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Abstract

The aim of this work is to contribute to an increased capacity of mass-impregnated,
high voltage direct current (HVDC) cables. This has been done by providing
a better understanding of the transient electric field distribution between im-
pregnated paper and oil-filled butt gaps. The focus is in particular how this field
distribution is affected by the dielectric response functions of oil and impreg-
nated paper.

In this work, mass-impregnated HVDC insulation was modeled mathemati-
cally as a series connection of two materials, namely oil and impregnated paper.
The model was based on linear dielectric response theory. A system of differential
equations for estimating the time-dependent electric field distribution and the
current density was established as part of the model. The input parameters to the
model were thickness, high-frequency permittivity, steady-state conductivity, and
dielectric response function for each material separately, as well as the applied
voltage across the whole series connection. The dielectric response functions
were here used to represent any polarization and conduction processes that were
not represented by the high-frequency permittivities or steady-state conductivi-
ties. The model was used to estimate electric field distributions in plane-parallel,
mass-impregnated insulation with and without dielectric response functions
considered.

An air-tight, temperature-controlled container was equipped with necessary
piping, bushing, and electrodes for vacuum drying, impregnating, and electrical
testing of plane-parallel test objects. The test objects were made of paper and oil
of qualities typically used for mass-impregnated cables. Some of the test objects
contained impregnated paper, some contained only oil, and some contained
an oil gap between stacks of paper. A test circuit for applying step voltages
and measuring the resulting polarization and depolarization currents was built
and connected to the electrodes via the bushing. Dielectric response functions
and steady-state conductivities were determined from the polarization and
depolarization currents for oil and impregnated paper separately. This was done
at 50 °C with electric field strengths ranging from 0.3 to 7 kV/mm for oil and from

xv



xvi Abstract

0.2 to 40 kV/mm for impregnated paper. The permittivity for each material was
determined from measurements at 1 kHz and 0.7 Vrms. The measured electrical
properties were used as input to the abovementioned model. Furthermore,
polarization and depolarization currents were measured in a 2.5 mm thick
plane-parallel series connection, i.e. an oil gap between stacks of paper, at
30.6 kV. The measured currents in the series connection were compared with
currents estimated by the model. To ensure that the comparison was relevant,
the currents in the series connection and the electrical properties used as input
to the model were measured under as similar conditions as possible. Paper
without impregnation was studied with scanning electron microscopy to assess
its internal, porous structure.

The agreement observed between measured and estimated currents indicates
that linear dielectric response theory is adequate for estimating the transient
electric field distribution between layers of oil gaps and impregnated paper.
Further, it was found that the dielectric response functions strongly affect how
fast steady state is approached. For example, in a particular piece of insulation
at 50 °C, the estimated time needed for ninety percent of the change from initial
to steady-state electric field distribution to take place was at least twice as long
when dielectric response functions were taken into account than when they were
neglected. Further, it was observed a trend that the time needed for this change
to take place decreases and becomes less affected by the dielectric response
functions as the ratio of total paper thickness to total oil gap thickness in the
insulation is increased. The scanning electron microscopy showed that typical
thicknesses of interstices between paper fibers were less than 15 % of the paper
sheet thicknesses. This confirmed that oil gaps in such interstices are much
smaller than butt gaps and thus can be modeled as part of the impregnated
paper.
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Chapter 1

Introduction

1.1 Background

1.1.1 Long Distance Energy Transmission

High voltage direct current (HVDC) cables transport large amounts of elec-
tric energy over long distances. A typical HVDC cable carries several hundred
megawatts across several hundred kilometers [1]. Some examples of HVDC
cable links are from Norway to Denmark [1]–[3], Norway to the Netherlands [4],
Great Britain to the Netherlands [5], Sweden to Germany [6], Sweden to Poland
[7], Sardinia to the Italian mainland [8], Greece to Italy [8], and Tasmania to
the Australian mainland [9]. The longest of these is the 580 km link between
Norway and the Netherlands [4].

Across wide and deep bodies of water, overhead transmission lines are not
feasible, and the use of cables is the only solution. Cables are sometimes preferred
to overhead lines onshore as well, in attempt to reduce public objections to
power grid expansion [10].

Long alternating current transmission lines involves high losses due to large
capacitive charging and discharging currents. Use of direct current (DC) avoids
this problem, and is therefore preferred for long distances. Another advantage
of DC is that it enables the interconnection of power grids whose frequencies
are not synchronized with one another [4], [11], [12].

1.1.2 Mass-Impregnated Cables

A much used HVDC cable insulation type is mass-impregnated paper. It is believed
that a pair of mass-impregnated cables put in service in Lyon in 1907 were
the world’s first truly commercial HVDC cables [13], [14]. The first subsea
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2 Chapter 1. Introduction

mass-impregnated HVDC cable was installed between Gotland and the Swedish
mainland in 1954 [3]. All of the HVDC links indicated in section 1.1.1 have
cables of this type [1]–[9].

Mass-impregnated paper insulation is made by wrapping approximately
2 cm wide, pre-dried paper tapes helically around the conductor. The paper
tapes consist solely of electrotechnical paper that is cut to the desired tape
with. The lay length of the paper tapes is slightly larger than the tape width
so that a 1–4 mm wide gap is left between the tapes. This gap is called a butt
gap and accommodates the bending of the cable without jamming the paper
tapes. Typically a few hundred layers of paper tapes are wrapped around each
other. Each layer is staggered with respect to the layer it surrounds so that the
butt gaps of adjacent layers do not coincide with each other. The lay direction
is reversed at certain radial positions of the insulation, typically every twelve
to sixteen layers, to avoid torsion in the cable. The inner- and outermost layers
consist of conductive paper to ensure an electrically smooth transition from
conductive metal to insulating paper. After additional drying under vacuum, the
paper-wrapped conductor is impregnated with mass, a high-viscosity compound
based on mineral oil [4], [5]. The mass will henceforth be called oil.

The internal structure of the paper tapes is irregular with fibers that were
originally hollow but have collapsed and fibrillated from the pulp refinement
process. There is thus a network of “channels” in between the fibers. When
the paper is impregnated, these channels are filled with oil. Moreover, the
paper surface roughness causes contact to occur at discrete spots [15], creating
further room for oil between these spots. The room between such spots and the
oil therein are henceforth called intersheet gap and intersheet oil, respectively.
The oil also fills the butt gaps. The impregnated paper and the oil-filled butt
gaps constitute the electrical insulation. A sketch of such cable insulation is
demonstrated in figure 1.1.

A lead sheath encompasses the electrical insulation in mass-impregnated
cables and acts as a water barrier. It also acts as grounding. Various components
are applied outside of the metallic sheath, mainly for mechanical and anti-
corrosion purposes.

Mass-impregnated cables are referred to as “nondraining”, since the high
viscosity prevents the oil from draining to lower sections of the cable [17].1

In reality, production constraints and thermal contraction prevents this ideal.
The cable is impregnated while being warm (typically around 120 °C). When
the cable cools, the oil contracts more than the paper due to different thermal

1Other types of paper-insulated cables make use of low-viscosity oil that is kept pressurized
by onshore pressurizing units. In such cables, the oil is allowed to flow in and out of the cable at
the pressurizing units as the oil expands or contracts due to temperature variations [4].



Chapter 1. Introduction 3

Figure 1.1: Skecth of cable insulation with four layers of paper tapes. The sketch is not
to scale. Original figure published in [16], ©2019 IEEE, reproduced in modified form
with permission.

expansion coefficients, and the oil cavitates. Cavities decrease the breakdown
strength of the cable. Some or all of the cavities disappear when the temperature
is raised again [4]–[6], [18], [19].

Mass-impregnated insulation is regarded to be a proven technology [20].
The insulation system is durable. A dissection of a piece of cable after forty-five
years of service displayed no significant change in degree of polymerization (an
ageing indicator) of the insulation paper [21].

1.1.3 Increasing the Transmission Capacity of HVDC cables

There are two basic ways of increasing the transmission capacity of mass-
impregnated cables: increasing the voltage capacity or increasing the current
capacity. An increased voltage leads to higher electric field strengths in the insu-
lation. An increased current leads to more heat being generated in the conductor,
unless the conductor resistance is lowered by increasing its cross-sectional area.
The temperature has an effect on the electric field distribution in the insulation.
An increased temperature gradient will typically lead to a larger difference
between the maximum and minimum electric field strength, with the highest
field strength in the coldest part of the insulation [22].

If all other parameters are constant, an increased insulation thickness lowers
the electric field strengths. Therefore, the effects of increasing the voltage or
current can to some extent be compensated for by increasing the diameter of
the insulation. However, this increases raw materials consumption, production
costs, and installation costs.

This means that, in many cases, an increased transmission capacity will
involve an increased electric field strength in the insulation. This again means
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that the insulation will operate closer to its limit in terms of breakdown strength.
Knowledge about the electric fields is therefore important when increasing the
transmission capacity of HVDC cables.

1.1.4 Challenges due to Operation of HVDC Cables

Normal operation of HVDC cables involves changing the voltage in several ways:
switching the voltage on, switching it off, and reversing its polarity. Such changes
in voltage results in transients in the electric field strength distribution. Large
electric field transients are critical situations for the insulation.

The polarity occasionally is reversed in order to reverse the direction of
power flow in the cable.2 The desired direction of power flow in HVDC cables
typically depends on supply and demand in the interconnected grids. With an
increased share of renewable sources in the energy mix, the energy supply is
likely to change frequently due to the intermittent nature of wind and solar
power. Where HVDC links connect areas of renewable power generation with
areas of balancing power generation, frequent changes to the supply–demand
situation leads to a frequent need for reversing the power flow in the HVDC link
[29]–[31].

1.2 Common Approach to Assessing Electric Fields in
HVDC Cables

When assessing electric fields in HVDC cables, a common approach is to model
the insulation as a single material and neglect any inhomogeneities except those
due to temperature gradients [22], [32]–[34]. Some major concepts in such
assessments are presented in the following sections (i.e., sections 1.2.1–1.2.5).

1.2.1 Factors Affecting Electric Fields in HVDC Cables

The electric field distribution in a HVDC cable is dependent on voltage, the insu-
lation’s geometry, the insulation’s electrical properties, and time. Immediately
after a step voltage is applied across the insulation (i.e., the voltage is turned
on), the electric field distribution is governed by the permittivities of the various
regions of the insulation and is called a capacitive field distribution. It then

2The power flow direction can be reversed either by reversing the voltage or by reversing the
current. Which of these techniques is used depends on the type of converter stations that feed the
HVDC cable [23], [24]. All of the HVDC links mentioned in chapter 1.1.1 have converter stations
that depend on voltage polarity reversal for reversing power flow [25]–[27], except for one of
the four cables between Norway and Denmark [28].
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approaches a steady-state distribution that is governed by the conductivities of
the insulation’s various regions and is called a resistive field distribution [35].

1.2.2 Effect of Cylindrical Geometry

When the electrical properties of the insulation in cylindrical cables are homoge-
neous, the electric field distribution depends on the voltage and the cylindrical
geometry alone, and the electric field E as a function of radial position r is [35]

E(r) =
U

r ln rout
rin

. (1.1)

Here, U is the voltage, rout is the outer radius of the insulation, and rin is the
inner radius of the insulation.

1.2.3 Effect of Field-Dependent Conductivity

The conductivity increases when the electric field strength is raised. If the
conductivities at two radial positions r1 and r2 are σ1 and σ2, respectively, the
ratios between the electric fields E1 and E2 in those positions can be expressed
as [36]

E1

E2
=
σ2r2

σ1r1
. (1.2)

This reduces the dependency described by equation (1.1) [22].

1.2.4 Effect of Temperature Gradient

When a cable carries a current, resistive heating in the conductor and cooling
from the cable’s surroundings create a temperature gradient across the insulation.
Since the conductivity for typical insulation materials (such as paper and oil)
increases with increasing temperature, the temperature gradient results in a
conductivity gradient that points in the same direction. The higher conductivity
in the warm region close to the conductor reduces the steady-state electric
field strength in that region. Conversely, the lower conductivity close to the
insulation screen increases the steady-state electric field there. Depending on
the temperature gradient, this may cause the electric field strength to be highest
near the insulation screen where the temperature and conductivity are lowest
[22], [32], [35]. This phenomenon is called field inversion [37] and is illustrated
in figure 1.2.

The permittivity of mass-impregnated paper insulation is hardly influenced
by temperature [38] and is often assumed homogeneous even in the presence
of a temperature gradient [22], [39].



6 Chapter 1. Introduction

r
in

r
out

Radial position

E
le

ct
ric

 fi
el

d 
st

re
ng

th
 

With uniform temperature

With temperature gradient (warmest at r
in

)

Figure 1.2: Steady-state electric field distribution in a cable with and without tempera-
ture gradient.

1.2.5 Effect of Changing the Voltage

In the capacitive field distribution, which occurs immediately after the voltage
is turned on, equation (1.2) is valid with the conductivities replaced [35] by
permittivities ε:

E1

E2
=
ε2r2

ε1r1
. (1.3)

In the case of uniform permittivity across the insulation (which is the normal
assumption [22], [39]), equation (1.3) is in agreement with equation (1.1). The
electric field distribution will then gradually transition to a resistive distribution
as explained above.

During the transition from capacitive to resistive field distribution, space
charge accumulates in the insulation due to the conductivity gradient.3 When
the voltage is subsequently turned off, the space charges are still present and
need some time to dissipate [22]. In practice, turning off the voltage can be
considered to superimpose a negative capacitive field distribution on the resistive
field distribution. If the resistive electric field as a function of the radial position
r is Eres(r) and the capacitive electric field is Ecap(r), the resulting, total electric
field immediately after the voltage is turned off is [22]

E(r) = Eres(r)− Ecap(r). (1.4)

3A conductivity gradient caused by a temperature gradient is here assumed. In the case of
uniform permittivity and conductivity, the electric field obeys equation (1.1) continuously.
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The electric field throughout the cable subsequently approaches zero.
Also a polarity reversal superimposes a capacitive field distribution onto the

existing distribution, but with a magnitude twice as large as when the voltage is
turned off. Immediately after the reversal,

E(r) = Eres(r)− 2Ecap(r). (1.5)

The maximum value of the absolute value of the electric field is typically higher
immediately after polarity reversal than at steady state or immediately after
turning on or off the voltage. The maximum absolute value immediately after
polarity reversal is found close to the conductor [22].

The electric field distribution in the intermediate period from when the
voltage is turned on, reversed, or turned off until steady state is reached is
more complicated. Other authors have studied this transient electric field for
mass-impregnated cable insulation that, apart from temperature gradients and
resulting gradients in electrical properties, has been considered homogeneous.
This has involved solving the current continuity equation and Gauss’s law nu-
merically [22], [32].

1.3 Aim of This Work

The aim of this work is to obtain a better understanding of the time-dependent
electric field distribution between butt gaps and impregnated paper. The focus is
on modeling slow polarization mechanisms and their importance for the electric
field distribution.

Impregnated paper will be considered a homogeneous material whose elec-
trical properties are given by the combined action of the paper fibers and the oil
in between those fibers. Intersheet oil (see section 1.1.2) will also be regarded
as part of the impregnated paper, whereas the oil in the butt gaps will not. This
limits the scope to include two materials only: oil in butt gaps and impregnated
paper elsewhere.

The primary research questions are as follows:

• How can linear dielectric response theory be utilized for estimating tran-
sient electric field distributions between the materials in layered, two-
material HVDC insulation?

• Is the answer to the question above applicable to cases where the two
materials are oil and impregnated paper?

• What is the effect of dielectric response functions on the time-dependent
electric field distribution between oil and impregnated paper?
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1.4 Outline of the Thesis

The thesis is organized as follows:

Chapter 1 (Introduction) gives an introduction to HVDC cables in general and
mass-impregnated HVDC cables in particular, with emphasis on the structure
of the insulation. It points out that knowledge about the electric fields in the
insulation is important when the transmission capacity of such cables is to be
increased. Chapter 1 provides in this way the background for the research that is
presented in the rest of the thesis. Further, it presents common ways of assessing
the electric fields when the structure of the insulation is neglected. Subsequently,
this chapter states the aim and the research questions for the work, as well as
an outline of the thesis. It ends with an important note about the terminology
used in the rest of the thesis.

Chapter 2 (Theory) provides the theory upon which this work is based. In par-
ticular, it reviews the basics of linear dielectric response theory and explains how
dielectric response functions represent slow polarization mechanisms. Further-
more, it establishes equations for estimating electric fields and current densities
in series connections of two materials—with and without dielectric response
functions taken into account. These equations are the basis for the model for the
electric fields and current densities in the two materials. The model includes two
slightly different methods for estimating the electric fields, differing in which
input parameters are required for the equations.

Chapter 3 (Experimental Methods) describes the test objects and experimental
procedures used in this work. The experiments served three purposes:

• to provide the model with the necessary input (i.e., properties of the
materials)

• to provide measured current densities for a series connection of oil and
impregnated paper to compare with estimated current densities for verifi-
cation of the model

• to investigate the internal, porous structure of paper to assess whether or
not it is reasonable to consider oil-filled butt gaps without also considering
the oil inside the paper

Chapter 4 (Estimation Methods) starts by detailing how the electrical prop-
erties were determined, based on the electrical measurements. This includes
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explicating how the dielectric response functions represent not only slow polar-
ization but also other phenomena. This is an important concept in the model for
estimating electric fields and current densities. The chapter moves on to describe
how the equations of chapter 2 were converted to a more convenient form and
solved, and how electric fields as well as current densities were obtained from
the solutions. Finally, it establishes a measure of how fast steady-state electric
field distributions are approached.

Chapter 5 (Results from Materials Characterization) presents the measured
electrical properties for oil and impregnated paper, as well as the results from
the assessment of the internal structure of the paper. The electrical properties
are in subsequent chapters used as input for the model for estimating electric
fields and current densities.

Chapter 6 (Results from Estimates and Measurements on a Series Connec-
tion Test Object) has two primary purposes: demonstrate the effects of the
dielectric response functions and to demonstrate the reliability of the methods
used to estimate electric fields. All the estimates and measurements presented
in chapter 6 relate to a plane-parallel test object in which an oil gap is situated
between two stacks of impregnated paper (i.e., a series connection test object).
The first purpose is fulfilled by presenting estimates of electric fields and current
densities with and without dielectric response functions taken into account, as
well as presenting a sensitivity analysis where the dielectric response functions
used as input are varied. The second purpose is fulfilled by comparing estimated
and measured current densities in the series connection test object (see the
second bullet point for chapter 3 above).

Chapter 7 (Application to Mass-Impregnated Cables) outlines how these
methods can be applied to mass-impregnated cables under test or operating
conditions. The chapter also presents case studies of transient electric field
distributions in series connections of the same type as the one used in chapter 6,
but where values of the ratio between the thicknesses of the paper section
and the oil gap are relevant to mass-impregnated cables. The chapter gives an
account of how fast steady state is approached in various cases and discusses
the implications of these results for mass-impregnated cables.

Chapter 8 (Main Conclusions) lists the main conclusions of the thesis.

Chapter 9 (Suggestions for Further Work) lists suggestions for further inves-
tigating the electric field distributions between oil and impregnated paper, in
particular in mass-impregnated HVDC cables, based on the principles presented
in this thesis.
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1.5 Terminology

The term paper is henceforth used for impregnated paper, and the terms field and
field strength for electric field (strength), unless otherwise stated. The term current
(or current density) is used for the sum of the conduction current (density) and
the displacement current (density).



Chapter 2

Theory

This chapter presents theory relating to electric fields and dielectric response in
layered insulation. The layers are here considered to be plane-parallel.1 Edge
effects are not considered. The vectors of current density, electric field, and
electric displacement are thus assumed parallel to the radial direction and per-
pendicular to the interfaces [35]. Only the radial dimension is hence considered.
Furthermore, each layer is assumed to be homogeneous and in perfect electrical
contact (i.e., there is no transition resistance) with its neighboring layers. Prop-
agation times for electromagnetic waves are assumed to be negligible. These
assumptions imply that the electric field is assumed to be homogeneous within
each layer and that the electric field is equal in all materials of the same material
[35]. Therefore, several layers of the same material can be treated as a single
layer whose thickness is the sum of the thicknesses of the individual layers of
that material—even if those layers are separated by other materials. It is thus
possible to refer materials instead of layers, and each material can be considered
as a component in a series connection. This will be implemented in the following.

1As explicated in appendix A, plane-parallelism is a good approximation when considering a
few adjacent, thin layers in a cylindrically symmetric cable.

