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Abstract
The response of a cable can be used to analyze the variation of the material character-

istics along its length. For diagnosis of possible ageing, it is necessary to know how cable

design, material properties and cable insulation ageing affects the wave propagation. A

cable model has therefore been worked out based upon the high frequency properties

of the cable insulation and conductor systems. The high frequency characteristics of

the semi-conducting screens, new and water-tree aged cross-linked polyethylene (XLPE)

insulation have been determined by two measuring techniques.

Semi-conducting screens have a great influence on the attenuation of cables at high

frequencies. A dielectric function based on an empirical formula is fitted to the measured

characteristics of the semi-conducting screens. The dielectric function is used in the cable

model set-up to predict the propagation constant of the cables.

The high frequency characteristics of the water-tree degraded XLPE insulation ob-

tained from measurements are related to the water content of the water trees of the

samples. An effective materials model is developed to estimate the water content of the

water trees and the conductivity of the water.

The propagation constant from the cable model is compared to the propagation con-

stant obtained from measurements made on cables. Using approximate high frequency

cable models, the relative contributions of the conductor and insulation systems to the

attenuation and phase velocity of the cables are analyzed.

5



Acknowledgements
I would like to express my deepest gratitude to my supervisor Prof. Roland Eriksson

for his guidance, support and great patience which he exercised with me. I thank him

for arranging the scholarship for my studies.

I am grateful to Dr. Uno Gäfvert for his guidance, very inspiring discussions and

invigorating zeal that has always been a source of encouragement. I am grateful to Dr.

Per Pettersson for the many useful discussions and contributions to this work. His sharp

eye for detail is simply amazing and encouraging.

I would like to thank Tech. Lic Mats Kvarngren and Dr. Fredick Stillesjö who were

instrumental in the beginning of this work. My other thanks go to Dr. Ruslan Papazyan

for the wonderful cooperation and Dr. Hans Edin for the pleasant working environment

in the Electrical Insulation group. I thank Mr. Olle Bränvall and Mr. Göte Berg, the

man who took care of everything!

I thank Dr. Valery Knyazkin for being extremely helpful in academic and many other

matters. His readiness to help at any time is greatly appreciated.

I greatly appreciate the support and encouragement I have received over the years

from aunt Elizabeth Chirwa though far away in Jamaica, Elliot Tembo in Newcastle,

Australia and Uncle Rodgers Chali in Dover, DE, USA.

Finally, my deepest gratitude goes to my wife and friend Barbara, who has been a

pillar of support and comfort, without whom it would have been unthinkable to combine

academic and family demands. Lady B, thanks! The support and love of my kids:

Wabwila, Twazanga and Aliniswe is deeply appreciated. I guess they will no longer ask:

"when are you going to finish school?"

Gavita Mugala

Stockholm, 2005.

6



Contents
1 Introduction 9

1.1 Background 9

1.2 Aim 12

1.3 Achievements 13

1.4 Publications 13

1.5 Author’s contributions 14

1.6 Summary of thesis 14

2 Cable modelling 16

2.1 General transmission line equations 16

2.2 Transmission line measurements 19

2.3 High frequency cable model 24

3 Measurement techniques for characterization of materials 33

3.1 The one-port test cell 34

3.2 The two-port test cell 41

3.3 Materials measured 44

4 Experimental measurements on cables 50

4.1 Time domain measurements 50

4.2 Frequency domain measurements 51

5 High frequency characteristics of the semi-conducting materials 54

5.1 Semi-conducting material characteristics 55

5.2 Effect of temperature on the dielectric properties of the 59

semi-conducting screens

7



5.3 Effect of pressure on the dielectric properties of the 60

semi-conducting screens

5.4 Effect of humidity on the dielectric properties of the 62

semi-conducting screens

5.5 Dielectric function 62

5.6 Summary 65

6 High frequency characteristics of insulating materials 66

6.1 One and two-port measurement results 66

6.2 High frequency characteristics of water-treed XLPE insulation 69

6.3 Summary 76

7 Verification of the cable models 78

7.1 Details of the cables measured 78

7.2 Verification of the high frequency cable model 79

7.3 Exact and approximate models compared to 82

the measurement results

7.4 Summary 86

8 Conclusion and suggestions for future work 87

8.1 Conclusion 87

8.2 Suggestions for future work 88

Bibliography 89

8



Chapter 1

Introduction

1.1 Background

High voltage extruded power cables are critical components of power distribution systems.

