two
dielectric time constants.

This type of modeling can be used to interpret measurements of the
frequency dependent number of partial discharges per cycle of the ap-
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plied voltage in cylindrical cavities.

The frequency dependent charge per cycle in a cylindrical cavity as pre-
dicted by the model is in the same range as the measurement data but
the agreement is poor. This indicates that the spatial extension of a
discharge in a cavity and the variation in extinction voltage between
discharges starting at different voltage levels are important modeling pa-
rameters which are not satisfactory treated in this model.

The simulation time is a critical parameter in this type of modeling. This
is a result of the strong non-linearity in the conductivity in the cavity,
the statistical properties of partial discharges and the large difference in
time scales between the applied voltage and the discharges in the cavity.
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Future work

For future work on frequency dependence of partial discharges in cavities
it is among many things of interest to:

• Model partial discharges in a cavity in three-dimensions. In the
two-dimensional model presented in this work the discharges have
a constant shape of cylindrical shells. With a three-dimensional
model it would be possible to improve the description of the dis-
charges spatial extension and to model the influence between dif-
ferent discharges more realistically.

• Study what parameters influence the spatial extension of a dis-
charge in a cavity. For example the voltage level at which a dis-
charge starts and the initial charge distribution on the cavity sur-
faces may influence.

• Study how the extinction voltage is influenced by the voltage at
which a discharge starts. This is of main interest when the sta-
tistical time lag influences the partial discharge activity since then
discharges occur at voltages above the inception voltage level.

• Further investigate the increase in number of PDs per cycle at high
frequencies observed in some measurements presented in this work.
One hypothesis is that this increase is caused by an increased avail-
ability of seed electrons due to the shorter time interval between
discharges at high frequencies.

• Study surface conductivity and surface charge distributions created
by discharges on polymer surfaces.
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• Study electron generation from polymer surfaces.

• Study how the interaction between many cavities influences the
partial discharge frequency dependence.

• Study cavities of shapes other than cylindrical.
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