11
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2.1 Basis for Estimating Electric Fields in Layered Insu-
lation

The time-dependent electric fields in layered insulation can be established from
the principles that the current density J is equal in2 all materials and that the
sum of voltages across all materials equals the applied voltage across the whole
series connection [40]. This presupposes that an expression for the current
density as a function of electric field and time is known for each material. The
current density is commonly expressed as

J = σE +
dD
dt

. (2.1)

The displacement D is defined as [41]

D = ε0E + P, (2.2)

where ε0 is the vacuum permittivity, and where the polarization P is generally
dependent on both the electric field and time [42].

2.2 Electric Fields in Two Materials with Only Instanta-
neous Polarization

A commonly used relation between the displacement and the electric field is

D(t) = εE(t), (2.3)

which is valid and consistent with the definition (equation (2.2)) in cases where
all the polarization is regarded as instantaneous.3 This transforms equation (2.1)
into

J(t) = σE(t) + ε
dE
dt

. (2.4)

A system of two materials (i.e., “a” and “b”) where this is the case is here
considered. Each material has a total thickness of da and db, respectively. The
current densities are the same in both materials, so

σaEa(t) + εa
dEa(t)

dt
= σbEb(t) + εb

dEb(t)
dt

. (2.5)

2The current density J is the sum of the conduction current density and the displacement
current density. Although part of the displacement current in the case of a changing electric field
does not actually flow inside the material (there is a net charge accumulation at the boundaries of
the insulation), the preposition in is used for brevity both here and in similar contexts throughout
the thesis.

3Details are given in section 2.3.1.
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Since the total voltage is the sum of voltages across each material,

Eb(t) =
U(t)− daEa(t)

db
. (2.6)

The combination of equations (2.5) and (2.6) provides the ordinary differential
equation [43], [44]

dEa(t)
dt

=
σbU(t) + εb

dU
dt

daεb + dbεa
−

daσb + dbσa

daεb + dbεa
Ea(t). (2.7)

In cases where the permittivities and conductivities are constant (i.e., inde-
pendent of both time and electric field), the system can be represented by the
equivalent electric circuit shown in figure 2.1. A step voltage of magnitude U0
applied at t = 0 can be described as

U(t) = U0ϑ(t), (2.8)

where U(t) is the time-dependent voltage and ϑ(t) is the Heaviside step function.
When the voltage is a step voltage, as indicated, and the conductivities and
permittivities are constant, the solution to equation (2.7) is [43]

Ea(t) =
σbU0

daσb + dbσa

�

1− e−t/τ
�

+
εbU0

daεb + dbεa
e−t/τ for t > 0, (2.9)

where the time constant

τ=
daεb + dbεa
daσb + dbσa

. (2.10)

The electric field in the other material, Eb(t), can be determined by using equa-
tion (2.6) or by simply swapping the indices a and b. Equation (2.9) indicates that
the electric field distribution goes from being dominated by the permittivities to
being dominated by the conductivities. Electric fields according to this equation
are shown in the “voltage on” segment of figure 2.2. The other parts of figure 2.2
exhibit the electric fields after polarity reversal and grounding; these sections
are also solutions to equation (2.7). As is evident in equation (2.10), increasing
the ratio da/db brings the time constant closer to the limit εb/σb. Furthermore,
it can be demonstrated from equation (2.9) that when da/db increases, the ratio
between the initial and steady-state values of Ea becomes closer to unity.4

4This can be achieved by demonstrating both that the ratio G = Ea(0+)/Ea(∞) is either
strictly increasing or strictly decreasing (i.e., G does not oscillate) as the ratio K = da/db increases
and that G→ 1 as K →∞. The former can be accomplished by showing that dG/dK 6= 0 unless
σaεb = σbεa. (In the case of σaεb = σbεa, G = 1 regardless the value of K.) The latter can be
accomplished by showing that G = εb (Kσb +σa)/σb (Kεb + εa) and applying l’Hôpital’s rule
[45] to that expression.

A similar approach can be employed to demonstrate that increasing K always brings τ closer
to εb/σb.
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U(t)
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Ca Cb

Figure 2.1: Equivalent circuit for a series connection of two materials, each characterized
by its own permittivity and conductivity. The permittivities and conductivities are here
represented by capacitances C and resistances R, respectively.
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For any layered system of two insulation materials (not only those where
all the polarization is instantaneous), charges accumulate at the interface(s)
between the materials as steady state is approached. When the voltage is sud-
denly changed, the interface charges remain and contribute to the electric field
distribution. The interface charge density then gradually adjusts to the new
voltage and establishes a new steady state. When the voltage is turned off, the
total voltage becomes zero, but the voltage across each of the two materials is
nonzero, equal in magnitude but with polarities that are opposite each other.
The voltage across each of the materials eventually decays to zero; so too does
the interface charge density [43]. This is the scenario displayed in the rightmost
section of figure 2.2.

2.3 Dielectric Response

Some polarization mechanisms are fast enough to be considered as instantaneous
(henceforth called fast), whereas other polarization mechanisms (henceforth
called slow) require a considerable amount of time to complete. It is useful to
account for fast and slow polarization separately [40]. The total, time-dependent
polarization P(t) can be expressed as

P(t) = Pfast(t) + Pslow(t), (2.11)

where Pfast(t) and Pslow(t) are the contributions from the fast and slow polariza-
tion mechanisms, respectively. Where to set the limit between fast and slow is a
question of which time scale is of interest. It may also be a question of experi-
mental limitations [46]. In high voltage engineering, polarization mechanisms
that are able to follow the electric fields at power frequencies are often regarded
as fast [40], [47], [48].

2.3.1 Contribution from Fast Polarization Mechanisms

Fast polarization can be accounted for by a susceptibility χ [48]:

Pfast(t) = ε0χE(t). (2.12)

The susceptibility χ , the permittivity ε, and the relative permittivity εr relate to
each other as follows:

1+χ =
ε

ε0
= εr. (2.13)

Since χ in the following relates to fast polarization, ε and εr also relate to fast
polarization. This principle is maintained throughout this thesis.



16 Chapter 2. Theory

In cases where all the polarization is fast, such as the case considered in
section 2.2, equations (2.2), (2.12), and (2.13) together imply that D(t) =
ε0E(t) + P(t) = ε0E(t) + ε0χE(t) = ε0(1+χ)E(t) = ε0εrE(t) = εE(t).

2.3.2 Contribution from Slow Polarization Mechanisms

Slow polarization has a time-dependency beyond the time-dependency of the
electric field. The dielectric response function f (t) describes this time-dependency,
and can be defined for a dielectric material that satisfies the following criteria:

• The material is homogeneous.

• The polarization is linear with respect to the electric field that causes the
polarization.

A corollary to the second assumption is that the superposition principle holds: the
response to consecutive excitations is the sum of the response to the individual
excitations.

An electric field impulse can be described by the electric field strength E and
the short time period dt over which the electric field is acting. The dielectric
response function can be defined in terms of the vacuum permittivity ε0 and
the response of the slow polarization Pslow,imp to an impulse of strength E dt
applied at the time t = 0:

Pslow,imp(t) = ε0 f (t)E dt. (2.14)

This is illustrated in figure 2.3. The linearity implies that f is independent of E
[42].

0                                                                                                                  t

E

f

Width: dt

Pslow

Figure 2.3: Impulse response for polarization.

The polarization at a time t due to an electric field impulse of width dξ that
occurred at the time t−ξ can then be written as Pslow,imp(t) = ε0 f (ξ)E(t−ξ)dξ
as illustrated in figure 2.4. A time-dependent electric field can be viewed as
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many consecutive impulses whose values of E differ from each other. Because of
the superposition principle, Pslow(t) at a time t is the sum of the contributions
from all those impulses and can be found by integrating ε0 f (ξ)E(t −ξ)dξ over
all times. Because of causality, f (ξ) = 0 for ξ < 0, so the lower integration limit
can be set to zero instead of −∞. It will henceforth be assumed that there is
no electric field before t = 0, so E(t − ξ) vanishes when ξ exceeds t, and the
upper integration limit can be set to t instead of∞. The integral then becomes

Pslow(t) = ε0

∫ t

0

f (ξ)E(t − ξ) dξ, (2.15)

which is mathematically equivalent to5 to

Pslow(t) = ε0

∫ t

0

E(ξ) f (t − ξ) dξ. (2.16)

The choice of which of these two equations to use is a matter of convenience.

E(t − ξ)

0                                  ξ

E

f

t − ξ t

f(ξ)

Width: dξ

Figure 2.4: Principle for derivation of equation (2.15). At the time t, the total dielectric
response function has had the time ξ to act on the impulse at t −χ. Illustration idea
from [42].

The integral in equation (2.16) is referred to as the convolution of E and f .6

5The equivalence can be proved by substituting ζ for t − ξ in the integrand, writing the

integration limits in terms of ζ instead of ξ so that
∫ ξ=t

ξ=0
becomes
∫ ζ=0

ζ=t
, then using that dζ = −dξ

and that −
∫ 0

t
. . .=
∫ t

0
. . ., and lastly renaming ζ to ξ.

6The lower integration limit of a convolution is often −∞ and the upper limit∞, but, as
previously indicated, the integrand is 0 both for ξ < 0 and for ξ > t, so extending the limits to
±∞ does not change the value of the integral.
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The physical implication of this convolution integral is that the dielectric system
has a “memory”; its state in the present depends on its state in the past [42].

In materials where the polarization is induced only by the applied electric
field, namely where there is no permanent polarization, f (t)→ 0 when t →∞
[42]. Such behavior will be assumed in the following.

2.3.3 Polarization and Depolarization Currents

When the contributions from both fast and slow polarization are considered,
equation (2.2) takes the form

D(t) = ε0

εr
︷ ︸︸ ︷

(1+χ)
︸ ︷︷ ︸

ε

E(t) + ε0

∫ t

0

E(ξ) f (t − ξ) dξ, (2.17)

and equation (2.1) takes the form [40], [46]

J(t) = σE(t) + ε
dE(t)

dt
+ ε0

d
dt

∫ t

0

E(ξ) f (t − ξ) dξ. (2.18)

By the Leibniz integral rule [49], the latter is equivalent with

J(t) = σE(t) + ε
dE(t)

dt
+ ε0 f (0)E(t) + ε0

∫ t

0

E(ξ)
∂ f (t − ξ)
∂ t

dξ. (2.19)

Note that although the use of the dielectric response function in this way de-
mands it be independent of the electric field strength, the conductivity may
depend on the electric field strength, which again may depend on the time.7

A step voltage of magnitude U0 applied at t = 0 across a slab of a single
insulation material creates a step field

E(t) = E0ϑ(t) =
U0

d
ϑ(t), (2.20)

where d is the thickness of the material and ϑ(t) is the unit step function.
Equation (2.19) for this piece of insulation material then becomes [42]

J(t) = σE0 + ε0E0 f (t), t > 0. (2.21)

This current is referred to in the following as a polarization current. As t →∞,
f (t)→ 0, and equation (2.21) becomes Ohm’s law:

J(∞) = σE0. (2.22)

7The notation σ[E(t)] could have been used to indicate this dependency. However, the
symbol σ is used alone for ease of reading.
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If the material is grounded at a time t = tgnd when f (t) has decayed to practically
zero, equation (2.21) becomes

J(t) = −ε0E0 f (t − tgnd), t > tgnd. (2.23)

This current is henceforth called a depolarization current [40]. The sum of the
polarization and depolarization current is as follows:

J(t)
︸︷︷︸

pol.
current

+ J(t + tgnd)
︸ ︷︷ ︸

depol.
current

= σE0, 0< t < tgnd. (2.24)

2.4 Electric Fields in Two Materials with Dielectric Re-
sponse

As established in section 2.2, expressions for current densities can be used to
estimate electric fields in layered insulation of two materials “a” and “b” when
only instantaneous (“fast”) polarization is considered. In the following, this is
modified to account also for the slow polarization mechanisms by using dielectric
response functions. Slow polarization mechanisms affect neither the initial nor
the steady-state field distribution after the application of a step voltage. They
do, however, affect the transient period between initial and steady-state.

As in section 2.2, the principle that the current density is equal in both
materials, namely

Ja(t) = Jb(t), (2.25)

can be used as a starting point for estimating the time-dependent electric fields.
Expressions for the current densities as functions of electric properties, electric
fields, and time, as well as the relationship between the electric fields in the
two materials (equation (2.6)), are thus required. However, instead of using
equation (2.25), it is possible to use the principle that the current density in
any of the materials, say, material “a”, equals the current density Jmea(t) that is
measurable in the external circuit and flows to the insulation:

Ja(t) = Jmea(t). (2.26)

By using this above equation, an expression for Jb is not needed for estimating
the electric fields.

Thus, the presented theory allows for two methods for estimating the time-
dependent electric fields in two layered materials, mainly differing in the input
parameters that are needed:
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• The first method needs electrical properties (ε,σ, and f ) for both materials
as input.

• The other method needs electrical properties (ε, σ, and f ) for one of the
materials as input, in addition to measured values of the current density
Jmea(t) that flows to the system.

These two methods will henceforth be referred to as the two-material-input
method and the one-material-input method, respectively.

The same principles can be used to derive equations for estimating time-
dependent electric fields in insulation with more than two materials.

2.4.1 Two-Material-Input Method

Equation (2.25) is the starting point of the two-material-input method. Inserting
equation (2.19) into this gives

σEa(t) + εa
dEa(t)

dt
+ ε0 fa(0)Ea(t) + ε0

∫ t

0

Ea(ξ)
∂ fa(t − ξ)
∂ t

dξ

= σEb(t) + εb
dEb(t)

dt
+ ε0 fb(0)Eb(t) + ε0

∫ t

0

Eb(ξ)
∂ fb(t − ξ)
∂ t

dξ.

(2.27)

Applying equation (2.6) and rearranging gives

dEa(t)
dt

= α(t)− βEa(t)− γ
∫ t

0

Ea(ξ)
∂ fa(t − ξ)
∂ t

dξ

+ γ

∫ t

0

U(ξ)− daEa(ξ)
db

∂ fb(t − ξ)
∂ t

dξ, (2.28)

where the coefficients α(t), β , and γ are defined as follows:

α(t) =
(ε0 fb(0) +σb)U(t)

daεb + dbεa
+

εb
daεb + dbεa

dU(t)
dt

, (2.29)

β =
daσb + dbσa + ε0da fb(0) + ε0db fa(0)

daεb + dbεa
, (2.30)

γ=
ε0db

daεb + dbεa
. (2.31)
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Equation (2.28) is an integrodifferential equation (IDE).8 Such equations can
often be solved numerically as initial value problems [50]. Field-dependent
conductivities can be supported by equation (2.28) by inserting appropriate
relationships for the conductivities in the expressions for α and β . After having
estimated the electric field, the current density in the material (and thereby in
the whole system) can be estimated from equation (2.19).

The equivalent circuit in figure 2.5 illustrates the system.

U(t)

Material bMaterial a

Ra(Ea) Rb(Eb)

fa(t) fb(t)

Cfast,a Cfast.b

Figure 2.5: Equivalent circuit for a series connection of two materials, each characterized
by its own permittivity, field-dependent conductivity, and dielectric response function
f (t). The permittivities and field-dependent conductivities are here represented by
capacitances Cfast and resistances R(E), respectively.

2.4.2 One-Material-Input Method

The starting point for the one-material-input method is that the current density
in the one material (i.e., material “a”) equals the measured current density.
Combining equations (2.26) and (2.19) and gives [32]

dEa(t)
dt

=
Jmea(t)
εa
−
σa + ε0 fa(0)

εa
Ea(t)−

ε0
εa

∫ t

0

Ea(ξ)
∂ fa(t − ξ)
∂ t

dξ. (2.32)

Like equation (2.28), equation (2.32) is an IDE that often can be solved numer-
ically as an initial value problem [50].

8In an integrodifferential equation, the unknown function appears in the integrand as well
as outside the integral. This particular integrodifferential equation is a Volterra equation since
the region of integration is variable (the upper integration limit here is the variable t). This is as
opposed to Fredholm equations where the regions of integration are fixed [50].

In the case where fa(t) = fb(t) = 0 for all values of t, equation (2.28) becomes identical to
equation (2.7), which is a first-order ordinary differential equation [45].
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Although electrical properties for materials other than material “a” are not
needed as input for this equation, permittivities for all the materials in the
system are needed for determining the initial value Ea(0+) in case of an applied
step voltage.9

9In theory, a measured current and the electrical properties of material “a” are still sufficient.
In practice, accurate measurements of currents immediately after voltage steps can be impossible
to obtain [48]. Therefore, the permittivities are needed for determining initial values.
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Experimental Methods

3.1 Electrical Experiments

The electrical measurements in this study comprised of polarization and depo-
larization current (PDC) measurements and capacitance measurements. The
PDC measurements were collected to determine dielectric response functions
and conductivities in paper and oil and to verify estimates for series connections.
The capacitance measurement were used to determine permittivities.

3.1.1 Test Objects

Materials

One paper type and one oil type were used for the experiments. The paper
(before impregnation) was taken from a roll of HVDC cable insulation paper
manufactured by Ahlstrom-Munksjö AB. The nominal thickness1 of the unim-
pregnated paper was 90 µm. The oil was of the type T 2015 manufactured by
H&R ChemPharm (UK) Limited. This is a mineral oil with additives for obtaining
a sufficiently high viscosity. It is commonly used as impregnation compound
(i.e., a “cable mass”) for mass-impregnated HVDC cables. Before use, the oil
was degassed by being circulated in a vacuum chamber at 100–120 °C for four
hours.

1The single sheet thickness was specified to be within ±5 µm of the nominal thickness,
measured according to the International Standard ISO 534:2011. This standard [51] calls for
measurements with a micrometer that measures a circular region of 2 cm2 under a static load
corresponding to (100± 10) kPa.

23
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Types of Test Objects

Three types of test objects were used, which are henceforth referred to as oil
test objects, paper test objects, and series connection test objects. The test objects
were circular with sufficiently large diameters to utilize the active areas of the
relevant electrode arrangements (as described in section 3.1.2) and were created
as follows:2

Oil test objects were produced using Teflon (i.e., polytetrafluoroethylene
[PTFE]) spacers to form an oil gap between electrodes that were submerged
in oil. For the polarization and depolarization measurements, the oil gap was
1 mm thick. For the capacitance measurements, the oil gap was 0.21–5.8 mm
thick.

Paper test objects were created by placing stacks of 2–18 impregnated
paper sheets between the electrodes. The thicknesses of the paper test
objects were assumed to be the nominal thickness of each paper sheet
(90 µm) multiplied by the number of sheets.

Series connection test objects were produced in the same way as paper
test objects, but spacers were used to create an oil gap in the middle of the
paper stack. Both a large and a small series connection test object were made.
The thicknesses of the oil gaps were large compared with the thicknesses
of the paper parts. This was to make it easier to detect the effects of the oil
gaps in the results and to mitigate the effects from undesirable thickness
variations.

Large. The spacers for the large series connection test object were assem-
bled using paper glued together with a dextrin adhesive. Such spacers
were placed both around the periphery and in the center of the test object,
as illustrated in figure 3.1a. This was to mitigate the oil gap’s tendency
to collapse due to the lack of mechanical strength in the upper paper
stack. There were five paper sheets on each side of the oil gap. The total
paper thickness dpap (i.e., the sum of the thicknesses of the two paper
stacks) was assumed to be the nominal thickness of each paper sheet
multiplied by the number of sheets. The thickness of the oil gap doil was
assumed to be the total test object thickness minus the thickness of the
paper stacks. (The total test object thickness was estimated as described
later in this section 3.1.1.) This was calculated as dpap = 0.90 mm and
doil = 1.6 mm.

2The paper test objects and the large series connection test object were made by Lars Erik
Pettersen in cooperation with the author of this thesis. This was done as part of Pettersen’s work
with his master’s thesis [52].



Chapter 3. Experimental Methods 25

Small. The small series connection test object did not have any central
spacer but a 1 mm thick PTFE peripheral spacer with two paper sheets
on each side, as illustrated in figure 3.1b. The total paper thickness dpap
was assumed to be the nominal thickness of each paper sheet multiplied
by the number of sheets. The thickness of the oil gap doil was assumed to
equal the thickness of the spacer. This was calculated as dpap = 0.36mm
and doil = 1.0mm.

Central 
spacer

Oil
gap

(a) Large

Oil
gap

(b) Small

Figure 3.1: Expanded views of the series connection test objects. Sketches not to scale.