Therefore, a lot of investment is put into their continuous development to ensure their

safe operation. There is a growing interest in the study of the high frequency properties

of high voltage distribution cables. One reason is the potential to use these widely

distributed cable networks for high capacity data communications [1][2]. Another is

the possibility to make diagnosis of the insulation condition of a cable along its length.

The insulation system of cables is designed to sustain the electrical stress caused by

the applied voltage and its quality determines the reliability of the cables. However, the

insulation may deteriorate with time for many reasons and it is of great value to diagnose

the deteriorated condition before the cable fails and causes disruption of power in the

distribution network. Methods which could be used to determine the degradation of the

electrical insulation along the cable length would greatly assist in decision making on

replacements of cable sections or joints. The degradation along the cable could be due

to water tree intensity in XLPE cables, partial discharges in small volumes of the total

insulation system and humidity in oil/paper cables.

To locate these sections of insulation degradation, methods of travelling waves may be
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employed. It therefore becomes necessary to know the high frequency properties of power

cables. Research on partial discharge (PD) characteristics and localization, transient

analysis etc., have enhanced the knowledge on the high frequency properties of cables.

This knowledge can be applied to the localization of water-tree degraded insulation.

1.1.1 Water trees in power cables

Medium voltage polymer insulated cables suffer from a degradation phenomena called

water treeing. Water trees are diffuse structures of moisture occurring in the polymer

insulation and can arise and grow in the presence of water and an electric field [3].

Water trees lower the electrical withstand voltage of the insulation, thus increasing the

probability of insulation failure. They also affect the propagation characteristics of cables

[4].

Research in the Department of Electrical Engineering at KTH over the last decade

has resulted in the development of measurement techniques used in the diagnosis of wa-

ter trees in XLPE medium voltage cables [5][6][7][8][9]. This includes a high voltage

dielectric-spectroscopy measurement method. Armed with such knowledge, electrical

utilities can find out which cables are in the worst condition and therefore require imme-

diate repair or replacement and which can continue in operation awaiting actions. This

technique is able to give the overall condition of the cable and all these measurements

are in the low frequency region, typically lower than power frequency. The next long

term goal of the Department is to locate the water-tree degraded regions along the cable

length and a project trying to establish the measurement techniques that can be applied

has just been completed [4]. To be able to locate the degradation of insulation along a

cable length, knowledge on the high frequency properties of the cable components, which

is the aim of this project, is required. This is because methods used for locating such

sections along the cable are generally based on the theory of travelling waves. Thus it is

important to know the cable design and its influence on the high frequency behaviour.

10



1.1.2 Cable design influence on wave propagation

Research on how cable design influences the wave propagation characteristics of plastic

insulated power cables is astonishingly limited. Works by Stone and Boggs [10] and

Weeks [11] are a few examples found in literature in this area. In 1982, Stone and Boggs

[10] investigated the mechanism of high frequency propagation in plastic insulated cables

in order to evaluate the possibility of PD location.

Stone and Boggs showed the influence of the semi-conducting screens of extruded

cables on the attenuation by using an equivalent circuit approach. They used the cable

model used by Breien and Johansen [12] in 1971 who studied the attenuation of travelling

waves in single phase high voltage oil/paper cables. The study by Stone and Boggs

revealed that the pulse attenuation in plastic insulated power cables was much greater

than expected from Breien and Johansen’s model [12]. The excess attenuation came

from losses in the extruded screens which separate the core conductor and metallic screen

from the insulation. Their function is to act as an interface between the conducting and

insulating materials so as to facilitate an even electrical field in the insulation layer [8].