Impregnation, Handling, and Storage of Test Objects

An airtight, temperature-controlled container with necessary piping and bushing
was used for holding the test objects during drying, impregnation, and mea-
surements. The paper test objects and series connection test objects were dried
in a vacuum for at least two days at 100–120 °C. After drying, degassed oil of
approximately the same temperature was piped into the container so that the
dried paper became submerged in oil without being exposing to air. When the
paper was fully impregnated, the temperature was lowered to allow handling
with gloved hands. The container was opened and the desired test object was
placed between the electrodes in the middle of the container. The other test
objects remained submerged elsewhere in the container. The oil covered the
lower electrode and part of the upper electrode, so although impregnated paper
could be exposed to air in the process of placing it between the electrodes, it
was not exposed when resting between the electrodes. After positioning the test
objects, the container was closed and its atmosphere flushed with dry nitrogen
gas to keep the oil dry.3 After flushing, dry nitrogen at a pressure of 105 Pa
remained over the oil. Such flushing was done whenever a test object had been
repositioned.

3Moisture can heavily affect the electric properties of paper and oil [53].
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Determination of Total Thicknesses

The total test object thickness was determined by measuring the distance from a
reference plane to the top of the upper electrode (figure 3.2) with a vernier depth
gauge both with and without the test object mounted between the electrodes.
This was done for several points on the upper electrode, and the mean distance
was calculated. The difference between the mean height with and without the
test object was accepted as the total test object thickness.
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Figure 3.2: Reference plane used for thickness measurements. Sketch not to scale.

The measured total test object thickness was heavily affected by varying
amounts of oil between the paper sheets due to test object handling and thus
had low reproducibility. Measurements before and after squeezing out excess
intersheet oil could differ by up to a factor 1.9. Typically, different measurements
of the same test object differed by a factor 1.2 or less.

3.1.2 Experimental Setup

Electrodes

A single-guard and a double-guard electrode arrangement were used. All elec-
trodes were made of brass. When test objects with spacers were used, the spacers
aligned with the guards.4

The single-guard electrode arrangement (figure 3.3) had a disk-shaped
effective area of 49 cm2, with a guard encompassing the effective area. The
single-guard electrode arrangement was used for the PDC measurements on oil
test objects, paper test objects, and the small series connection test object.

4Each oil test object had only one spacer, even when used together with the double-guard
electrode arrangement.
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Low voltage 
electrode

⌀79 mm

(a) With oil test object.

Low voltage 
electrode

⌀79 mm

(b) With paper test object.

Figure 3.3: Expanded views of the single-guard electrode arrangement. Sketches not
to scale. There was 2 mm of guard insulation between the electrode and the guard
(not shown in the figure). The indicated diameter relates to the middle of the guard
insulation.

Low voltage 
electrode

Central 
guard

Central 
spacer

⌀52 mm

⌀82 mm

Figure 3.4: Expanded view of the double-guard electrode arrangement, illustrated with
the large series connection test object. Sketch not to scale. There was 2 mm of guard
insulation between the low voltage electrode and the guards. The indicated diameters
relate to the middle of the guard insulation.
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The double-guard electrode arrangement (figure 3.4) had an annular ef-
fective area of 32 cm2, with a guard around its periphery and an additional
guard in its center. The purpose of the central guard was to prevent the central
spacer from affecting the results. The double-guard electrode arrangement was
used for the large series connection test object, as well as for all the capacitance
measurements.

Test Circuit

The electrical circuit for the PDC measurements is exhibited in figure 3.5. The test
circuit was designed for applying a step voltage across the test object, measuring
the resulting polarization current, and, after a predetermined period of time,
grounding the test object and measuring the resulting depolarization current.5

The HVDC voltage source was a Fug HCN 140 – 35 000, capable of supplying up
to 35 kV with a stability of ±10−5 per eight hours. Currents were measured with
a Keithley 6485 picoammeter with a resolution in the sub-picoampere range.
Switching and data logging was aided by LabVIEW software.6 Protective resistors
limited the current in case of faults.

Peripheral
and central

guards

High voltage electrode

500 kΩ
50 MΩ

A

S
w

it
ch

 2

Switch 1

Low 
voltage 

electrode

10-12–10-8 A

0–35 kV

10
 k
Ω

Figure 3.5: Measurement circuit for polarization and depolarization current measure-
ments. For details on the electrode arrangements, see figures 3.3–3.4.

The voltage application and grounding were done by allowing switch 1
(figure 3.5) to connect to high voltage and ground, respectively. The picoammeter
was protected against the large initial currents by closing keeping switch 2 closed
for a short period around the energizing and grounding events. Switch 2 was
opened one second after each such event, and it was then kept open for the
duration of the current measurement.

5The circuit was based on the design used in [54].
6The LabVIEW program (i.e., the “virtual instrument” [VI]) was developed by SINTEF Energy

Research.
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High-frequency capacitances for determining permittivities were measured
with an Agilent U1732C capacitance meter with the abovementioned circuit
disconnected from the electrodes.

3.1.3 Test Procedure

Test Temperature

All electrical measurements were conducted done at 50 °C. This is a typical
service temperature for mass-impregnated cables [5]. Using a lower temperature
would be impractical due to the high oil viscosity at low temperatures. Moreover,
lower temperatures would decrease the rate of dielectric relaxation [55] and
thus cause the collection of the measurements to be more time-consuming.

Polarization and Depolarization Current Measurements

A step voltage was applied across the test object. The resulting polarization
current was measured until it had practically reached steady state. Then the test
object was grounded and the resulting depolarization current was measured.

For the paper and series connection test objects, the polarization time was
2.5–36 hours. The grounding time between successive voltage applications was
at least as long as the preceding polarization time. The voltage was increased
for each successive experiment so that the influence on the currents from the
remaining polarization would be as small as possible. The applied voltage was
up to 35 kV.

For oil test objects, the voltage was limited to a maximum of 7 kV due to
signs of discharges or breakdown at higher voltages. The polarization time was
0.5–5 hours. The test objects were grounded for a sufficiently long time in order
for the depolarization current to decay to the noise level (about 1 pA). This
happened within 10 minutes.

Capacitance Measurements

High-frequency capacitances Cfast for paper test objects and oil test objects
were measured at 1 kHz and approximately 0.7 V (root mean square) [56]. The
test objects were mounted in the double-guard electrode arrangement during
the capacitance measurements. Oil test objects with thicknesses from 0.2 to
5.8 mm and paper test objects with 4–11 sheets were used. Excess oil between
paper sheets was squeezed out from some but not all of the test objects prior to
measuring. This was done with a gloved finger.
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3.2 Scanning Electron Microscopy7

Paper without impregnation was used for surface and cross-section analysis.
Paper surfaces were examined by scanning electron microscopy without any

preparation other than a sputter coating of gold to ensure that the specimens
were conductive. The microscope was operated in secondary electron mode.

Specimens for examining cross sections were prepared in the following way:
Pieces of paper were impregnated with epoxy in casting molds. The epoxy was
subsequently cured in the molds to fixate the paper fibers. The epoxy casts
containing the paper were cut and polished to achieve smooth cross-sections.
The specimens were rendered conductive by coating them with a thin layer
of carbon. The microscope was operated in back-scattered electrons mode to
distinguish between the paper fibers and the epoxy that surrounded the fibers.
It was assumed that the epoxy wetted the paper fibers in the same way that oil
does. When paper tapes are wound with a certain tension around a conductor,
radial and tangential mechanical stresses occur [57]. The effects of such stresses
were not considered in this analysis. The cross-section specimens were examined
with angle of view both in machine direction and in cross direction.8

7Most of the text in section 3.2 is a verbatim excerpt from reference [16], ©IEEE, 2019, used
with permission. The specimens for the scanning electron microscope were prepared by Per Olav
Johnsen at RISE PFI AS. The scanning electron microscope was operated by him in cooperation
with the author of this thesis.

8Machine direction is the direction that is parallel to the direction of the paper’s travel through
the paper making machine. Cross direction is the direction that is parallel to the plane of the
paper and at the same time perpendicular to the machine direction [58].

Since the lay length of paper tapes in cables is usually short, the machine direction corre-
sponds approximately to the circumferential direction of the cable, whereas the cross direction
corresponds approximately to the longitudinal direction of the cable [16].
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Estimation Methods

4.1 Estimation of Electrical Properties from Measure-
ments

4.1.1 Estimation of Permittivities

For parallel-plane insulation, the high-frequency capacitance Cfast at “infinitely”
high frequencies (where only fast polarization mechanisms are active) is ex-
pressed as

Cfast =
εS
d
=
ε0εrS

d
, (4.1)

where S denotes the effective electrode area, and d is the thickness of the
insulation. This equation was used to estimate permittivities from measurements
of high-frequency capacitances of each of the two materials, though in different
ways for oil and paper.

Permittivity of oil

For the permittivity in oil, equation (4.1) was used in the form

εr =
Cfastd
ε0S

(4.2)

together with measured capacitances and test object thicknesses. The permittivity
was taken as the average of five permittivities obtained from oil test objects of
various thicknesses.

31
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Permittivity of Paper

When measuring the high-frequency capacitance of paper test objects, excess
intersheet oil contributed to the result. The contribution from excess intersheet
oil (i.e., oil that, if desired, could have been squeezed out from the test object
with a gloved finger) was eliminated from the paper permittivity estimates in
the following manner: Total thicknesses (see section 3.1.1) and capacitances
were measured on several paper test objects containing various numbers of
sheets. Excess intersheet oil had, to varying extents, been squeezed out from
some but not all of the test objects. The thickness of the paper was assumed to
equal the nominal thickness as per section 3.1.1. In the following, the index mea
indicates measured values, while the indices pap and ex indicate values for paper
and excess intersheet oil, respectively. The difference between the measured
thicknesses and the nominal paper thicknesses for each of the test objects was
assumed to equal the thickness of excess intersheet oil:

dex = dmea − dpap. (4.3)

Furthermore, neglecting all edge effects, the measured capacitance was assumed
to be the total capacitance of the series connection of paper and the excess
intersheet oil, so

1
Cmea

=
1

Cpap
+

1
Cex

. (4.4)

By combining equations (4.1), (4.3), and (4.4), the following relation was
obtained:

dmeaCmea
︸ ︷︷ ︸

y

=
�

1− εr,ex/εr,pap

�

︸ ︷︷ ︸

a

dpapCmea
︸ ︷︷ ︸

x

+ε0εr,exS
︸ ︷︷ ︸

b

. (4.5)

For convenience, terms are here named y, a, x , and b as indicated. Equa-
tion (4.5) is a linear equation y = ax + b. Both y and x are products of known
(i.e., measured or assumed) values, so for all measurements of capacitance and
corresponding thickness, y could be plotted versus x . The value for εr,oil that
was estimated with equation (4.2) as described above was taken as εr,ex and
used to calculate b. Then the slope a was found from linear regression (method
of least squares). Lastly, εr,pap was calculated from the slope a.

4.1.2 Estimation of Conductivities

Conductivity of Paper

A PDC measurement was performed by applying a step voltage U(t) = U0ϑ(t)
across a paper test object at t = 0 and subsequently grounding at it t = tgnd
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after steady-state was reached. It follows from equations (2.24) that

σ =
J(t) + J(t + tgnd)

E0
for 0< t < tgnd. (4.6)

As usual, E0 = U0/d with d being the nominal thickness of the test object.1

The highest available values of t (while still less than tgnd) were used for the
estimation. This procedure was repeated for several field strengths E0. The
commonly used relation [55], [59]

σpap(Epap) = σ0eη|Epap| (4.7)

was curve fitted to the results for paper, with σ0 and η as fitting parameters.

Conductivity of Oil

The conductivity of oil σoil has been estimated with both bare electrodes and
paper-covered electrodes. By comparing both methods, it was possible to discern
if the presence of paper between the electrodes and the oil gap affected the
conductivity. Covered electrodes resemble the conditions in butt gaps more than
bare electrodes.

With bare electrodes. Polarization currents were measured on oil test objects
and the conductivity was calculated with equation (2.22) (Ohm’s law), using
the values for the highest available values of t (i.e., when f (t) had decayed to
practically zero).

With paper-covered electrodes. PDC measurements were performed on se-
ries connection test objects. The paper parts of the test objects served as electrode
covering. The conductivity of the paper was assumed to follow equation (4.7).
The steady-state value Jst was obtained from

Jst = J(t) + J(t + tgnd) (4.8)

at the highest available values for t that were still smaller than tgnd (cf. equa-
tion (4.6)). As illustrated in appendix B, the exponential relationship between

1Possible excess intersheet oil would scarcely affect the estimated conductivity. For example,
if excess intersheet oil amounted to 10 % of the paper thickness and σoil were five times larger
than σpap, the estimated paper thickness be 2 % lower than the true value. If the ratio between
σoil and σpap were larger, the estimate would be even closer to the true value.
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electric field and conductivity of paper allows the steady-state electric field in
the oil be expressed as

Eoil =
U0η− dpapW0(z)

doilη
(4.9)

where W0 is the principal branch of the Lambert W function [60] and its argument

z =
ηJst

σ0
. (4.10)

Furthermore,

σoil =
doilηJst

ηU0 − dpapW0(z)
. (4.11)

This was used to determine the oil conductivity at various electric field strengths.

4.1.3 Estimation of Dielectric Response Functions

The dielectric response functions were calculated from measured polarization or
depolarization currents together with equations (2.21) or (2.23), respectively.

For each material, the median of several measurements of the dielectric
response function was used for further calculations. The median was identified
on the basis of the measured value at t = 2 s. This is illustrated in figure 4.1. The
value t = 2s was chosen for median determination as the dielectric response
functions at this time had not had much time to decrease, and it was considered
practical to choose a time somewhat after the start of the measurements. The
maximum and minimum dielectric response functions were also identified and
used for sensitivity analysis. The measurements with the largest and smallest
value for the largest amount of time before t = 50s were identified as the
maximum and minimum dielectric response functions, respectively.

Curve fitting was conducted to express the median, maximum, and minimum
dielectric response functions as linear combinations of exponential functions on
the form

f (t) =
N
∑

i=1

Aie
−t/t i . (4.12)

The term with the largest time constant t i was fitted first, then the term with
the second largest time constant, and so on. Details on this procedure are
described in appendix C. Each term was fitted with the least squares method.
No information on the currents were recorded the first second after voltage
application or grounding. The dielectric response functions were extrapolated
backwards to t = 0 by using the mentioned curve fitting.
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Figure 4.1: Illustration of how the median dielectric response functions was determined.
In this example with five measurements of the dielectric response function, the median
of the values at t = 2s is that of measurement 4. Hence, measurement 4 is identified
as the median of the dielectric response functions. The values in the figure are for
illustration—not real measurements.

Expressing dielectric response function as linear combination of exponential
functions is a purely mathematical construct and has no physical interpreta-
tion regarding the polarization mechanisms involved. The curve fitting was
implemented because it proved convenient, as will be evident in section 4.2.

4.1.4 Interpretation of Time-Dependent Conduction

A steady-state conductivity may well be field-dependent. Thus, a changing
electric field will lead to a changing conductivity with

dσ
dt
=

dσ
dE

dE
dt

. (4.13)

Since only steady-state conductivities were used in this work, any time-dependent
charge transport that was not due to d

dt (σE) was accounted for by the dielectric
response function and was thereby interpreted as polarization. The materials
were considered to be homogeneous. Consequently, charge was assumed to
accumulate only at the interfaces between the materials and at the electrode
surfaces.
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This is illustrated in the following example: A slab of dielectric with thickness
d and permittivity ε is placed between a pair of parallel electrodes, as illustrated
in figure 4.2. To keep the example simple, the dielectric is homogeneous in
the directions parallel to the electrode surfaces and has no slow polarization
mechanisms. The dielectric is subjected to a step voltage U(t) = U0ϑ(t). After
application of the voltage, a very thin layer of positive charge migrates from the
position x1 to the position x2. This reduces the net charge at x1 and increases it
at x2, as indicated in figure 4.2. Since the migrating space charge layer is thin,
it can be described by a surface charge density κsc. If it were not compensated
for, the space charge migration would lower the electric field between x1 and
x2 by ∆E = κsc/ε. This would reduce the voltage between the electrodes by
∆U = (x2 − x1)∆E. However, to maintain the voltage between the electrodes,
a compensating charge density

κcomp = κsc
x2 − x1

d
(4.14)

is added to the positive electrode and subtracted from the negative electrode.
The migration of space charge is interpreted as an increase ∆P in polarization,
with∆P = κcomp. The flow of this compensating charge is measured as a current
in the external circuit. If the velocity of the space charge layer migrating from
x1 to x2 is vsc(t), the measured compensating current is

Jcomp =
dκcomp

dt
=
κscvsc(t)

d
. (4.15)

Since this is a transient current, it is here interpreted as part of the dielectric
response function. Its contribution to the dielectric response function is

fsc(t) =
κscvsc(t)
ε0U0

. (4.16)

Positive
electrode

Negative
electrode

0 x1 x2 d

−κsc +κsc

Figure 4.2: Migration of a thin layer of space charge from position x1 to position x2.
This changes the net surface charge density at x1 and x2 by −κsc and κsc, respectively.
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4.2 Estimation of Time-Dependent Electric Fields

Time-dependent electric fields in oil and impregnated paper were estimated
with the two-material-input method and the one-material-input method.

Writing and verifying effective algorithms for numerically solving the in-
tegrodifferential equations (IDEs; i.e., equations (2.28) and (2.32)) can be
demanding. However, if the dielectric response functions are in the form of
equation (4.12), i.e., linear combinations of exponential functions, it is possi-
ble to convert the IDEs to systems of ordinary differential equations (ODEs).2

Although such systems of ODEs in general must still be solved numerically,
the main advantage of the conversion is that the ODE systems can be solved
with existing commercial or free ODE software. Such conversions were used for
estimating electric fields in this work, both for the two-material-input method
and for the one-material-input method.

Conversion from an IDE to a system of ODEs is a mathematical exercise,
and the equivalence between the IDE and the system of ODEs can be shown in
a purely mathematical fashion. This is undertaken in appendix E for both the
two-material-input method and the one-material-input method.

However, the same systems of ODEs can also be obtained by constructing an
equivalent circuit for the system and using Kirchhoff’s laws to derive equations
for the potentials in the equivalent circuit. This is perhaps more illustrative than
the pure mathematics of appendix E, and is shown below.

4.2.1 Ordinary Differential Equations for the Two-Material-Input
Method3

For each material k in the insulation, the dielectric response function is expressed
as a linear combination of Nk exponential functions,

fk(t) =
Nk
∑

i=1

Ai,ke−t/t i,k , (4.17)

where Ai,k and t i,k are constants (cf. section 4.1.3). This makes it possible to
represent the series connection of the two materials “a” and “b” with the equiva-
lent circuit shown in figure 4.3 (cf. fig. 2.5) [40], [62].The circuit parameters of

2Exponential functions (as in equation (4.12)) were selected as basis functions for f (t)
because it was convenient. Other types of basis functions (i.e., curve fitting to other types of
functions, cf. section 4.1.3) may also potentially facilitate conversion to ODEs.

3The essence of this section has been published in [61].
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Figure 4.3: Equivalent electric circuit for a series connection of two insulation mate-
rials where the dielectric response of the two materials are represented by Na and
Nb resistance-capacitance branches, respectively. Potentials at various places in the
equivalent circuit are denoted by V0,a, Vi,a, V0,b, and Vi,b.

the equivalent circuit are as follows [40], [46]:

Cfast,k = εkS/dk, (4.18)

R0,k = dk/ (σkS) , (4.19)

Ri,k = dk/
�

Ai,kε0S
�

, i ∈ {1,2, . . . , Nk}, (4.20)

Ci,k = t i,k/Ri,k, i ∈ {1,2, . . . , Nk}. (4.21)

The symbol S denotes the area of the layers of the series connection. The
potentials V0,a(t), Vi,a(t), V0,b(t), and Vi,b(t) are defined in figure 4.3. Since
the ground potential is zero, the known, applied voltage U(t) determines the
potential V0,a(t):

V0,a(t) = U(t). (4.22)

Therefore,

Ea(t) =
V0,a(t)− V0,b(t)

da
, (4.23)

and
Eb(t) = V0,b(t)/db. (4.24)
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As shown in appendix D, Kirchhoff’s laws can be used to derive the following
system of coupled ODEs for the potentials Vi,a(t), V0,b(t), and Vi,b(t):

dV0,b(t)

dt
=

1
Cfast,a + Cfast,b

�

V0,a(t)− V0,b(t)

R0,a
+

Na
∑

i=1

V0,a(t)− Vi,a(t)

Ri,a

−
V0,b(t)

R0,b
−

Nb
∑

i=1

V0,b(t)− Vi,b(t)

Ri,b
+ Cfast,a

dV0,a(t)

dt

�

,

(4.25)

dVi,a(t)

dt
=

dV0,b(t)

dt
︸ ︷︷ ︸

See Eq. (4.25)

+
V0,a(t)− Vi,a(t)

Ri,aCi,a
, (4.26)

dVi,b

dt
=

V0,b(t)− Vi,b(t)

Ri,bCi,b
. (4.27)

The system of ODEs can be solved for V0,b(t), Vi,a(t), and Vi,b(t) as an initial
value problem. The electric fields can then be found from equations (4.23) and
(4.24).

As appendix E shows, the system of ODEs (4.25)–(4.27) is mathematically
equivalent to the IDE (2.28), provided that appropriate initial values for V0,b(t),
Vi,a(t), and Vi,b(t) are used.

Since both the electric fields and the polarization are zero before t = 0,
the initial values for all the potentials must be zero. However, in the case of
U being a step voltage of magnitude U0, the system of ODEs can be evaluated
from t = 0+ with initial values as follows:

Vi,a(0
+) = V0,b(0

+) = U0
Cfast,a

Cfast,a + Cfast,b
, (4.28)

Vi,b(0
+) = 0. (4.29)

This method was used to estimate time-dependent electric fields in this work.
The same approach can be extended for systems of more than two different

layered materials, but the equation systems then become more complex.

4.2.2 Ordinary Differential Equations for the One-Material-Input
Method

ODEs for the one-material-input method can be derived in a similar manner as
for the two-material-input method described above. However, information on
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electrical properties from material “b” is not needed, so the equivalent circuit
(fig. 4.3) can be simplified, as illustrated in figure 4.4. The circuit parameters
as defined in equations (4.18)–(4.21) still apply, and they still require that the
dielectric response function (for material “a” only) be expressed as a linear
combination of exponential functions as in equation (4.17). Kirchhoff’s current
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Figure 4.4: Equivalent circuit for a series connection of layered insulation where all
materials but material “a” are represented by a “black box”, cf. figure 4.3. Potentials at
various places in the equivalent circuit are denoted by V0,a, Vi,a, and V0,b.

law applied on the equivalent circuit leads to the following system of ODEs:

dV0,b(t)

dt
=

dV0,a(t)

dt
−

I(t)
Cfast,a

+
V0,a(t)− V0,b(t)

R0,aCfast,a
+

Na
∑

i=1

V0,a(t)− Vi,a(t)

Ri,aCfast,a,
(4.30)

dVi,a(t)

dt
=

dV0,b(t)

dt
︸ ︷︷ ︸

See Eq. (4.30)

+
Vi,a(t)− V0,b(t)

Ri,aCi,a
. (4.31)

Appendix E shows that, with appropriate initial values, the system of ODEs (4.30)–
(4.31) is mathematically equivalent to the IDE (2.32).

As with the two-material-input method, the assumption that the piece of
insulation is completely discharged before t = 0 dictates the initial conditions
as for the system of ODEs:

V0,b(0) = Vi,a(0) = 0. (4.32)

However, in the case of a step voltage U(t) = U0ϑ(t) across the insulation, the
values of the potentials immediately after t = 0 (i.e., at t = 0+) can be used as
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initial values:

V0,b(0
+) =

U0Cfast,b

Cfast,a + Cfast,b
, (4.33)

Vi,a(0
+) = 0. (4.34)

This has been implemented in this work.

4.2.3 Type of Numerical Solver for Ordinary Differential Equations

The systems of ODEs (both for the two-material-input method and for the one-
material-input method) were solved with the software Matlab R2017a [63]. The
Matlab scripts utilized Matlab’s “ode45” function, which is based on a Runge-
Kutta method [64]. These ode45-utilizing scripts were tested with other Matlab
scripts that solved the corresponding IDEs.4

4.3 Estimation of Current Density

From the solutions for V0,a(t), Vi,a(t), and Vi,b(t) in the two-material-input
method, it was possible to calculate not only the time-dependent electric fields
but also the time-dependent current in the insulation. This was done with the
following relation [61]:

I(t) =
Cfast,b

Cfast,a + Cfast,b

�

V0,a(t)− V0,b(t)

R0,a
+

Na
∑

i=1

V0,a(t)− Vi,a(t)

Ri,a

�

+
Cfast,a

Cfast,a + Cfast,b

�

V0,b(t)

R0,b
+

Nb
∑

i=1

V0,b(t)− Vi,b(t)

Ri,b
+ Cfast,b

dVa(t)
dt

�

.

(4.35)

The derivation of this equation is explicated in appendix D. The current density
was found by dividing the current by the effective area S.

With the one-material-input method, the current could not be calculated
since it was used as input parameter.

4The IDE-solving scripts were based on a script that was written and verified by Jon Vegard
Venås, who was with the Department of Mathematical Sciences at the Norwegian University of
Science and Technology at the time.
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4.4 Measure of Rate of Change of Electric Fields

For comparison of the results from the estimations of the time-dependent electric
fields, the parameter t90 was used. The parameter t90 is here defined as the
time when 90 % of the change from initial to steady state has occurred, namely
the time at which

E(t) = E(0+) + 0.9
�

E(∞)− E(0+)
�

. (4.36)

The value of t90 is identical when considering both the electric field in paper
and the electric field in oil.5

For series connections of two materials with constant electric properties
and no slow polarization mechanisms, the transition from initial to steady-state
electric fields is an exponential function of time for which the time constant τ is
well-defined (equation (2.10)). For such series connections, t90 = 2.3τ.

5Equation (4.36) for paper can be rewritten as Epap(t) = 0.1Epap(0+) + 0.9Epap(∞).
From equation (2.6), it is evident that Epap = (U0 − doilEoil)/dpap. Inserting this in the
first equation of this footnote gives [U0 − doilEoil(t)]/dpap = 0.1 [U0 − doilEoil(0+)]/dpap +
0.9 [U0 − doilEoil(∞)]/dpap. Subtracting U0/dpap from both sides and thereafter multiplying by
−dpap/doil gives Eoil(t) = 0.1Eoil(0+) + 0.9Eoil(∞). This is equation (4.36) for oil. Since t = t90

satisfies the first equation in this footnote, it also satisfies the last equation. Therefore, the same
value of t90 satisfies equation (4.36) for both paper and oil. In other words, t90 is the same for
the electric fields in both paper and oil.



Chapter 5

Results from Materials
Characterization

This chapter presents and discusses results from the estimation of permittivity,
conductivity, and dielectric response function for paper and oil, and from the
scanning electron microscopy study of paper structure.1

5.1 Permittivity of Paper

Table 5.1 displays the results from the capacitance and thickness measurements
that were the basis for estimating the paper permittivity. By using the method
described in section 4.1.1 for eliminating the contribution from excess intersheet
oil (i.e., oil that caused the measured test object thickness to exceed nominal
paper thickness), the relative permittivity of paper was estimated to be εr,pap =
3.14.

Examples of values for the relative permittivity of paper used for calculations
on mass-impregnated paper insulation in literature are 3.5 [34], [65], 4.0 [32],
and 4.1 [66]. Typical values for impregnated pressboard (for transformers) are
between 3.6 and 4.4 [67]. The value found in this study (εr,pap = 3.14) is lower
than those values. Since oil has a relative permittivity of 2.25 (see section 5.2),
the low value of paper permittivity found here indicates that the share of oil
in the paper test objects was relatively high, even though excess intersheet oil
was eliminated from the estimate. The large uncertainty in the total thickness

1The current measurements on which the results in sections 5.3 and 5.5 are based were
performed by Lars Erik Pettersen in cooperation with the author of this thesis. The same applies
to the measurements on which the circles in figure 5.4 are based. Data from the measurements
are published in Pettersen’s master’s thesis [52].

43
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Table 5.1: Thicknesses and capacitances for paper test objects

Total thickness Capacitance
dmea (mm) Cmea (pF)

FOUR SHEETS (dpap = 0.36 mm):
0.34 215.7
0.41 220.0

EIGHT SHEETS (dpap = 0.72 mm):
0.88 104.3
0.91 106.4
1.14 73.6
0.99 90.3
1.11 56.0
0.90 80.8

TEN SHEETS (dpap = 0.90mm):
1.27 60.7
0.87 89.5
0.95 67.0
0.89 90.1

THIRTEEN SHEETS (dpap = 1.2 mm):
1.25 75.8

EIGHTEEN SHEETS (dpap = 1.6mm):
1.78 54.7

measurements could have also been a major contributor to the deviation from
the aforementioned literature values.

5.2 Permittivity of Oil

Measured permittivities of oil test objects are indicated in table 5.2. The average
relative permittivity was εr,oil = 2.25 and was used in the further calculations.
This corresponds to what the manufacturer states as the “typical value” for this
particular oil at 60 °C [68]. The source does not state which frequency this value
relates to. The range from 2.2 to 2.3 is typical for the permittivity of mineral
oils at power frequency (50 Hz or 60 Hz) and room temperature [35].
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Table 5.2: Relative permittivity of oil

Test object thicknessa Capacitance Relative permittivity
(mm) (F)

0.21 216.6 1.62
1.08 53.5 2.06
3.22 20.5 2.36
4.33 20.5 2.36
5.82 13.6 2.83

2.25b

a Measured with the “total test object thickness” method
described in section 3.1.1, page 26.

b Average of the entries above.

5.3 Conductivity of Paper

5.3.1 Results

Figure 5.1 indicates steady-state conductivity as a function of electric field
strength in paper test objects with various numbers of paper sheets. The con-
ductivities were calculated from the difference between polarization currents
and depolarization currents 2.5 hours after voltage application and grounding;
this corresponds to equation (4.6) with t = 2.5hours. The lowest electric field
strength in these measurements was 0.2 kV/mm.

Figure 5.2 displays measured conductivity as a function of electric field
strength in paper test objects with ten paper sheets. These conductivities were
calculated with currents measured 5 and 36 hours after voltage application
and grounding. The conductivities have the exponential characteristic of equa-
tion (4.7) above approximately 10 kV/mm. Curve fitting of equation (4.7) gave
σ0 = 7.75× 10−15 S/m and η = 2.52× 10−8 m/V, and the fitted curve is in-
dicated in the figure. Furthermore, the figure illustrates that the differences
between the results from the five-sheet and the fourteen-sheet test objects were
less than the variations in results from the various measurement series with
ten-sheet test objects. There was thus no observed difference due to test object
thickness. It indicates that with as few as five sheets, effects from the bulk
already dominates over effects from the electrode-paper interfaces.
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Figure 5.1: Conductivity of paper test objects with various numbers of paper sheets,
calculated from polarization and depolarization currents. There were four measurement
series with ten sheets. Readings 2.5 hours after voltage application and grounding.
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Figure 5.2: Conductivity of paper test objects with ten paper sheets, calculated from
polarization and depolarization currents. Three measurement series, all with readings
5 hours after voltage application, one of them with an additional reading 36 hours
after voltage application. Curve fit of equation (4.7), σpap(Epap) = σ0 exp(η|Epap|), to
Series 1.
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5.3.2 Discussion

Because multi-layered test objects were used, the effects from inhomogeneities
both due to the internal structure of each sheet and due to paper-paper interfaces
(either in the form of charge traps and barriers or other phenomena [22], [69],
[70]) were averaged out. The similarity between the results obtained with five-
and ten-sheet test objects indicates that if injected charge from the electrodes
caused the conductivity to be higher in some of the sheets than in the rest
of the test object, the higher conductivity was mainly restricted to the paper
sheet closest to each electrode. This is supported by space charge measurements
[22] that has showed that injected charge in mass-impregnated paper at room
temperature is restricted to only the sheet closest to the electrode.2

Figure 5.2 illustrates that waiting 36 hours instead of 5 hours between volt-
age application and current reading did not affect the results more than the
variation between different measurement series. Five hours was thus considered
as a sufficient polarization time.

The curve fit in figure 5.2 was selected as conductivity for further calculations.
Series 1 was chosen for the curve fit as it lies well within the spread of results,
and it covers most of the range of electric field strengths relevant to the electric
field estimates. For electric field strengths under 10 kV/mm, the exponential
curve does not fit the measured conductivity well. Thus, the choice of using
this particular curve fit cause the conductivity to be underestimated below
approximately 10 kV/mm. However, as will become apparent later, those field
strengths are less relevant for the electric field estimates in this work.

Figure 5.3 facilitates comparison of the steady-state conductivity of paper
test objects and cable insulation at 50 °C reported by other authors. The electric
field dependency η (cf. equation (4.7)) in the present work is 0.0252 mm/kV.
This is close to 0.03 mm/kV, which is a typical value in the literature [5], [55],
[59].

2Information on the temperature was obtained from the author of reference [22] via e-mail
on November 19, 2019.
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Figure 5.3: Conductivity of mass-impregnated HVDC paper test objects or cable insula-
tion as a function of electric field strength at 50 °C in various works.
“Present work”: results presented in figure 5.2; plane-parallel laboratory test objects.
Occhini and Maschio [55]: plane-parallel laboratory test objects.
Nyberg et al. [71]: cable, including butt gaps.

5.4 Conductivity of Oil

5.4.1 Results

Results from conductivity measurements with bare and paper-covered electrodes
are presented in figure 5.4. The results from bare electrodes are largely within
the same range as those from paper-covered electrodes. The two test objects
used for paper-covered electrodes were the large and small series connection
test objects, as defined in section 3.1.1.

5.4.2 Discussion

Bare Electrodes

The repeatability of the measurements were low. Handling of the PTFE spacer
that created the oil gap seem to have impaired the repeatability, possibly due to
redistribution of impurities in the oil. Furhtermore, current fluctuations rendered
determination of steady-state values difficult. The maximum attainable electric
field strength with bare electrodes was 7 kV/mm before current fluctuations or
discharges that overwhelmed the experimental equipment occurred. Current
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Figure 5.4: Conductivity of oil with bare and paper-covered electrodes. For bare elec-
trodes, the test object was not repositioned between measurements plotted within the
same ellipse in the figure. For paper-covered electrodes, each test object remained
untouched between all of the measurements. The data for bare electrodes are previously
pulished in [72].

fluctuations, poor repeatability and poor breakdown strength for conductivity of
liquids with bare electrodes are common phenomena, attributed to impurities
in the liquid or adsorbed layers at the electrodes [73].

Paper-Covered Electrodes

Since the conductivity of a material depends on the concentration of charge
carriers [74], the extent to which charge carriers are neutralized or immobi-
lized at the electrode surfaces affects the conductivity. The neutralization and
immobilization are affected by the electrode material and the conditions at the
surfaces [73]. For an oil gap surrounded by paper, the papers act as electrodes
for the oil. The paper surfaces provide sites for the trapping of charge carriers
[75], which affects the charge carrier concentration in the oil. Furthermore, the
electrode material and condition affect the ability to inject charges into the oil
[73]. For these reasons, paper-covered electrodes are more relevant than bare
electrodes when conductivities in oil gaps surrounded by paper are to be deter-
mined. However, this study’s results from bare and paper-covered electrodes
overlapped each other. The variations within each method were approximately
as large as the variations between the methods.
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When plotted versus electric field strength as in figure 5.4, the conductivities
form a U-shaped curve. This is consistent with ionic conduction in insulation
liquids: The conductivity is constant at low electric field strengths. At intermedi-
ate field strengths, the conductivity decreases with increasing field strength. At
high field strengths, charge injection from the electrodes become significant and
causes the conductivity to increase with increasing field strengths [35], [73],
[76].

With bare electrodes, four parameters are required to estimate the oil con-
ductivity: applied voltage, measured current, effective electrode area, and oil
gap thickness. With paper-covered electrodes, the values of paper thickness
and the relationship between electric field strength and conductivity in paper
are needed as well. This introduces additional sources of error. As asserted in
section 5.3.2, the relation used forσpap(Epap) underestimates Epap at low electric
field strengths. Equation (4.9) can be re-written as

Eoil =
U0 −

Upap
︷ ︸︸ ︷

dpapJst/σpap

doil
, (5.1)

and equation (4.11) can be rewritten as

σoil =
doilJst

U0 − dpapJst/σpap
︸ ︷︷ ︸

Upap

, (5.2)

where Upap indicates the estimated voltage drop across the paper part of the test
object (see appendix B). The underestimatedσpap leads to an underestimated Eoil
and an overestimated σoil. This can be compensated for by using equations (5.1)
and (5.2) with Epap from Series 2 or 3 (cf. fig. 5.2) for the lowest electric field
strengths. The plot of σoil versus Eoil will then still be U-shaped, though for the
smaller of the two test objects, the left part of the U shape will be less steep,
with Eoil = 0.23× 10−13 S/m at Eoil = 1.8 kV/mm and Eoil = 0.19× 10−13 S/m
at Eoil = 3.0 kV/mm. For the lowest applied voltages, the estimated values for
Eoil and σoil were negative. This indicates that the difference between the true
σpap and the input σpap was so large that Upap in equations (5.1) and (5.2)
became larger than the applied voltage U0. The negative results are excluded
from figure 5.4 since they are clearly erroneous.

Values from Literature

Various values have been found in literature for the conductivity of oil for
mass-impregnated cables:
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• 1× 10−12 S/m measured at 50 °C, electric field strength not reported [55].

• 1× 10−13 S/m to 5× 10−13 S/m for new oil at 60 °C, electric field less than
10 kV/mm [77].

• 0.5× 10−11 S/m to 2× 10−11 S/m for oil extracted from cycled (assum-
ingly temperature cycled) cables, measured at 60 °C, electric field less than
10 kV/mm [77].

Further details on measurement techniques were not disclosed. The large range
of these values confirms that oil conductivity is a parameter that varies consid-
erably.

Value Chosen for Further Calculations

The field-dependent “curves” obtained with the two different series connection
test objects (i.e., paper-covered electrodes) differ from each other by a factor
five or more (fig. 5.4). Many of the results from the bare electrodes are between
those curves. None of the results are prominent as more accurate than the others,
and the field-dependency of the oil conductivity is not clear from the results.
For these reasons, the average (mean) conductivity from bare electrodes, σoil =
8.4× 10−14 S/m, was used for further calculations, and the oil conductivity was
regarded as independent of the electric field strength.

5.5 Dielectric Response Function for Paper

5.5.1 Results

Results from several measurements of the dielectric response function for paper
are illustrated in figure 5.5. The median dielectric response function determined
from polarization is highlighted in the figure. The median was used for further
calculations after curve fitting of equation (4.12), which is a linear combination
of exponential functions. The curve fit was conducted with eight exponential
functions (i.e., N = 8). The median was determined from the current measure-
ments at polarization, not depolarization.

Figure 5.5 reveals that for the first approximately six hundred seconds, the
results from depolarization had generally larger values than the results from
polarization. For each of the thirteen PDC measurements presented in the figure,
the difference between fpap(t = 2 s) determined from the depolarization current
and fpap(t = 2 s) determined from the polarization current was calculated.
The mean of these differences was 5.5× 10−3 s−1, and the standard deviation
was 5.2× 10−3 s−1. This implies that the difference between fpap(t) determined
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Figure 5.5: fpap(t) estimated from several measurements of polarization (“pol”) and
depolarization (“depol”) currents in paper test objects with ten paper sheets.

from depolarization and fpap(t) determined from polarization was statistically
significant for t = 2 s. The corresponding difference for t = 1000 s was not
significant.3

Not only the difference but also the ratio between fpap(t = 2 s) determined
from the depolarization current and fpap(t = 2s) determined from the polar-
ization current was calculated for each of the thirteen PDC measurements. The
maximum, mean, and minimum of these ratios were 1.5, 1.3, and 0.9, respec-
tively. Corresponding values for t = 1000 s were 1.1, 0.9, and 0.7, respectively.
In comparison, the maximum and minimum dielectric response functions deter-
mined from polarization differed from each other by a factor of 4.6–7.5. This
illustrates that the spread in the results was larger than the differences between
depolarization and polarization.

No clear dependency on the applied electric field were observed. This is
illustrated by figure 5.6, which displays an excerpt from figure 5.5 with the
applied electric field strengths indicated.

3It was constructed a null hypothesis stating that the mean difference was zero. A two-sided
test of the null hypothesis was performed with a significance level of 0.5 % and twelve degrees
of freedom, assuming Student’s t distribution [44]. The sample mean was 5.5× 10−3 s−1 for
t = 2 s and −6.7× 10−5 s−1 for t = 1000 s. The sample standard deviations were 5.2× 10−3 s−1

and 1.3× 10−4 s−1, respectively. This resulted in rejection of the null hypothesis for t = 2 s but
not for t = 1000 s. The p values were 0.0025 and 0.0572, respectively.
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Figure 5.6: The first ten seconds of the results shown in figure 5.5, polarization only,
with applied electric field strengths indicated.