The insulation displacement current which flows radially between conductor and metallic

screen is the main source of the attenuation. The magnitude of this radial displacement

current is largely determined by the capacitance of the insulation. The model by Breien

and Johansen [12] was thus modified to include the semi-conducting screens in the shunt

admittance path. The difficulty alluded to in this study, was the estimation of the semi-

conducting screens’ properties. This difficulty, to a large extent, persists to today.

Whereas Stone and Boggs showed the influence of the semi-conducting screens on

the attenuation of extruded cables by using an equivalent circuit approach, Weeks [11]

used a more fundamental approach to arrive at almost the same results. Weeks used the

Maxwell’s equations to evaluate the effects of the semi-conducting screens, the conductors

and surrounding earth on the propagation characteristics of extruded cables.
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1.1.3 Calculation of Transients

Transient analysis is important in determining the behaviour of power systems. Calcu-

lation of transients or over voltages is important in ensuring the safe operation of power

cables so that they are not subjected to voltage stresses that they cannot withstand.

If a cable or line is hit by lightning for instance, it is important to know how it will

behave under such conditions. To achieve this, simulations of transient phenomena are

carried out. To carry out such studies, it is important that line or cable parameters are

known. These parameters are functions of frequency and are essential in carrying out

these studies. A lot of work on how they should be calculated has been done over the

years by many researchers.

The aim of the study by Breien and Johansen [12] on the attenuation of travelling

waves in single phase high voltage oil/paper cables was to protect the cables against

overvoltages. They established that the attenuation was due to a combined effect of

dielectric losses in the cable insulation and the skin effect in the conductor and metallic

screen as functions of frequency. The Electromagnetic Transient Program (EMTP) [13]

is a widely used general purpose computer program for calculation of transients. Works

by Carson [14], Snelson [15], Ametani [16], Marti [17], Gustavsen [18] etc. form the base

for the EMTP.

High frequency attenuation in shielded cables is generally considered as a negative

attribute, but can be used positively in certain situations. Boggs et al [19][20] modified

the high frequency properties of the semi-conducting screens in the design of the Surge

Attenuating Cable (SAC) which is used in the protection of machines and transformers

from fast surges typically caused by switching of semiconductor devices.

1.2 Aim

The overall objective is to be able to detect and locate degraded regions caused by water

trees along the cable length. To achieve that goal, there are many areas that need to be
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covered. This project focussed on determining the high frequency characteristics of the

materials that make up medium voltage cables. The primary goals of this study were:

• to develop measurement techniques for material characterization.

• to determine the high frequency characteristics of semi-conducting materials and
develop materials models for them.

• to determine the high frequency characteristics of water-treed cross-linked poly-
ethylene (XLPE) and develop materials models to explain its behaviour.

• to develop high frequency cable models and verify them with measurements. The

cable models utilize the materials models developed for the semi-conducting and

insulating materials.

1.3 Achievements

The main achievements of this thesis are:

• development of measurement techniques for material characterization.

• high frequency characterization and modelling of semi-conducting screens.

• high frequency characterization and modelling of water-treed XLPE insulation.

• development of a high frequency cable model and its verification with measure-
ments.

1.4 Publications

The thesis is a summary of the publications listed on pages 3-4. Other publications from

this project are [21], [22] and [23].
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1.5 Author’s contributions

The author is responsible for Papers I, IV and V II. Ideas for the design of the test

cells developed were given by Dr. U. Gäfvert. In Papers II and V , the mathematical

formulation of the parameter extraction from the two-port measurement method was

done by Dr. Per Pettersson. Dr. Per Pettersson also formulated the approximate models

in Paper V I. The rest of the work in Papers II, V and V I was done by the author. In

Paper III, the author is responsible for the measurements and results on cable 1.

1.6 Summary of thesis

Chapter 1 gives the background, aim, achievements and a summary of this thesis.

Chapter 2 presents the general transmission line theory, measurements on transmis-

sion lines and derivations of the cable models used.

Chapter 3 presents the one and two-port measurement techniques used for high

frequency characterization of the semi-conducting and insulating materials of medium

voltage power cables. The measurement set-up of the test cells, the preparation of the

semi-conducting and insulating materials for measurements and the extraction of the

desired dielectric parameters from the measurements are presented.