5.5.2 Discussion

In figure 5.7, the median dielectric response function, which is utilized for
further calculations, is compared with results obtained at 20 kV/mm by Occhini
and Maschio [55]. The spread of the results in this work is also indicated. The
results obtained by Occhini and Maschio approximately equal the lowest values
obtained in this work.

Some plausible causes for the spread in the results are temperature fluc-
tuations (approx. ±1 °C) and varying amount of oil in the test objects due to
handling. It is less likely that remaining polarization due to insufficient depolar-
ization time between successive voltage applications (“memory effect”) is the
main cause of spread. This is because the depolarization current before each new
voltage application was typically less than 2 % of the steady-state current—and
several orders of magnitude lower than the initial current—in the next voltage
application.

A possible explanation for the differences between the dielectric response
function determined from polarization and depolarization is a gradual injection
of charge from the electrodes and accumulation of this charge in the test object
during the course of the voltage application. The withdrawal of charge would
add to the depolarization current [40], [42]. Another possible explanation for
the difference is the redistribution of charge carriers in the test object during
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Figure 5.7: Dielectric response functions from polarization currents at 20 kV/mm.
This work: Plane-parallel test objects of mass-impregnated paper sheets.
Occhini and Maschio: Plane-parallel test objects of mass-impregnated paper tapes with
butt gaps; data extracted from reference [55], ©1967 IEEE, used with permission.

polarization, regardless of any possible charge injection, causing the conductivity
as well as the electric field in the test object to be inhomogeneous. Although
this nonlinear behavior was statistically significant, it was not dominant, since
the value of the ratio of fpap(t) determined from depolarization currents and
fpap(t) determined from polarization current was well below 2.0.

The extrapolation backwards from t = 1s to t = 0 s is an estimate of the
effect of the slow polarization mechanisms before the measurements were
collected. However, all the polarization at t = 0 is already accounted for by
the permittivity, and the extrapolation back to t = 0 implies that some of the
polarization is accounted for twice. It could thus be argued that the extrapolation
should not go all the way to zero but to a time slightly larger than zero. It is not
obvious, though, exactly where to stop the interpolation. However, the error
made by extrapolating all the way to zero is small. The contribution from the
whole second of extrapolation is

P1s = ε0

∫ 1 s

0

E(ξ) f (t − ξ) dξ. (5.3)

By assuming E as constant throughout the first second (which is exact in the
case of a single, homogeneous material, but an approximation in the case of a
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homogeneous material in a series connection), this can be simplified to

P1s = ε0E

∫ 1 s

0

f (t) dt. (5.4)

Neither the measured nor the extrapolated fpap(t) at any time exceeded 0.1 s−1.
Therefore,

P1 s < 0.1ε0E. (5.5)

Appreciating that some of this extrapolation is probably appropriate, the error
can be assumed to be lower than this value. When comparing with the contri-
bution from the permittivity, which is Pfast = ε0εrE = 3.14ε0E, it is evident that
the error is negligible.

5.6 Dielectric Response Function for Oil

5.6.1 Results

Results from dielectric response function measurements for oil are exhibited in
figure 5.8, including the median curve for both polarization and depolarization.
The corresponding curve fits of a linear combination of three exponential func-
tions (i.e., equation (4.12) with N = 3), utilized for the further calculations, are
also illustrated. The magnitude of the results calculated from depolarization
currents were approximately 1 % of those calculated from polarization currents.
All the measurements were done with oil test objects (i.e., bare electrodes).

The median dielectric response functions indicated in figure 5.8 have ripples.
The ripples are most easily visible in the right part of the figure due to the
logarithmic time axis. The ripples in the curve obtained from depolarization
current measurements are noise due to external disturbances, including ripples
in the supplied DC voltage. Such noise caused transients that in most cases were
less than 5× 10−5 s−1 peak to peak in the estimated dielectric response function,
and often much less than that. In the displayed curve, these transients were
approximately 1.5× 10−5 s−1 peak to peak. The ripples in the curve obtained
from polarization current measurements are much larger and are due to the
current fluctuations that are described for bare electrodes in section 5.4.2.

The first 100 s of the dielectric response functions estimated from current
measurements at various applied electric field strengths are displayed in fig-
ure 5.9 for polarization and figure 5.10 for depolarization. No significant electric
field dependency can be perceived for the polarization. For depolarization, the
lowest field strengths (0.3 kV/mm and 1 kV/mm) appear to give a larger foil(t)
than the other field strengths, but considering the spread at 2 kV/mm and
2.1 kV/mm, this should not be regarded as significant.
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Figure 5.8: Dielectric response function foil(t) for oil calculated from polarization and
depolarization currents. The thin, dotted curves roughly indicate the limits of the spreads
of the results.
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Figure 5.9: Dielectric response function from several measurements of polarization
currents in oil. Applied electric field strengths are indicated. 1 s< t < 1 s.
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Figure 5.10: Dielectric response function from several measurements of depolarization
currents in oil. Applied electric field strengths are indicated. 1 s< t < 1s.

5.6.2 Discussion

The dielectric response function determined from polarization was approxi-
mately 102 times larger than that determined from depolarization. This indicates
that the polarization in oil is not linear with respect to the exciting electric field.4

Others [78] have found similarly large differences between polarization and
depolarization currents for transformer oil. At polarization, the dielectric re-
sponse function contains contributions from mechanisms that can be regarded as
time-dependent conduction processes. A notable example of such a process is the
depletion of charge carriers (and thereby the reduction of conductivity) in the
bulk of the liquid as the charge carriers drift towards the electrodes where they
no longer contribute to conduction. Injection of charge from the electrodes also
contributes to the conduction [35], [76], [78]. This demonstrates that foil(t) at
polarization has contributions from both a slow, time-dependent permittivity and
a time-dependent conductivity. During depolarization, the mean electric field
strength (i.e., applied voltage divided by oil gap thickness) is zero, and charges
that have accumulated close to the electrodes are retained by mirror charges
on the electrodes. Therefore, the transport of free charges is quite limited [35].
The large difference between polarization and depolarization currents indicates

4The word exciting is used here to indicate that the polarization is excited by not only the
present but also the past electric field (see section 2.3.2).
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that the conduction mechanisms dominate over polarization mechanisms during
voltage application [78], [79].

Despite the mentioned nonlinearity, no significant dependency on electric
field strength can be observed when the results from polarization are evaluated
separately from the results from depolarization. The spread in the results (except
from the difference between polarization and depolarization) is mainly due to
other phenomena, such as impurities, the handling of PTFE spacer between some
of the measurements, and differing polarization times. The depolarization time
between subsequent voltage applications in this study was always long enough
for the current to decay to the noise level. Even so, the charge distribution may
not have been completely reset between voltage applications. It is thus possible
that too short and differing depolarization times may have contributed to the
spread in the results.

Although much of the spread in the results can be attributed to the phenom-
ena described above, there is a possibility that there is a small dependency on
the electric field, masked by the mentioned sources of spread and thus rendered
insignificant here. The indications that much of the contribution to the dielec-
tric response function for oil can be regarded as time-dependent conduction,
together with the fact that conduction in oil generally is field dependent, render
this possibility probable. This suggests that an electric field dependency may
have been observed if measurements were collected at higher field strengths.

Much of the decrease in polarization current in oil after voltage application
is due to the aforementioned depletion of charge carriers. The time required
for the depletion process is dependent on the thickness of the oil gap. Under
a given, uniform electric field, the transit time for a charge carrier from one
electrode to another is proportional to doil [76]. This demonstrates that the
dielectric response function is dependent on oil gap size.

The reasoning regarding error by extrapolating fpap(t) back to t = 0 (see
section 5.5.2) is valid for foil(t) as well.

5.7 Structure of Paper

5.7.1 Results

Scanning electron micrographs of paper surfaces are shown in figure 5.11 and
figure 5.12. Scanning electron micrographs of cross sections are shown in fig-
ures 5.13 through 5.16. For the micrographs of the cross sections, the colors can
be interpreted as follows:

white roughness due to specimen preparation
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light grey paper fibers

dark grey epoxy for fixating the paper fibers

black cracks in the specimen due to the specimen preparation

Figure 5.11: Scanning electron micrograph of cable paper surface. Original micrograph
made by Per Olav Johnsen at RISE PFI AS. This edited micrograph: ©2019 IEEE,
published in [16], reproduced with permission.

5.7.2 Discussion

In this chapter, the differing terms width and thickness are distinguished. The
former refers to directions parallel to the plane of the investigated piece of paper
(e.g., cross direction and machine direction). In contrast, the latter refers to the
direction perpendicular to that plane, corresponding to the radial direction in a
cable.
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Figure 5.12: Scanning electron micrograph of cable paper surface. Original micrograph
made by Per Olav Johnsen at RISE PFI AS. This edited micrograph: ©2019 IEEE,
published in [16], reproduced with permission.

Figure 5.13: Scanning electron micrograph of cable paper cross section with angle of
view in cross direction. Original micrograph made by Per Olav Johnsen at RISE PFI AS.
This edited micrograph: ©2019 IEEE, published in [16], reproduced with permission.

Figure 5.14: Scanning electron micrograph of cable paper cross section with angle of
view in machine direction. Original micrograph made by Per Olav Johnsen at RISE
PFI AS. This edited micrograph: ©2019 IEEE, published in [16], reproduced with
permission.
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Figure 5.15: Scanning electron micrograph of cable paper cross section, zoomed in on
a region corresponding to 400 µm to 700 µm to the right of the left edge of figure 5.14.
Angle of view: Machine direction. Original micrograph made by Per Olav Johnsen at
RISE PFI AS. This edited micrograph: ©2019 IEEE, published in [16], reproduced with
permission.

Figure 5.16: Scanning electron micrograph of cable paper cross section with angle of
view in machine direction. Original micrograph made by Per Olav Johnsen at RISE
PFI AS. This edited micrograph: ©2019 IEEE, published in [16], reproduced with
permission.



62 Chapter 5. Results from Materials Characterization

Interfaces

The scanning electron micrographs show that there are large areas of interfaces
between paper and epoxy in the specimens. This indicates that oil-impregnated
paper has large areas of fiber-oil interfaces. The micrographs also demonstrate
that such interfaces abound in most of the bulk of the paper tapes and is far
from unique for the surfaces of the tapes. Based on this observation, the surfaces
of the tapes need not be treated separately when estimating electric fields in
paper-oil systems—they can simply be considered part of the paper [16].

Oil Channel Sizes

A typical butt gap is as thick as a paper tape, namely approximately 0.9 mm,
and has a width of 1–4 mm [4]. The thicknesses and widths of the channels
(defined in fig. 1.1) visible in the micrographs are much smaller: The thickness
of most channel cross sections visible in these images are less than 15 % of the
paper thickness. Some regions have channels that lie above each other in such
a way that, when viewed in the direction perpendicular to the paper surface,
more channel volume than fiber volume is evident. The left part of figure 5.15
exemplifies such a region. Nevertheless, the widths of such regions are negligible
compared with typical butt gap widths. Therefore, it is appropriate to model
the oil-filled channels as part of the paper while modeling oil-filled butt gaps as
a different material [16].

Intersheet Oil

As mentioned in section 1.1.2, contacting paper tapes in mass-impregnated
cables are in contact with each other at discrete spots due to the surface rough-
ness, resulting in an intersheet gap filled with oil (see fig. 1.1).5 It would be
interesting to discover if typical thicknesses of intersheet gaps are comparable
to channel thicknesses, or at least if typical intersheet gap thicknesses are much
smaller than typical butt gap thicknesses. The roughness visible in the present
micrographs is caused by at least two phenomena: individual fibers on the paper
surface and varying number of fibers from one region to another. The former
phenomenon manifests itself on a small length scale (i.e., up to approximately
50 µm width and 14 µm thickness); in contrast, the latter occurs on a larger
scale. Which length scale is decisive for the thickness of the intersheet gap is
dependent on how the surfaces yield to one another. The micrographs provide
no information regarding this.

5It is likely that there is a thin oil layer between the papers even at these contacting spots
due to the oil’s ability to wet paper.
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The largest and smallest thickness in these micrographs are 85 µm and 59 µm,
respectively—a difference of 26 µm. Typical channel cross sections visible in
the micrographs are less than 11 µm. This indicates that intersheet gaps may
possibly be thicker than the channels inside the paper, but, again, this depends
on the malleability of the paper surfaces.



Chapter 6

Results from Estimates
and Measurements on a
Series Connection Test Object

This chapter has two primary purposes: to demonstrate the role of dielectric re-
sponse functions in a series connection of paper and oil, and to demonstrate the
reliability of (i.e., verify) the methods for estimating electric fields in the same
series connection. The role of the dielectric response functions is demonstrated
by presenting estimates of electric fields and current densities with and without
considering the dielectric response functions, as well as presenting a sensitivity
analysis where different dielectric response functions are used as input. The reli-
ability is demonstrated by comparing estimated current densities with measured
current densities. Furthermore, results from the two-material-input method are
compared with results from the one-material-input method.

All the results presented in this chapter apply to the large series connection
test object (dpap = 0.9 mm, doil = 1.6mm) for application of a step voltage cor-
responding to a mean electric field strength E = U0/

�

dpap + doil

�

= 12kV/mm
and subsequent grounding.1

1The current measurements presented in this chapter were performed by Lars Erik Pettersen
in cooperation with the author of this thesis. Data from the measurements are published in
Pettersen’s master’s thesis [52].

64
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6.1 Results

6.1.1 Results from the Two-Material Input Method

Voltage on

Figure 6.1 illustrates the estimated electric fields in paper and oil after turning
the voltage on. Estimates where the dielectric response functions are omitted
(i.e., fpap(t) = foil(t) = 0 for all t) are also exhibited. The t90 is more than twice
as large when dielectric response functions are considered than whey they are
omitted from the estimates: with dielectric response functions, t90 = 2786 s,
whereas without, t90 = 1317s. Figure 6.2 illustrates the corresponding estimated
current densities together with the measured current density.2

The estimated current density matched its measured counterpart most closely
when the dielectric response functions were accounted for: when the dielectric
response functions were neglected, the estimated current density was not within
±20% of the measured current density before t = 104 s, whereas when the
dielectric response functions were considered, the same was the case for all
values of t larger than approximately 2 s.

Grounding

Figures 6.3 and 6.4 illustrate electric fields and current densities after grounding.
The time t = 0 in these figures correspond to the limit t →∞ in figures 6.1

and 6.2.
Estimates were made with foil(t) obtained both from polarization and from

depolarization current measurements to see which best represented the ground-
ing situation. The foil(t) obtained from polarization provided better agreement
between estimated and measured current densities. This fits well with the fact
that the mean electric field strength in the oil did not become zero immediately
after grounding (as it did when determining foil(t) from depolarization), but
changed direction and gave rise to time-dependent conduction of accumulated
charges from one side of the oil gap towards the other side of the oil gap [35].

Values of t90 with foil(t) from polarization, with foil(t) from depolariza-
tion, and without and dielectric response functions were 3761 s, 4294 s, and
1613 s, respectively. The large differences between these numbers illustrate the
importance of the dielectric response functions also in the case of grounding.

2Figures similar to figures 6.1 and 6.2 have been published in [61], though only with
estimates in which the dielectric response functions were considered. Slightly different values for
the electrical properties were used as input.
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Figure 6.1: Electric fields in the large series connection test object, estimated with the
two-material-input method with and without dielectric response functions taken into
account. E = 12 kV/mm. Voltage on. Corresponding current densities are presented in
figure 6.2.
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Figure 6.2: Estimated and measured current densities corresponding to figure 6.1.
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Figure 6.3: Electric fields in the large series connection test object, estimated with
the two-material-input method with and without dielectric response functions taken
into account. Grounding after steady-state at E = 12 kV/mm. Corresponding current
densities are presented in figure 6.4.
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Figure 6.4: Estimated and measured current densities corresponding to figure 6.3.



68 Chapter 6. Results from Est. and Meas. on a Series Connection Test Object

For the first 86 s after grounding, the absolute value of the measured current
density was larger in the case of grounding than in the case of voltage application
(compare figs. 6.2 and 6.4). If the system were truly linear, the absolute value of
the current density would have been largest in the case of voltage application,
and the difference between the absolute values after voltage application and
after grounding would have equaled the steady-state current density.

6.1.2 Results from One-Material-Input Method

The electric fields in paper estimated with the one- and two-material input
methods are exhibited in figure 6.5 for turning the voltage on and in figure 6.6
for grounding. The electric field in oil is omitted for clarity. Values of t90 are
listed in table 6.1.
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Figure 6.5: Electric fields in the large series connection test object, estimated with the
one- and two-material-input methods with dielectric response functions taken into
account. E = 12 kV/mm. Voltage on.

Both for voltage application (fig. 6.5) and grounding (fig. 6.6), the curve
describing Epap(t) estimated with the two-material-input method mostly lie
between the corresponding curves for the one-material-input method. This
implies that the Epap(t) curve obtained with the two-material-input method lies
closer to the true Epap(t) than either one or both of the corresponding curves
obtained with the one-material-input method do. This indicates that although
the one-material-input method avoids the uncertainties in the conductivity and
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Figure 6.6: Electric fields in the large series connection test object, estimated with the
one- and two-material-input methods with dielectric response functions taken into
account. Grounding after steady-state at E = 12kV/mm

dielectric response function for one of the materials, it is not necessarily more a
reliable method than the two-material-input method.3

Table 6.1: Values of t90 for the large series connection test object, estimated with the
one- and two-material-input methods with dielectric response functions taken into
account. E = 12kV/mm.

Method Input
Voltage on Grounding

t90 (s) t90 (s)

One-material-input Paper 7017 29 344
One-material-input Oil 1561 2241
Two-material-input Paper and oil 2786 3761

3The permittivity for one of the materials is to a large extent also unnecessary for the
estimation of the electric fields, although it is needed for calculating the initial values and,
through this, affects the whole transient period.
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6.2 Discussion

6.2.1 Sensitivity to Dielectric Response Functions

A sensitivity analysis was performed by using combinations of maximum and
minimum dielectric response functions (as defined in section 4.1.3), determined
from polarization current measurements in paper and oil, as inputs for the two-
material-input method. Figure 6.7 shows the resulting, estimated electric fields.
Electric fields in oil are omitted for clarity, and it should kept in mind that if the
electric field increases in one material, it decreases in the other. Corresponding
estimated current densities are indicated in figure 6.8. Values of t90 are exhibited
in table 6.2.

Table 6.2: Values of t90 for the large series connection test object, estimated with the
two-material-input method. Sensitivity analysis with respect to input dielectric response
functions. E = 12kV/mm. Voltage on. The figures in which the electric fields are plotted
are indicated.

fpap(t) foil(t) t90 (s) Figure

Median Median 2786 6.1
Zero Zero 1317 6.1
Maximum Maximum 11345 6.7
Maximum Minimum 11049 6.7
Minimum Maximum 1894 6.7
Minimum Minimum 2214 6.7

The electric field estimates (fig. 6.7) are quite sensitive to the input dielectric
response functions. The comparisons of estimated and measured current densi-
ties (figs. 6.2 and 6.8) indicate that the choice of using the median dielectric
response functions in this case is suitable.

As indicated by the results presented in figure 6.7, using the maximum
dielectric response function for a material resulted in a period with a low electric
field strength in the same material, whereas using the minimum resulted in a
period with high electric field strength in that material. This is similar to the
principle that a material with high permittivity will have a low initial electric
field strength and that a material with high conductivity will have a low steady-
state electric field strength. 4 Moreover, in the same way that a large permittivity
in any of the materials causes the initial current to be large, a “large” dielectric
response function in any of the materials likewise causes the subsequent current
to be large.

4The ratio Epap(t)/Eoil(t) equals εoil/εpap immediately after voltage application and ap-
proaches σoil/σpap as t approaches infinity [43], cf. equations (1.3) and (1.2).
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Figure 6.7: Electric fields in the large series connection test object, estimated with the
two-material-input method. Sensitivity analysis with respect to input dielectric response
functions. E = 12 kV/mm. Voltage on. Corresponding current densities are presented
in figure 6.8.
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Figure 6.8: Estimated and measured current densities corresponding to figure 6.7.
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However, the relationship between the dielectric response functions and
the electric field strengths is more complicated than the relationships between
permittivities, conductivities, initial field distributions, and steady-state field
distributions. From equations (2.28)–(2.31), it can be deduced both that a
large fpap(0) contributes to a small d

dt Epap(t) at t = 0 and that a large foil(0)
contributes to a large d

dt Epap(t) at t = 0. In other words, the initial values of
the dielectric response functions affect the initial rate of change of the electric
fields.

Whereas the effects of large and small initial values of the dielectric response
functions can be explicated as above, the effects of the other parts of the dielectric
response functions cannot be as easily deduced. This is because the dielectric
response functions, or rather their time-derivatives, are convoluted with the
electric fields. Consequently, the exact effects of those time-derivatives at a
certain point in time are not clear unless electric fields are known for the whole
period from t = 0 until this point in time.

From a physical perspective, the dielectric response function can be con-
sidered as a “delayed permittivity,” and its Fourier transform is a frequency-
dependent susceptibility. More precisely, the Fourier transform

F [ f (t)] = εr,f(ω)− εr, (6.1)

where εr,f(ω) is the frequency-dependent, relative permittivity at angular fre-
quency ω and where εr (consistent with the rest of this work) is the relative
permittivity at high frequencies [42], [47]. The dielectric response function
thus works like the permittivity, but in a time-delayed manner. Whether or not
the “delayed permittivities” delay the transition to steady state depends on the
other electrical properties of the different materials. In the series connection
test object studied here, the dielectric response functions contributed to the
electric field distribution in the same direction as the permittivities, opposite
of the contribution from the conductivities, and thus delayed the transition to
steady-state and increased t90.

As figure 6.8 illustrates, a large dielectric response function, regardless of in
which material, results in a high initial current density. This is as expected since
the dielectric response function accounts for the displacement of charges, and a
large displacement requires a large displacement current.

6.2.2 Verification of the Two-Material-Input Method

Principle for Verification

Comparison between estimated and measured current densities were used as an
indirect verification of the two-material-input method. Because current densities
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and electric fields are derived from the same solution to the coupled differential
equations (4.25)–(4.27), a good match between the estimated and measured
current density is an indication that the estimated electric fields are close to
the true electric fields. For the one-material-input method, such comparison is
worthless as the solution is forced to match the current density that is used as
input to the estimates.

Voltage On

In the case of turning the voltage on, the difference between measured and esti-
mated current density—with the dielectric response functions considered—was
largest during the first few seconds (fig. 6.2). This was possibly due to fpap(t)
and foil(t) being extrapolated instead of measured for t < 1 (see section 4.1.3).5

After the first few seconds—in the case of turning the voltage on—the match
between estimated and measured current density was remarkably good. At
t = 4 s, the deviation from measured current density was less than 10 %. This
suggests that the two-material-input method is reliable and suitable for esti-
mating transient electric field distributions in series connections of paper and
oil.

Grounding

With the dielectric response functions considered, the estimated current density
matched the measured current density less closely in the case of grounding than
in the case of turning the voltage on (fig. 6.4). This was due to the nonlinearity
mentioned in section 6.1.1, namely that the absolute value of the measured
current was larger shortly after grounding than shortly after turning the voltage
on. This nonlinear behavior was confirmed by repeated experiments at various
voltages. This was similar to the nonlinearity described for paper in section 5.5.
However, the differences observed with the paper test objects were much smaller
than the asymmetry between voltage application and grounding in the series
connection. Moreover, the electric field strength in the paper was reduced at
the moment of grounding, whereas the electric field the oil was increased and
changed direction (cf. figs. 6.1 and 6.3). It is thus likely that the oil was the
major contributor to the nonlinearity in the series connection, probably due to
an increased conductivity in the oil due to injection or redistribution of charge
during the voltage application. Introduction of oil gaps in paper test objects
have been observed to cause similar nonlinearities in transformer insulation

5Although the t < 1 part of fpap(t) plays a role in the polarization as long as the electric field
changes (since fpap(t) is convoluted with Epap(t) in equation (2.28)), its significance is largest for
the first few seconds after application and removal of the voltage. The same applies for foil(t).
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[40]. This supports the hypothesis that the oil is responsible for most of the
nonlinear behavior.

Assumption of Linearity

The assumption of linear polarization, which implies that dielectric response
functions can be defined as in section 2.3.2 and are independent of the electric
field strength, is fundamental to the methods presented in this thesis. Although
a nonlinear behavior was observed as explicated above, the results indicate that
using the two-material-method together with the dielectric response functions,
which assumes linearity, yields more accurate results than the simpler method
of neglecting the dielectric response functions. It can therefore be concluded
that the system is linear enough for the estimation methods presented herein to
be useful. The usefulness is emphasized by the large differences between the
electric field estimates in which the dielectric response functions were taken
into consideration and those in which they were neglected.

Note that the nonlinearities considered in this section 6.2.2 relate to polar-
ization (and time-dependent conduction interpreted as polarization). Nonlinear
steady-state conduction, expressed by field-dependent steady-state conductivi-
ties, is supported by both the two-material-input method and the one-material-
input method.

6.2.3 Considerations regarding the One-Material-Input Method

For the case of grounding (fig. 6.6), the transient electric field estimated with oil
properties as input deviates considerably from that estimated with paper prop-
erties as input. Much of the deviation for values of t larger than approximately
1000 s is probably due to an underestimated σpap for the lowest electric field
strengths,6 causing Epap to be overestimated when paper properties are used
as input. This heavily affects t90. For smaller values of t, dielectric response
functions are more important to the electric field distribution. The deviation thus
indicates that one or both dielectric response functions represent the physical
processes poorer in the case of grounding than in the case of voltage on. This is
in line with the discussion above.

Because the nonlinearities most likely are primarily due to the oil, the one-
material-method with paper properties as input may seem to be a suitable
approach for determining electric field distributions. In this way, the most non-
linear parameters are literally removed from the equation. However, using the

6See chapter 5.3.
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one-material-input method may be challenging in the case of mass-impregnated
cables, as will be discussed in section 7.1.2.

6.2.4 Comparison with Literature

As indicated above, the match between estimated and measured current densities
is stronger when dielectric response functions are considered than when they
are neglected. This is consistent with studies of transformer insulation where
estimates of current or recovery voltage7 with and without dielectric response
functions are compared [47], [79]. The same studies also show, in line with
the results presented here, that the estimated approach towards steady-state is
slower when dielectric response functions are taken into account.

6.2.5 Other Estimation Approaches

An alternative to using a dielectric response function for oil is to use a nonlinear
oil model that considers the initial, homogeneous charge density; the decrease in
charge density as the polarization current drains the oil gap for charge; and the
conductivity determined by the time-dependent (and still homogeneous) charge
density. The paper may still be modeled in the same way as it has been done
in this work. An approach such as this has proved to be useful for estimating
electric fields and currents in transformer insulation [78], [79]. Other estimation
approaches are based on modeling the drift of one or several types of charge
carriers, and may take into account various processes as injection, trapping,
detrapping, recombination, and diffusion, as well as parameters as permittivity,
charge density, and mobility [37], [80], [81]. An advantage of the dielectric
response approach in this work is that only three parameters are needed for each
material: Permittivity, conductivity, and dielectric response function. Approaches
based on charge carriers typically involve more parameters, some of which may
be challenging to determine [37].

7When an insulation system is charged and then to some extent discharged before the circuit
is left open, a recovery voltage builds up across the insulation.



Chapter 7

Application to
Mass-Impregnated Cables

The first part of this chapter (section 7.1) discusses how the methods for esti-
mating electric fields can be applied to mass-impregnated cables. The second
part (section 7.2) presents case studies where the two-material-input method is
used to estimate electric field distributions in hypothetical, plane-parallel series
connections of paper and oil—similar to the series connection used for chapter 6,
but with values of the thickness ratio dpap/doil relevant to mass-impregnated
cables and with two different applied mean electric field strengths.

7.1 Considerations regarding Application

7.1.1 Cylindrical Geometries and Temperature Gradients

The model used for the estimates in this thesis assumes plane-parallel and
isothermal conditions. One way to include the effects of cylindrical cable ge-
ometry and temperature gradients is to combine the model of this work with
estimates from other models. As explicated in section 1.2, cylindrical geometry
and temperature gradients have commonly been considered in models where
the two-material structure with butt gaps and paper tapes is neglected [22],
[32]–[34].1 Such models will henceforth be referred to as structure-neglecting
models. Firstly, a structure-neglecting model can be used to estimate the time-
dependent electric field strength for a certain radial position in a cable. The
two-material-input method can then be used to study a thin section of insulation

1In such models, the insulation is considered as a single material that, apart from the effects
of temperature gradients and electric field gradients, is homogeneous.
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around that radial position. One of the input parameters necessary for the two-
material-input method is the voltage across the considered section of insulation.
This voltage approximately equals the product of the section’s thickness and
mean electric field strength. The time-dependent electric field strength from the
structure-neglecting model can be used for this input.

Another way to include effects of cylindrical cable geometry and temperature
gradients is to model the cable insulation as several concentric sections and
consider each section as plane-parallel and isothermal. The insulation in each
section consists of the two materials (i.e., paper and oil). The temperatures
differ among the sections, causing the electrical properties to likewise differ.
Consequently, the collection of sections is effectively an insulation system con-
sisting of twice as many materials as there are sections. The two-material-input
method must then be extended to systems of several materials. The principles
for the two-material-input method, presented in sections 2.4.1 and 4.2.1, still
apply—with adjustments for the effective area being different in the different
sections. Furthermore, the equation systems become more complicated since
there are more materials involved.

7.1.2 Challenges with the One-Material-Input Method

If the one-material-input method is to be used for a mass-impregnated cable, a
relevant current needs to be measured in a piece of insulation small enough for
it to be approximately plane-parallel (see appendix A). Moreover, the measured
current needs to go through a 1–4 mm wide butt gap with minimal influence
from the butt gap edges. These issues will probably be challenging to address,
and might render the one-material-input method unsuitable for estimating
electric fields in mass-impregnated cables. However, it may still be suitable for
other types of layered insulation.

7.1.3 Edge Effects

The paper edges are perpendicular to the paper surfaces and define the widths of
the butt gaps. The electric field estimates are one-dimensional and do not take
into account the effects of the edges. The estimates are therefore not relevant
to the regions close to the edges. An article about edge effects is reproduced in
appendix F.
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7.2 Case Studies

7.2.1 Description of Cases

Case studies was carried out by considering plane-parallel series connections
like the one used in chapter 6 but with values of the thickness ratio dpap/doil
relevant to mass-impregnated cables.

Two thickness ratios geometries were considered: dpap/doil = 15, corre-
sponding to fifteen paper tapes between each butt gap, and dpap/doil = 2, corre-
sponding to two paper tapes between each butt gap. The former is obtained in
cables if the butt gap width is one-fifteenth of the paper tape width and each
layer is staggered three-thirds of the tape width, as shown in figure 7.1. The
latter is obtained if the butt gap width is one-tenth of the paper tape width and
each layer is staggered one-third of the combined width of a tape and a butt
gap, as illustrated in figure 7.2.

The considered voltages corresponded to two different mean electric field
strengths, namely E = 12kV/mm and E = 40kV/mm. The former of these
mean field strengths is the same as was used in chapter 6 and is lower than
typical field strengths in cables. The latter is higher than typical field strengths in
cables, but is likely to occur close to the conductor at polarity reversals [4], [22].
Cases of turning the voltage on (i.e., application of a step voltage), grounding
after steady state, and polarity reversal after steady state were considered.2

The estimates were obtained by using the two-material-input method together
with the electrical properties from chapter 5. This implies that the studied cases
were isothermal with a temperature of 50 °C. The estimates were made with
and without considering the dielectric response functions.

2Voltage application, grounding, and polarity reversal in real, cylindrical cables will cause
any small section of the insulation to experience an abrupt voltage change followed by a gradual
voltage change towards steady state. This applies both when the whole cable insulation is
isothermal and when a temperature gradient is present, though the gradual part is less significant
in isothermal cases [22]. For simplicity, only abrupt voltage changes were used in these cases
studies. In other words, the approaches suggested in section 7.1.1 were not followed.
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2

Butt gap width Staggering

Tape width

Tape thickness

Figure 7.1: Cable insulation model with fifteen paper tapes between each butt gap. The
thicknesses in this sketch are exaggerated with respect to the widths.

Butt gap width Staggering

Tape width Tape thickness

Figure 7.2: Cable insulation model with two paper tapes between each butt gap. The
thicknesses in this sketch are exaggerated with respect to the widths.
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7.2.2 Results

The estimated electric fields strengths are indicated in figures 7.3–7.8. When
comparing graphs with each other, it is important to note that the time axes are
logarithmic. Values of t90 are exhibited in figures 7.9–7.10.

The value of t90 was 1.6–2.0 times larger when dielectric response func-
tions were taken into account than when they were neglected. By comparing
values of t90 estimated with and without considering the dielectric response
functions, it can be observed that the dielectric response functions had the
largest effect on t90 for the lowest value of the thickness ratio, namely for
dpap/doil = 2. In chapter 6.1.1, where the value of the thickness ratio was even
smaller (dpap/doil = 0.6), the effect was even larger. This indicates a trend: The
lower value of dpap/doil is, the more important it is to consider the dielectric
response functions when assessing how fast steady state is approached.

Furthermore, the values of t90 were larger with dpap/doil = 2 than with
dpap/doil = 15, both when dielectric response functions were considered and
when they were left out of the calculations. Again, when comparing with the
results in chapter 6.1.1, a trend can be identified: The lower value of dpap/doil
is, the larger the t90 is. In two-material systems with constant permittivities,
constant conductivities, and no dielectric response functions, t90 = 2.3τ and
approaches 2.3εoil/σoil as the ratio dpap/doil increases (see section 2.2). With
the values of the oil properties employed in this work, this corresponds to 9 min.

The values of t90 were larger for grounding than for turning the voltage
on (though just barely for dpap/doil = 15). This is because the field-dependent
conductivity of paper is lower at grounding, delaying the removal of charges
from the interfaces between paper and oil. If all the electrical properties for
both materials were field-independent, t90 would be the same for turning the
voltage on, grounding, and polarity reversal. It would also be independent of
the magnitude of the voltage.

The electric fields in the two materials equaled each other within 2 min after
turning on the voltage and within 7 min after polarity reversal.
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Figure 7.3: Estimated electric fields in paper and oil-filled butt gaps in cable insulation
with two papers between each butt gap. The insulation is subjected to a step voltage
corresponding to 12 kV/mm mean electric field strength and grounded after reaching
steady-state.
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Figure 7.4: Estimated electric fields in paper and oil-filled butt gaps in cable insulation
with two papers between each butt gap. The insulation is subjected to a step voltage
corresponding to 40 kV/mm mean electric field strength and grounded after reaching
steady-state.
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Figure 7.5: Estimated electric fields in paper and oil-filled butt gaps in cable insulation
with fifteen papers between each butt gap. The insulation is subjected to a step voltage
corresponding to 12 kV/mm mean electric field strength and grounded after reaching
steady-state.
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Figure 7.6: Estimated electric fields in paper and oil-filled butt gaps in cable insulation
with fifteen papers between each butt gap. The insulation is subjected to a step voltage
corresponding to 40 kV/mm mean electric field strength and grounded after reaching
steady-state.
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Figure 7.7: Estimated electric fields in paper and oil-filled butt gaps in cable insulation
with two papers between each butt gap. The voltage corresponds to 12 kV/mm. The
polarity of the applied voltage is reversed at the time t = 0.

100 101 102 103 104

Time (s)

-120

-100

-80

-60

-40

-20

0

E
le

c
tr

ic
 f

ie
ld

 (
k
V

/m
m

)

f(t) neglected

f(t) considered

Paper, pol. rev.

Oil, pol. rev.

Figure 7.8: Estimated electric fields in paper and oil-filled butt gaps in cable insulation
with fifteen papers between each butt gap. The voltage corresponds to 40 kV/mm. The
polarity of the applied voltage is reversed at the time t = 0.
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Figure 7.9: The value t90 calculated from the results presented in figures 7.3–7.6.
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Figure 7.10: The value t90 calculated from the results presented in figures 7.7–7.8.
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7.2.3 Discussion

Effect of Electric Field Strength

The estimates are made with the electrical properties that are presented in
chapter 5 as input. That implies a field-dependent conductivity of paper and
a constant conductivity of oil.3 The conductivities determine the steady-state
electric fields as described by the equation

Epap

Eoil
=
σoil

σpap
. (7.1)

The steady-state electric fields are shown in table 7.1. It can be seen in the table
that the ratio Epap/Eoil decreases with increasing mean electric field strength.
However, as pointed out in section 5.4.2, the true conductivity of oil normally
increases with increasing field strength as long as the field strength is above
some limit. The results from the conductivity measurements indicate that this
limit may be around 12 kV/mm (see results plotted as squares in fig. 5.4). This
field-dependency appears to be far greater than the field-dependency in paper,
and if that were included in the estimates, increasing the voltage above this limit
would have increased the ratio Epap/Eoil. In literature, the value of Epap/Eoil in
cables is typically assumed to be 100 [5], [6], [77], although the value 10 is
also used [32].

Table 7.1: Electric fields at steady state. Low and high voltage correspond to mean
electric field strengths of 12 kV/mm and 40 kV/mm, respectively. Few and many tapes
indicate, respectively, two and fifteen paper tapes between each butt gap.

Case Epap (kV/mm) Eoil (kV/mm) Epap/Eoil

Low voltage, few tapes 17 2.4 7.1
High ——, few —— 51 17 3.0
Low ——, many —— 13 1.6 7.9
High ——, many —— 42 11 3.8

In addition to governing the steady-state electric field distribution, the con-
ductivities affect how fast steady state is approached. (See the comment re-
garding difference between t90 for turning the voltage on and for grounding in
section 7.2.2.) A higher conductivity for any of the materials imply a smaller
t90.

3The reason for regarding the conductivity of oil as constant is explained in section 5.4.2.
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Effects of Oil Gap Thickness

It can be shown from equation (2.28) that for a given mean electric field strength,
it is the thickness ratio and not the thicknesses themselves that affect the es-
timates.4 However, the conductivity of oil is generally affected by the oil gap
thickness [73], [76], [82]. The oil gaps from which the conductivity was esti-
mated were eleven times as thick as a butt gap.5 Whether or not the conductivity
of butt gaps is larger or smaller than the value used here depends on the domi-
nating conduction mechanism. In many cases, conductivities of insulating liquids
decrease with decreasing gap thickness [73], [76], [82], [83]. If this is the case
also with the materials, gap thicknesses, and electric field strengths involved
here, the approach to steady state will be slower and the value of t90 larger in
real cables than in the present estimates.

Also the dielectric response function for oil is likely affected by the thickness
of the oil gaps. At constant electric field strength, the transit time for an ion
to cross an oil gap is proportional to the gap thickness [76]. Therefore, foil(t)
probably decays faster for thin oil gaps than for the oil gaps that here were used
to determine the electrical properties. This suggests, according to section 6.2.1,
that also this will contribute to a larger value of t90 in real cables than in the
present estimates.

Lower Temperatures

Some of the insulation in mass-impregnated HVDC cables is typically colder
than 50 °C during testing and operation [19], [84]. The effects of temperature
on the time-dependent electric field distributions are not studied here; only
these simple considerations hint at their effects:

Conductivities and dielectric response functions are affected by the tempera-
ture [55]. In cases of field-independent electrical properties and zero dielectric
response functions, lower conductivities imply higher time constants. Other
literature reports that the values of σpap and σoil at 40 °C are about a third of
what they are at 50 °C [52], [55]. It follows from equation (2.10) that when
both conductivities are reduced to a third, the time constant—and thereby also
t90—is tripled. Further, at 20 °C, σpap and σoil are reported to be about 15 and

4This can be shown by multiplying each thickness in equation (2.28) by the same factor (an
operation that preserves the ratio dpap/doil) and observe that the factor cancels out everywhere
when the fractions are reduced. Note that the voltage U also needs to be multiplied by that factor
because U = E
�

dpap + doil

�

.
5A butt gap is as thick as a paper tape. Where the lay direction of paper tapes is reversed,

butt gaps cross each other. At the crossings, the oil gap thickness is the sum of the two butt gap
thicknesses.
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30 times, respectively, lower than at 50 °C [55]. This puts the value of t90 in the
order of hours.

Regarding the dielectric response functions, it is likely that their magnitudes
are lower and their decays are slower for both materials, since movement of
charge in insulators is usually slower at lower temperatures.6 If so, the effects
in the different materials will likely counteract each other: A smaller (i.e., with
lower magnitude) fpap(t) contributes to a slower transition to steady state,
whereas a smaller foil(t) contributes in the opposite direction (see section 6.2.1).
It is hard to predict which of these effects is the stronger.