Chapter 4 presents the experimental measurements on cables using the time and

frequency domain methods.

Chapter 5 presents the measurement results of the semi-conducting materials. The

high frequency characteristics of the semi-conducting materials and the fitting of the

dielectric function to the measurements are presented. The effects of temperature, pres-

sure and humidity on the dielectric properties of the semi-conducting materials were also

studied.

Chapter 6 presents the measurement results of the insulating materials. The high

frequency characteristics of water-treed XLPE samples and the material model applied

are presented.
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Chapter 7 presents the verification of the cable models with measurements made on

cables. Using approximate cable models, it is possible to see the influence of the different

cable materials on the attenuation. The details of the cables studied are given.

Chapter 8 gives the conclusion and proposals for future works.
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Chapter 2

Cable modelling

This chapter gives the general transmission line equations and a description of the fre-

quency and time domain measurements on these transmission lines. The design of the

cables investigated and the corresponding high frequency cable model used are presented.

The approximate models developed for the power cables are also discussed. The high

frequency cable models are reported in Papers I and V I.

2.1 General transmission line equations

Transmission line refers to any pair of conductors that can transmit an electrical signal

from one end to the other. They include parallel plate, two-wire and coaxial lines. A

transmission line is a distributed parameter network and is described by circuit parame-

ters that are distributed through out its length. A cable of length ∆x, shown in Figure

2.1, is described by the following parameters: r — resistance per unit length, l — induc-

tance per unit length, g — conductance per unit length, c — capacitance per unit length

[24].
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i(x, t) i(x + Dx, t)

v(x, t) v(x + Dx, t)c Dx

l Dx

g Dx

r Dx

Dx

1

Figure 2.1: Coaxial cable of length ∆x.

The series elements are made up of r∆x and l∆x, while c∆x and g∆x form the shunt

elements. By applying Kirchhoff’s current and voltage laws to the circuit shown in Figure

2.1, it can be shown that:

−∂v(x, t)
∂x

= ri(x, t) + l
∂i(x, t)

∂t
(2.1)

−∂i(x, t)

∂x
= gv(x, t) + c

∂v(x, t)

∂t
(2.2)

The equations 2.1 and 2.2 are a pair of first-order differential equations referred to

as the general transmission line or telegrapher’s equations. Assuming harmonic oscilla-

tions, the use of phasors simplifies the transmission line equations to ordinary differential

equations. For a cosine reference:

v(x, t) = e V (x)ejωt (2.3)

i(x, t) = e I(x)ejωt (2.4)

where V (x) and I(x) are functions of the space coordinate x only and both may be

17



complex. Substitution of equations (2.3) and (2.4) into equations (2.1) and (2.2) yields

the following ordinary differential equations:

−dV (x)
dx

= (r + jωl)I(x) = zI(x) (2.5)

−dI(x)

dx
= (g + jωc)V (x) = yV (x) (2.6)

where

z = r + jωl (2.7)

is the series impedance of the transmission line and

y = g + jωc (2.8)

is the shunt admittance of the transmission line. Equations (2.5) and (2.6) can be com-

bined to solve for V (x) and I(x) as follows:

d2V (x)

dx2
= γ2V (x) (2.9)

d2I(x)

dx2
= γ2I(x) (2.10)

where

γ = α + jβ = (r + jωl)(g + jωc) =
√
z y (2.11)

γ is the propagation constant whose real part, α, is the attenuation constant inNepers/m

and the imaginary part β, is the phase constant in radians/m. It is common to express

the attenuation in decibels/m (dB/m). The quantities r, l, g and c may vary with fre-

quency. The solutions to equations (2.9) and (2.10) are:
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V (x) = V +(x) + V −(x) = V +
0 e−γx + V −0 eγx (2.12)

I(x) = I+(x) + I−(x) = I+0 e
−γx + I−0 e

γx (2.13)

where the plus and minus superscripts denote waves travelling in the +x and -x directions,

respectively. For a wave in one direction, the ratio of the voltage and the current at any

point x is called the characteristic impedance of the line Z0.