Comparison with Field Inversion due to the Temperature

Jeroense [22] has reported estimates of electric fields in a structure-neglecting
model of a 450 kV mass-impregnated HVDC cable with a temperature of 50 °C at
the conductor screen and 35 °C at the insulation screen. The dielectric response
function for the insulation was omitted. Field- and temperature-dependencies
for the conductivity were taken into account, and the field inversion caused
by the temperature gradient and the cylindrical geometry was studied. It was
demonstrated that in a case where the temperature gradient is established before
the voltage is turned on, 63 % of the change from initial to steady-state electric
field strength in the 50 °C innermost part of the insulation takes place within
approximately 3 minutes after voltage application. In the cases presented in
section 7.2.2, 63 % of the change took place within 4–7 minutes.

The estimates in reference [22] and section 7.2.2 relate to different phe-
nomena occurring at different length scales. Both phenomena are kinds of field
inversion: The former occurs on a large length scale and is the transition from
having the highest electric field strength in the innermost part of the cable to
having it in the outermost part of the cable. The latter is the transition from
having the highest electric field strength in the oil to having it in the paper.
This relates to a much smaller length scale. The comparisons of the estimates
suggests that the latter phenomenon at least in this case is more slow-paced
than the former. Considering the effects of oil gap thickness discussed above, it
is likely that the latter phenomenon is even slower in real cables. Consequently,
studies of the electric fields on the large scale should be accompanied by studies
on the smaller scale—at least when the aim is to know when the insulation can
be said have reached steady state.

6Both polarization and conduction involve movement of charge. Results obtained by Occhini
and Maschio [85] indicate that a temperature decrease will lower the magnitude of fpap(t) and
slow down its decay, though those results are from paper impregnated with decylbenzene (low
viscosity), not mass (high viscosity).
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Consequences for Mass-Impregnated Cables

All the estimates in section 7.2.2 yield a slower approach to steady state when
the dielectric response functions are considered than when they are neglected.
This illustrates the importance of taking dielectric response functions into ac-
count when estimating the transient electric field distribution between oil and
paper. This is especially relevant when test procedures are to be evaluated: The
waiting time between voltage application and polarity reversals and between
subsequent polarity reversals should be long enough for the electric field distri-
bution between butt gaps and paper to reach practically steady state. A shorter
waiting time will not give enough time for the accumulation of interface charges
and thus reduce the severity and relevance of the polarity reversal test (see
section 2.2).
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Main Conclusions

The main conclusions from this work are as follows:

• By using each material’s dielectric response function to represent any
polarization and conduction processes that are not represented by the
material’s high-frequency permittivity or steady-state conductivity, the
transient electric field distribution between oil and oil-impregnated paper
in layered HVDC insulation can be estimated by using linear dielectric
response theory.

• The high-frequency permittivity, steady-state conductivity, dielectric re-
sponse function, and thickness for each material, as well as the voltage
across the insulation, are input parameters for such estimates. In cases
where the current density in the insulation is known from measurements,
the electrical properties are needed for only one of the materials.

• The estimation process involves solving an integrodifferential equation.
By expressing the dielectric response functions as linear combinations
of exponential functions, the integrodifferential equation can instead be
converted to a system of first-order ordinary differential equations that
can be solved numerically by built-in functions in commercially available
software.

• For paper, the dielectric response function can be determined from either
polarization or depolarization current measurements. For oil, the dielec-
tric response function should be determined from polarization current
measurements.

• In cases where the electrical properties for both materials are used as
input to the estimates, the current density can be estimated together with
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the electric fields. Comparison between estimated and measured current
densities has verified the electric field estimates. The agreement between
estimated and measured current densities presented in this thesis sup-
ports the assumption that linear dielectric response theory is adequate for
estimating the transient electric fields. Neglecting the dielectric response
functions results in poorer agreement between estimated and measured
current densities.

• The phenomena represented by the dielectric response functions heavily
affect the approach to steady state in series connections. Whether they
result in a faster or slower approach towards steady state, depends on the
magnitude and shape of the dielectric response functions for the materials
involved. For example, in a series connections of oil and oil-impregnated
paper at 50 °C, the estimated time t90 needed for ninety percent of the
change from initial to steady-state electric field distribution to take place
can be at least twice as long when dielectric response functions are taken
into account than when they are neglected.

• It is observed a trend that the value of t90 decreases and becomes less
affected by the dielectric response functions as the ratio of total paper
thickness to total oil gap thickness in the insulation is increased.



Chapter 9

Suggestions for Further Work

The following activities are suggested for further investigating the electric field
distributions between oil and impregnated paper in mass-impregnated HVDC
cables based on the principles presented in this thesis:

• Study intersheet gaps in cables to determine whether it is reasonable to
model those gaps as part of the paper.

• Assess sources of uncertainties and develop test objects and measurement
procedures that cause less variance in the results.

• Determine conductivity and dielectric response functions for oil gaps
whose thicknesses are close to typical butt gap thicknesses.

• Determine electrical properties at lower temperatures than 50 °C and, for
oil, at electric field strengths higher than 7 kV/mm.

• Verify the two-material-input method after completion of the abovemen-
tioned activities, using step voltage, polarity reversal, grounding, and
gradually changing voltages.

• Estimate electric fields in mass-impregnated HVDC cables at relevant
conditions, especially for polarity reversal tests.
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Appendix A

Approximation to Plane-Parallel
Geometry

This appendix explains how a cylindrical geometry can be approximated to a
plane-parallel geometry.

Gauss’ law
∇ · D = ρfree (A.1)

inserted in the continuity equation

∇ · Jσ +
∂ ρfree

∂ t
= 0 (A.2)

gives

∇ ·
�

Jσ +
∂ D
∂ t

�

︸ ︷︷ ︸

J

= 0. (A.3)

Here, D denotes the electric displacement, ρfree is the free charge density, Jσ
is the conduction current (i.e., current due to movement of free charges), J
is the total current density, and t is time. Boldfaced symbols indicate vector
quantities. Integrating over an arbitrary volume and applying the divergence
theorem brings equation (A.3) to its integral form�

Z

J dZ = 0, (A.4)

where dZ is an infinitesimal surface area element and Z is an arbitrary, closed
surface. For a cylindrical, symmetric cable that is homogeneous in the longitudi-
nal direction (and, by definition of cylindrical symmetry, homogeneous also in
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azimuthal direction), both Jσ and D are always parallel to the radial direction.
Therefore, by choosing the surface Z to be a sector of the cable, as illustrated
in figure A.1, the only surface segments that contribute to the integral of equa-
tion (A.4) are those at radius r1 and r2, facing the conductor and the insulation
screen, respectively. These segments are here called Z1 and Z2, respectively. The
area of Z2 is r1/r2 times larger than that of Z1, and J is perpendicular to both
Z1 and Z2. Therefore, equation (A.4) can be reduced to

r1J1 = r2J2, (A.5)

where the current densities (i.e., J1 and J2) are scalars. In the case of thin,
adjacent layers, such as those demonstrated in figure A.2, r1/r2 ≈ 1 so that

J1 ≈ J2. (A.6)

Z

r1
r2

Figure A.1: Closed surface Z of a sector in a cylindrical symmetric cable.

For example, when considering one butt gap and fifteen layers of 0.09 mm
thick paper tapes, r1/r2 = 0.94 if the innermost layer is at r1 = 24 mm, and
r1/r2 = 0.97 if the innermost layer is at r1 = 42mm.

Figure A.2: Approximately plane-parallel detail of a cylindrical arrangement.



Appendix B

Derivation of
Equations (4.9)–(4.11) and
(5.1)–(5.2)

All quantities in this appendix relate to steady-state conditions. The parameters
σ0 and η are positive.

B.1 Derivation of Equations (4.9)–(4.11)

The principle for estimating the electric field strength and conductivity in oil in
a series connection with paper is as follows: A measured current density divided
by the known conductivity of paper gives the electric field strength in the paper.
Multiplying this by the paper thickness yields the voltage across the paper. The
total voltage across the series connection minus the voltage across the paper
equals the voltage across the oil. Dividing this voltage by the oil gap thickness
gives the electric field strength in the oil. The conductivity of oil is the measured
current divided by the electric field strength in oil.

Assume a parallel-plane arrangement of paper and oil connected in series.
Assume that the conductivity of oil satisfies equation (4.7), which is repeated
here for convenience:

σpap(Epap) = σ0eη|Epap|. (4.7)

Inserted in Ohm’s law J = σpapEpap, this becomes

J = σ0eη|Epap|Epap. (B.1)
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Multiplying both sides of equation (B.1) by η/σ0 gives

ηJ
σ0
= ηEpapeη|Epap|. (B.2)

The Lambert W function is defined as the complex function W(z) that satisfies

z =W(z)eW(z), (B.3)

where z is a complex variable [60]. By comparing this with equation (B.2), it
can be concluded that

ηEpap =W(z) for Epap ≥ 0 (B.4)

with
z =
ηJ
σ0

. (B.5)

Since η > 0, the condition that Epap ≥ 0 is fulfilled when W(z)≥ 0. Dividing by
η gives

Epap =
W(z)
η

for W(z)≥ 0. (B.6)

The Lambert W function is multivalued—it has several branches. However, both
Epap and η are real. W(z) thus must also be real, and, except for in the trivial
case Epap = 0, it must also be positive. The only branch that contains any part of
the real, positive axis in its range is the principal branch W0 [60]. Given that also
z is real (as is evident from the physics in this case), z ≥ 0 is a necessary and
sufficient condition for W(z)≥ 0. Therefore, equation (B.4) can be rewritten as

Epap =
W0(z)
η

for z ≥ 0, (B.7)

with z as in equation (B.5). The condition that z ≥ 0 is equivalent with J ≥ 0.
From equation (2.6), we have

Eoil =
U0 − dpapEpap

doil
. (B.8)

Inserting equation (B.7) into equation (B.8) gives

Eoil =
ηU0 − dpapW0(z)

ηdoil
for z > 0. (B.9)

Ohm’s law for oil, σoil = J/Eoil, combined with equation (B.8) becomes

σoil =
ηdoilJ

ηU0 − dpapW0(z)
for z > 0. (B.10)
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Since all values here relate to steady-state, equation (B.9) is the same as equa-
tion (4.9), equation (B.5) is the same as equation (4.10), and equation (B.10)
is the same as equation (4.11).

The derivaton above is previously published in less detail in reference [72].

B.2 Derivation of Equations (5.1)–(5.2)

For studying how uncertainties in the known σpap affect the estimated Eoil and
σoil, Ohm’s law Epap = J/σpap (instead of equation (B.7)) can be inserted into
equation (B.8). We then obtain

Eoil =
U0 − dpapJ/σpap

doil
, (B.11)

instead of equation (B.9) and

σoil =
doilJ

U0 − dpapJ/σpap
(B.12)

instead of equation (B.10). This allows for adjusting σpap and examining the
effects on Eoil and doil. For example, in a case where the σpap that is used to
estimate σoil(Eoil) is smaller than the true σpap, the estimated Eoil will be too
small and the estimated σoil will be too large. Equations (B.11) and (B.12)
correspond to equations (5.1) and (5.2), respectively, and do not require that
the exponential relationship (i.e., equation (4.7)) between σpap and Epap be
valid.



Appendix C

Curve Fitting Technique

Curve fitting the right-hand side of

f (t) =
N
∑

i=1

Aie
−t/t i (C.1)

to the left side f (t) can be demanding if the sum contains many terms (i.e., N
is large). The problem can be broken up into smaller problems in the following
way [62]:

Term number one, A1e−t/t1 , is here defined as the term with the largest time
constant t i . The tail of f (t)—namely the part with the highest values of t—can
be considered to be influenced only by this term, assuming that all other terms
have decayed to practically zero because of their small time constants. The tail
can be identified as the last, linear part in a log-lin plot.1 The coefficient A1 and
the time constant t1 can then be easily determined by standard curve fitting
techniques (e.g., the least squares method) since there are only two parameters
to fit.

Subsequently, A1e−t/t1 is subtracted from f (t). The tail of the difference is
assumed to be influenced by only the term with the second largest time constants,
namely A2e−t/t2 . This term is fitted to the tail of the difference in the same way
as above. The process is repeated until a good curve fitting of the whole f (t) is
obtained.

1A plot with logarithmic f axis and linear t axis.
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Appendix D

Derivation of Systems of
Ordinary Differential Equations

D.1 Two-Material-Input Method

Equation (4.26) describes the rate of change of voltage across each capacitor
Ci,b in figure 4.3. Similarly, in material “a”,

d(Vi,a − V0,b)

dt
=

V0,a − Vi,a

Ci,aRi,a
. (D.1)

Isolating
dVi,a
dt above gives equation (4.26). The current I going into material “a”

from an external circuit is the sum of the current going into all the branches of
that material:

I = Cfast,a
d(V0,a − V0,b)

dt
+

V0,a − V0,b

R0,a
+

Na
∑

i=1

V0,a − Vi,a

Ri,a
. (D.2)

In the same way, the current going from material “a” to material “b” is

I = Cfast,b
dV0,b

dt
+

V0,b

R0,b
+

Nb
∑

i=1

V0,b − Vi,b

Ri,b
. (D.3)

Those two currents are equal. Subtracting equation (D.3) from equation (D.2)
and isolating

dV0,b
dt gives equation (4.25). Inserting equation (4.25) into equa-

tion (D.3) gives equation (4.35).
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D.2 One-Material-Input Method

The current going into the material “a” in figure 4.4 is the sum of the current
going into all the branches:

I = Cfast,a
d
dt

�

V0,a(t)− V0,b(t)
�

+
V0,a − V0,b

R0,a
+

Na
∑

i=1

V0,a − Vi,a

Ri,a
. (D.4)

Isolating
dV0,b

dt in that expression gives equation (4.30). The voltage across capac-
itor Ci,a is Vi,a − V0,b. The current going to that capacitor is Ci,a

d
dt

�

Vi,a − V0,b

�

.
This current must be the same as the current going through the connected
resistor, determined by the voltage drop across the resistor and its resistance:

Ci,a
d
dt

�

Vi,a − V0,b

�

=
V0,a − Vi,a

Ri,a
. (D.5)

Isolating
dVi,a
dt in the above expression gives equation (4.31).



Appendix E

Equivalence of
Integrodifferential and
Ordinary Differential Equations

In the following, it is shown that the integrodifferential equations (IDEs) are
equivalent to the corresponding systems of ordinary differential equations
(ODEs), both for the two-material-input method and for the one-material-input
method. The deductions below are not formal mathematical proofs as this
demands considerations of continuity and uniqueness of solutions.

E.1 Two-Material-Input Method

Equation (4.26) is a linear, nonhomogeneous, first-order ODE. This type of
equation has a well-known general solution [44], which in this case gives

Vi,a(t) = e
−t
ti,a

�∫ t

0

e
ξ

ti,a

�

dV0,b(ξ)

dξ
+

V0,a(ξ)

t i,a

�

dξ+ Vi,a(0)

�

(E.1)

with t i,a = Ri,aCi,a in accordance with equation (4.21). The solution can be
proved by differentiating it and comparing the result with equation (4.26).
Splitting the integral at the plus sign gives

Vi,a(t) = e
−t
ti,a





∫ t

0

e
ξ

ti,a
dV0,b(ξ)

dξ
dξ+

∫ t

0

e
ξ

ti,a V0,a(ξ)

t i,a
dξ+ Vi,a(0)



 . (E.2)
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For the first integral in brackets, integration by parts gives

∫ t

0

e
ξ

ti,a
dV0,b(ξ)

dξ
dξ=
�

e
ξ

ti,a V0,b(t)
�t

0
−
∫ t

0

e
ξ

ti,a V0,b(ξ)

t i,a
dξ

= e
t

ti,a V0,b(t)− V0,b(0)−
∫ t

0

e
ξ

ti,a V0,b(ξ)

t i,a
dξ.

(E.3)

Inserting equation (E.3) into equation (E.2) gives

Vi,a(t) = e
−t
ti,a



e
t

ti,a V0,b(t)− V0,b(0)−
∫ t

0

e
ξ

ti,a V0,b(ξ)

t i,a
dξ

+

∫ t

0

e
ξ

ti,a V0,a(ξ)

t i,a
dξ+ Vi,a(0)



 . (E.4)

Removing the big parentheses and combining the integrals gives

Vi,a(t) = V0,b(t) +

∫ t

0

e
− t−ξ

ti,a
�

V0,a(ξ)− V0,b(ξ)
�

t i,a
dξ+ Bi(t), (E.5)

where
Bi(t) =
�

Vi,a(0)− V0,b(0)
�

exp(−t/t i,a). (E.6)

By using equation (E.5), the first term with a summation symbol in equa-
tion (4.25) can be rewritten as follows:

Na
∑

i=1

V0,a(t)− Vi,a(t)

Ri,a

=
Na
∑

i=1

V0,a(t)− V0,b(t)−
∫ t

0
e
− t−ξ

ti,a [V0,a(ξ)−V0,b(ξ)]
t i,a

dξ− Bi(t)

Ri,a
. (E.7)



Appendix E. Equivalence of Integrodiff. and Ordinary Diff. Equations 103

Substituting da/
�

Ai,aε0S
�

for Ri,a (cf. equation (4.20)) and daEa for V0,a − V0,b
(cf. equation (4.23)) on the right-hand side of the equality sign gives

Na
∑

i=1

V0,a(t)− Vi,a(t)

Ri,a
=

Na
∑

i=1

Ai,aε0S

da



daEa(t)−
∫ t

0

e
− t−ξ

ti,a daEa(ξ)
t i,a

dξ− Bi(t)



 , (E.8)

and, after some rearranging,

Na
∑

i=1

V0,a(t)− Vi,a(t)

Ri,a
= ε0S

Na
∑

i=1

Ai,aEa(t)− ε0S

∫ t

0

Ea(ξ)
Na
∑

i=1

Ai,ae
− t−ξ

ti,a

t i,a
dξ

−
ε0S
da

Na
∑

i=1

Ai,aBi(t). (E.9)

By comparing with equation (4.17),
∑Na

i=1
Ai,ae

− t−ξ
ti,a

t i,a
can be recognized as ∂ fa(t−ξ)

∂ t .

Furthermore,
∑Na

i=1 Ai,a can be recognized as fa(0). Therefore,

Na
∑

i=1

V0,a(t)− Vi,a(t)

Ri,a
= ε0S fa(0)Ea(t) + ε0S

∫ t

0

Ea(ξ)
∂ fa(t − ξ)
∂ t

dξ

−
ε0S
da

Na
∑

i=1

Ai,aBi(t). (E.10)

Equation (4.27) is also a linear, nonhomogeneous, first-order ODE [44]. Its
solution is

Vi,b(t) = e
−t
ti,b

�∫ t

0

e
ξ

ti,b
V0,b(ξ)

t i,b
dξ+ Vi,b(0)

�

. (E.11)

This can be inserted into the second term with a summation symbol in equa-
tion (4.25). The term then becomes

Nb
∑

i=1

V0,b(t)− Vi,b(t)

Ri,b
=

Nb
∑

i=1

V0,b(t)− e
−t
ti,b

�

∫ t
0 e

ξ
ti,b

V0,b(ξ)
t i,b

dξ+ Vi,b(0)
�

Ri,b
. (E.12)
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After removing the brackets and writing the right-hand side of the equality sign
as three sums, this becomes

Nb
∑

i=1

V0,b(t)− Vi,b(t)

Ri,b
=

Nb
∑

i=1

V0,b(t)

Ri,b
−

Nb
∑

i=1

∫ t
0 e
− t−ξ

ti,b
V0,b(ξ)

t i,b
dξ

Ri,b
−

Nb
∑

i=1

e
−t
ti,b Vi,b(0)

Ri,b
.

(E.13)
Substituting db/

�

Ai,bε0S
�

for Ri,b (according to equation (4.20)) and U − daEa
for V0,b (according to equations (2.6) and (4.24)) on the right-hand side of the
equality sign give

Nb
∑

i=1

V0,b(t)− Vi,b(t)

Ri,b
=
ε0S
db

Nb
∑

i=1

Ai,b [U(t)− daEa(t)]

−
ε0S
db

Nb
∑

i=1

Ai,b

∫ t

0

e
− t−ξ

ti,b
U(ξ)− daEa(ξ)

t i,b
dξ

−
ε0S
db

Nb
∑

i=1

Ai,be
−t
ti,b Vi,b(0).

(E.14)

The sum
∑Nb

i=1
Ai,be

− t−ξ
ti,b

t i,b
can now be recognized as ∂ fb(t−ξ)

∂ t and
∑Nb

i=1 Ai,b as fb(0).
Making these substitutions and rearranging gives

Nb
∑

i=1

V0,b(t)− Vi,b(t)

Ri,b
= ε0S fb(0)

U(t)− daEa(t)
db

+ ε0S

∫ t

0

U(ξ)− daEa(ξ)
db

∂ fb(t − ξ)
∂ t

dξ

−
ε0S
db

Nb
∑

i=1

Ai,be
−t
ti,b Vi,b(0).

(E.15)

The other parts of equation (4.25) can be substituted as follows:

1
Cfast,a + Cfast,b

=
dadb

S (daεb + dbεa)
(E.16)

as per equation (4.18);

V0,a(t)− V0,b(t)

R0,a
= SσaEa(t) (E.17)
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as per equations (4.19) and (4.23);

V0,b(t)

R0,b
= Sσb

U(t)− daEa(t)
db

(E.18)

as per equations (2.6), (4.19), and (4.22);

Cfast,a
dV0,a(t)

dt
=

Sεa
da

dU(t)
dt

(E.19)

as per equations (4.18) and (4.22); and

dV0,b(t)

dt
=

dU(t)
dt
− da

dEa(t)
dt

(E.20)

as per equations (2.6) and (4.24). Equation (4.25) then becomes

dU(t)
dt
− da

dEa(t)
dt

=
dadb

S (daεb + dbεa)

�

SσaEa(t) + ε0S fa(0)Ea(t)

+ ε0S

∫ t

0

Ea(ξ)
∂ fa(t − ξ)
∂ t

dξ−
ε0S
da

Na
∑

i=1

Ai,aBi(t)

− Sσb
U(t)− daEa(t)

db
− ε0S fb(0)

U(t) + daEa(t)
db

− ε0S

∫ t

0

U(ξ)− daEa(ξ)
db

∂ fb(t − ξ)
∂ t

dξ

+
ε0S
db

Nb
∑

i=1

Ai,be
−t
ti,b Vi,b(0) +

Sεa
da

dU(t)
dt

�

.

(E.21)

Moving dU(t)
dt from the left to the right side of the equality sign, dividing the

equation by −da, substituting
�

Vi,a(0)− V0,b(0)
�

exp(−t/t i,a) for Bi(t) (cf. equa-
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tion (E.6)), and simplifying the fractions give

dEa(t)
dt

= α(t)− βEa(t)− γ
∫ t

0

Ea(ξ)
∂ fa(t − ξ)
∂ t

dξ

+ γ

∫ t

0

U(ξ)− daEa(ξ)
db

∂ fb(t − ξ)
∂ t

dξ

+
γ

da

Na
∑

i=1

Ai,ae
−t
ti,a
�

Vi,a(0)− V0,b(0)
�

−
γ

db

Nb
∑

i=1

Ai,be
−t
ti,b Vi,b(0)

(E.22)

with α, β , and γ defined as in equations (2.29), (2.30), and (2.31). Equa-
tion (E.22) is equivalent to equation (2.28) on the condition that the sum of the
two last terms of equation (E.22) equals zero for all t. The condition is fulfilled
when

Vi,a(0)− V0,b(0) = Vi,b(0) = 0. (E.23)

This shows that the IDE (2.28) for the two-material-input method and the
corresponding system of ODEs (4.25)–(4.27) are equivalent, provided that
equation (E.23) holds. This provision implies that none of the capacitors Ci,a or
Ci,b have any charge. This is a natural condition for the initial values; charged
capacitors represent polarization, and an assumption for equation (2.28) to be
valid is that no electric field nor any polarization is present in the system before
t = 0.

Application of a step voltage and a subsequent polarity reversal or grounding
can be modeled by using the initial values Vi,a(0) = V0,b(0) = Vi,b(0) = 0 and
letting U(t) = V0,a(t) comprise unit step functions. For modeling a step voltage
applied to an initially completely discharged system, it is also possible to use
use initial values described by equations (4.28)–(4.29), which are consistent
with equation (E.23).

E.2 One-Material-Input Method

By moving its terms, equation (4.30) can be rewritten as

d
dt

�

V0,a(t)− V0,b(t)
�

=
1

Cfast,a

�

−I(t)−
V0,a − V0,b

R0,a
−

Na
∑

i=1

V0,a − Vi,a

Ri,a

�

. (E.24)
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The left side of the equality sign equals −da
dEa(t)

dt , according to equation (4.23).
As already demonstrated in section E.1, the term with the summation symbol can
be substituted as per equation (E.10). The term with the R0,a can be substituted
as per equation (E.17), Cfast,a as per equation (4.18), and I(t) with SJ(t). Per-
forming all these substitutions and dividing the whole equation by −da gives the
integrodifferential equation (2.32) with an additional term ε0

εada

∑Na
i=1 Ai,aBi(t)

on the right-hand side of the equality sign. Therefore, the system of ODEs is
equivalent to the IDE if

Bi(t) =
�

Vi,a(0)− V0,b(0)
�

exp(−t/t i,a) = 0 (E.25)

for all values of t. This condition is fulfilled when

Vi,a(0) = V0,b(0), (E.26)

which is already demanded in section 4.2.2 (cf. equation (4.32)).



Appendix F

Article on Effects of Paper Edges

Edges of paper tapes constitute edges of butt gaps. The article [86] reproduced
on pages 109–114 presents a study of the effects of these edges at steady state.

The article was presented at the 25th Nordic Insulation Symposium on Ma-
terials, Components and Diagnostics, which took place in Västerås, Sweden, on
June 19–21 2017. It was published online on October 3, 2017. The author of
this thesis was the main author of the article. The copyright of the article is
held by the authors, and the reproduction herein is permitted by the co-authors.
The main author did the simulations, data analysis, and writing of the article.
The co-authors contributed with input on disposition, presentation, and how to
model the paper.

A correction to the article is as follows: its equation (9) shall read

U(r) = −
1
2
α (r − ri)

2 − β (r − ri) + 450 kV. (F.1)

Although an erroneous version of the equation was written in the article, the
correct version was used for the simulations.
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Abstract
Detailed knowledge of the electric field in the insulation
of mass-impregnated HVDC cables is important in order
to understand their breakdown mechanisms and to im-
prove their design. When calculating the local electric
field, the wrapped structure of paper and impregnating
oil needs to be taken into account. This gives information
that is lost when the insulation is treated as a single,
homogeneous material, which is done when the macro-
scopic electric field is calculated.

We have modeled mass-impregnated cable insulation
with finite element analysis software and subsequently
calculated the local electric field with the finite element
method. The wrapped structure of paper and impregnat-
ing oil was taken into account.

In our model, the magnitude of the local field in the
paper was up to twice as high as the magnitude of the
macroscopic field. Field enhancements came from oil-
filled butt gaps, and particularly from their edges. The
geometry of the insulation influenced the magnitude of
the field enhancements.

1. Introduction
High voltage direct current (HVDC) cables for long
lengths are traditionally insulated with mass-impregnated
paper [1], and this insulation technique is still being
used for new, long transmission links [2]. The insulation
consists of paper strips that are helically wrapped around
the conductor of the cable. The width of the strips and
pitch angle are tuned to leave a gap between adjacent
paper windings in order to accommodate bending of the
cable. These gaps are called “butt gaps”. The windings
of each paper layer are staggered with respect to the
previous layer so that the butt gaps are not positioned
directly above each other. The butt gaps, as well as the
porous structure of the paper itself, are filled with “mass”,
a high-viscosity impregnation compound consisting of
mineral oil with additives and thickeners.

Knowledge of the electric field in the insulation is key
to understanding breakdown mechanisms of such cables,
which again is important when designing cables for
higher voltages than the current state of the art. It has
been common to view the combination of paper and oil as
a single, homogeneous material, disregarding the layered

structure and the butt gaps. Experimental, analytical,
and numerical techniques have then been used to find the
macroscopic electric field. The macroscopic electric field
and its gradient are always pointing from the conductor to
the insulation screen, or in the opposite direction. The
macroscopic approach is useful in order to investigate
effects of different service conditions and situations that
occur during the operation of HVDC mass-impregnated
cables. Such conditions and situations can be temperature
gradients and rapid voltage changes [3, 4, 5].

However, the macroscopic approach neglects the effects
of the wrapped geometry and the different electric prop-
erties of paper and oil. It masks the variations in the
electric field due to the heterogeneity of the insulation,
and therefore local peaks in the electric field strength
are not discovered. The macroscopic approach also
disregards the electric field components other than the
radial component. A more detailed approach is necessary
in order to reveal critical spots in the insulation where the
local electric field is very high. Calculations of the local
electric field need to take into account the geometry of the
insulation on a millimeter scale and below. This includes
paper thickness, butt gap size, and the interfaces between
the paper layers.

This paper presents calculations of the local electric field
at stationary, direct current (DC) conditions done with the
finite element method (FEM). It shows spots where the
electric field is higher than in its surroundings, indicating
critical spots in the insulation.

2. Theory
If the electric potential V is known, the electric field E at
DC conditions is

~E =−∇V. (1)

The basis for calculation of the potential is, together with
the equation (1) above, the continuity equation

∇~J = 0 (2)

and Ohm’s law
~J = σE. (3)

~J is current density and σ is conductivity.

A Maxwell capacitor consists of two parallel plates with
two, parallel dielectric slabs a and b with conductivities



σa and σb, respectively. At steady state, the field distri-
bution will be resistive and independent of permittivity.
The electric field E is

Ea =U
σb

daσb +dbσa
, (4)

where U is the voltage between the plates and da,b are the
thicknesses of the dielectrics [6]. If now a is impregnated
paper, b is oil, and σoil = kσpaper where k is some
constant, equation (4) becomes

Epaper =
U

dpaper +doil/k
. (5)

The relationship between the electric fields in the di-
electrics becomes

Epaper = kEoil. (6)

This predicts that if k� 1, meaning σoil� σpaper, almost
all the potential drop will be through the paper.

3. Method

Fig. 1 – Model. Note that the detailed part of the model
is heavily stretched in the r direction in order to enhance
visibility of the narrow parts. Some of the subsequent figures
are stretched similarly.

A two-dimensional cylindrically symmetric model of part
of a paper-oil insulation system was created with the
finite element analysis (FEA) software Comsol Multi-
physics version 5.2 on a laptop computer. The symmetry
axis and the radial axis are hereafter called the z and r axis

respectively. A sketch of the model and its cylindrical
coordinate system is shown in Figure 1. The cylindrical
symmetry neglected the helical structure of the insulation
by assuming that the paper strips and butt gaps are closed
rings instead of helices.

The model consisted of a small section of the insulation
of a 450 kV mass impregnated HVDC cable with conduc-
tor cross-section 1600 mm2, conductor radius (including
semi-conductive screen) 23.2 mm, and insulation thick-
ness 19.2 mm. The macroscopic field of such a cable is
previously studied [5].

The paper strips in our model were 20 mm wide and
100 µm thick. Neighboring layers of paper strips were
staggered 30 %. The butt gaps were 2 mm wide. The
interfaces between the paper layers were modelled as oil
films. These oil films can be seen in Fig. 1 as long,
vertical, white rectangles. Calculations were done with
oil film thickness dfilm of 1 µm and 10 µm. Calculations
were also done without any oil films between the papers.

Limitations in computing memory and speed prohibited
analysis of more than a small section of the insulation.
The section contained five layers of paper in order to
reveal effects of the staggering. This corresponded to
a section thickness dsection of 0.500–0.540 mm. The
length of the section along the z axis corresponded to the
width of three paper strips and two butt gaps, which was
64 mm. The section was placed against the conductor.
Thus, since the conductor radius was 23.2 mm, the left
and right edges of the model were at r = 23.2 mm and
r = 23.2+dsection, respectively.

The paper was modeled as a solid, homogeneous ma-
terial. The internal microstructure and natural residues
from the wood were looked apart from. This implies
that the paper in our model was to be understood as
impregnated paper, i.e. paper whose pores and interstices
between fibers were filled with oil. Consequently, any
variations in the electric field due to the porous structure
of the paper were disregarded. Furthermore, all surfaces
and edges were modeled as perfectly smooth, neglecting
the surface roughness of the paper. It follows that the
transition between the 100 µm paper strip edges and
the 20 mm paper surfaces were modeled as right-angled
corners. It was assumed that the oil completely wetted the
surfaces of the impregnated paper, causing close contact
between the oil films and the papers. The model was free
of cavities that usually form in mass-impregnated cable
insulation during cooling [7, 8]. It was also free from
other imperfections and contaminations.

The conductivity of impregnated paper was set to follow
the relation

σ = Aexp
(
− a

T
+b|~E|

)
(7)

with a = 1.10× 104 K, b = 0.034 mm/kV, and A =
4.3 S/m. The conductivity of oil was set to be 100
times larger than the conductivity of impregnated paper,
meaning A = 430 S/m for oil [3]. The temperature was



set to 50 °C across the whole insulation, leaving the effect
of temperature gradients out of the analysis.

The finite element mesh consist of rectangular elements.
The longitudinal element size was 20 µm for all the
elements. The radial element size was 0.2 µm for the
elements in the oil films and in the papers next to the oil–
paper interfaces. It was exponentially increasing towards
the middle of the paper strips, where the radial elements
size was 6 µm.

The steady-state, macroscopic field in a HVDC cable
varies across the insulation. In a small domain close to
the conductor, it can be approximated to

E(r) = α(r− ri)+β . (8)

ri is the conductor radius including the semi-conductive
screen, and α and β are constants. With constant
temperature across the insulation in a cable like the one
we have modeled, α = 0.6 kV/mm2 and β = 27.8 kV/mm
in the innermost part of the insulation [5]. By integrating
equation 8, we get the potential

U(r) =−1
2

α(r− ri)+β . (9)

With α and β as mentioned above, this potential was used
as boundary condition at the left and right boundaries
of the model. This corresponded to a macroscopic field
of 28 kV/mm. The boundary condition used for the top
and bottom boundaries of the model were that no current
could cross the boundary, meaning

n̂ · ~J = 0 (10)

where n̂ is the normal vector to the boundary.

The FEA software on the laptop computer used FEM
to calculate the potential U and the field ~E by solving
equations (1), (2), and (3) together with the boundary
conditions (9) and (10).

4. Results
4.1. Field enhancement from butt gaps

Figure 2 shows the electric field in the whole model. The
paper above and below the butt gaps had an electric field
strength of 28 kV/mm. The paper that were directly to
the left or right of a butt gap had 24–25 % higher electric
field. The field in the oil was 0.8–0.9 kV/mm in the films
1.1–1.2 kV/mm in the butt gaps. This gave a value of
approximately 30 for k in equations (5) and (6).

This field enhancements reached several paper layers
away from the butt gaps. When our model was ex-
tended to include twelve layers of paper, areas of field
enhancement coincided with each other. This is shown in
Figure 3.

4.2. Field enhancement from paper edges

Paper edges, which also are butt gap edges, are defined
in Figure 4. These edges induced field enhancements

Fig. 2 – Electric field strength with dfilm = 1 µm. The dark blue
areas are oil films (long, vertical) and butt gaps, and the rest is
paper. Note that the figure is stretched in the r direction: The
scales of the axes differ by a factor 100 so that the thickness
of the papers, butt gaps, and oil films are exaggerated.

Fig. 3 – Electric field strength with dfilm = 10 µm. Note that the
figure is stretched in the r direction: The scales of the axes
differ by a factor 50 so that the thickness of the papers, butt
gaps, and oil films are exaggerated.

that were different from the field enhancements described
above. The cause of the edge-induced field can be
understood by observing Figure 5, where the butt gap
“pushed away” equipotential lines while Paper 3 did not.
The equipotential lines were concentrated at the corner of
the butt gap, and this concentration constituted an edge-
induced field enhancement.

The edge-induced field enhancements can be seen as
peaks in Figure 6 and Figure 7.

The edge-induced enhancements were stronger in the
longitudinal than in the radial direction, but the major
component of the total electric field was still radial in the
peak of the enhancements. The effect of the edges was
mainly seen close to the paper surface, which also was
close to the edge.

The edge-induced field enhancements coincided with



Fig. 4 – Definition of paper edges and the plot line. The plot line
was placed in Paper 1, at various distances s from its right
surface. The distances in the r direction are exaggerated in
this figure.

each other in a similar manner as the field enhancements
induced from butt gaps. This is visible in fig. 2.

4.3. Effect of film thickness

Except for in areas of edge-induced field enhancements, a
large oil film thickness led to a high field in the paper. The
radial field was 7 % higher if the oil film thickness was
10 µm than if it was 1 µm. If no oil film was present, the
radial field was 0.8 % lower than if the oil film thickness
was 1 µm. This can be seen in Figure 8. The longitudinal
field was zero in all cases, except for in areas with edge-
induced field enhancements.

In the areas affected by edge-induced field enhancements,
the effect was opposite: A thicker film gave lower edge-
induced field enhancements. When calculations were
done without any oil film between the paper layers, the
paper corners produced field enhancement not only in the
adjacent paper, but also in the paper corner itself. For
example: The upper left corner of Paper 3 produced field
enhancement in Paper 1. When there was no oil film
between Paper 1 and Paper 3, the field enhancement was
observed not only in Paper 1, but also in the corner of
Paper 3.

5. Discussion
Even though A in equation (7) was set to be 100 times
higher for oil than for paper, k = Epaper/Eoil was found to
be not more than approximately 30. This was due to the
conductivity’s dependence on the electric field strength.

The field enhancements from butt gaps in our model
agreed well with the theory of Maxwell capacitors. With
k = 30, equation 5 predicted 24 % enhancement when the
butt gap and the areas to its left and right were considered

Fig. 5 – Magnitude of electric field (color surface plot) and
equipotential lines (black) for each 0.1 kV. Film thickness:
1 µm. This figure is not stretched, so the scales of the r and z
axes are equal.

Fig. 6 – Er along the plot line (see Figure 4) at different
distances s from the paper surface. Film thickness: 1 µm.

as a Maxwell capacitor. Our results showed 24–25 %
enhancement. The field enhancement from the butt gaps
can also be understood simply by observing that the paper
takes almost the entire voltage drop across the capacitor:
Since there is less paper to take this voltage drop to the
left and right of a butt gap, the field is higher such regions
than in the rest of the paper.

As the number of paper layers increases, the effect of
field enhancements becomes more important. Virtually
the whole insulation of real cables are affected by field
enhancements, and areas of coinciding field enhance-
ments are normal. Some areas will probably suffer from
coinciding enhancements from more butt gaps than other
areas will, even though a sound production process will
spread the butt gaps as much as possible. Changes
of paper strip winding directions result in overlapping
butt gaps and adds to this effect. The same discussion
holds for edge-induced field enhancements. Even though



Fig. 7 – Ez along the plot line (see Figure 4) at different
distances s from the paper surface. Film thickness: 1 µm.

Fig. 8 – Er along the plot line (see Figure 4) at a distances s =
1 µm from the paper surface. No film, 1 µm film, and 10 µm
film.

those enhancements diminish as the distance to the edge
increases, they can add together, e.g. as shown in the
middle of Paper 2 in Figure 2.

The field that we have calculated inside the paper is
“macroscopic” in the sense that the effects of the internal
heterogeneity of the paper is left out of the analysis. The
heterogeneity, together with the surface roughness of the
paper, may add further to the field enhancements in a real
cable.

It can be argued that the paper–paper interfaces in reality
are far more complex than an oil film with smooth sur-
faces. However, space charge measurements in stacked
layers of mass-impregnated paper have yielded results
consistent with the presence of 1–10 µm oil films between
the papers [5]. Nevertheless, emphasis should be on
trends rather than absolute values in our calculations—
especially close to the surfaces.

Fig. 9 – Ez along the plot line (see Figure 4) at a distances s =
1 µm from the paper surface. No film, 1 µm film, and 10 µm
film.

It is important to note that these considerations assume
no cavities or other voids in the insulation.

6. Conclusion
In our model, the local electric field in the impregnated
paper was equal to or higher than the macroscopic field.
Butt gaps gave rise to field enhancements that reached
far away from the butt gaps in the radial direction, but
not in the longitudinal direction. Butt gaps with the same
or almost the same longitudinal position intensified these
enhancements.

The edges of papers and butt gaps gave rise to field
enhancements that diminished as the distance from the
edge increased. The only places in the model where a
longitudinal component of the electric field was in such
edge-induced enhancements. The radial component of
the field was still the most dominant. Edges with the same
or almost the same longitudinal position intensified these
enhancements.

The field in the oil was negligible.

A thick oil film raised the field in the paper, except
for close to paper edges where the edge-induced field
enhancements were important.
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