Z0 =
z

y
(2.14)

The propagation constant γ and the characteristic impedance Z0 are characteristic prop-

erties of the cable and they depend on r, l, g, c and ω, not on the length of the line. By

knowing γ and Z0, z and y of a cable can be determined by:

z = γZ0 (2.15)

y =
γ

Z0
(2.16)

2.2 Transmission line measurements

2.2.1 Frequency domain measurements

Consider the general case of a two-port circuit shown in Figure 2.2 where Zs is the

source and Zl is the load impedance. This may consist of a single or several connected

transmission lines.
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ES

I1 I2

ZL

ZS

-

+
V2

+

-
V1

+

-

Figure 2.2: A general two-port network presentation.

Such networks may be characterized in terms of voltages and currents at various ports.

The voltages and currents may be related by the ABCD constants as follows:⎡⎣ V1

I1

⎤⎦ =
⎡⎣ A B

C D

⎤⎦⎡⎣ V2

I2

⎤⎦ (2.17)

The ABCD parameters are not a convenient set to measure at high frequencies. At

low frequencies the measurements are carried out by using open or short circuit at one of

the ports and measuring voltage and /or currents at the other port. At higher frequencies,

ideal open and short circuits are difficult to realize due to stray capacitances and induced

inductances respectively. At higher frequencies it is more convenient to use S-parameter

measurements. Scattering matrix formulation is a more general method of representing

microwave networks. A scattering matrix represents the relationship between variables

an (proportional to the incoming wave at the nth port) and variables bn (proportional to

the outgoing wave at the nth port) [25]. For a 2-port network shown in Figure 2.3, the

variables are related by the equation (2.18).

2221

1211

SS
SS

2b1b

1a 2a

Figure 2.3: Two port S-parameter network
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⎡⎣ b1

b2

⎤⎦ =
⎡⎣ S11 S12

S21 S22

⎤⎦⎡⎣ a1

a2

⎤⎦ (2.18)

One advantage of the scattering parameters is the easy measurement using a network

analyzer. The measurements are carried out by terminating one or the other port with the

normalizing impedance Z0 (usually 50 Ω). Quantities like the reflection and transmission

coefficients can be expressed directly in terms of the scattering parameters.

When making measurements with a Network Analyzer, a calibration plane is fixed

through some calibration procedure using some set standards. However, often in practice

the calibration plane and the measurement plane of the device under test (DUT) do not

coincide. This is because often the connectors of the DUT may not be easily connected

to those of the Network Analyzer without the use of adaptors. For a measurement port

shifted outward by an amount l1,2, as shown in Figure 2.4, the corresponding electrical

phase shift is θ1,2 = β1,2l1,2 where β1,2 is the corresponding propagation phase constant

for port 1,2 [26][27].

⎥
⎦

⎤
⎢
⎣

⎡

2221

1211
SS
SS 222 lβθ =111 lβθ =

Ω= 500ZΩ= 500Z

1l 2l

[ ]measuredS

Measurement
plane

Calibration
plane

Calibration
plane

Port 2Port 1

DUT

Measurement
plane

Figure 2.4: Effect of shifting the calibration plane on the measured scattering parameters.

The measured S-matrix for such a shift is given by:
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[Smeasured] =

⎡⎣ e−jθ1 0

0 e−jθ2

⎤⎦⎡⎣ S11 S12

S21 S22

⎤⎦⎡⎣ e−jθ1 0

0 e−jθ2

⎤⎦ (2.19)

The scattering matrix formulation is not very convenient for the analysis of cascaded

networks. An alternative approach is to use a new set of parameters called the transfer

scattering or T -parameters which also use wave variables and allows cascaded networks

to be analyzed easily [25]. The T -parameters are defined as:

⎡⎣ b1

a1

⎤⎦ =
⎡⎣ T11 T12

T21 T22

⎤⎦⎡⎣ a2

b2

⎤⎦ (2.20)

where T -parameters are related to the S-parameters as follows:

⎡⎣ S11 S12

S21 S22

⎤⎦ =
⎡⎣ T12

T22
T11 − T12T21

T22

1
T22

−T21
T22

⎤⎦ (2.21)

⎡⎣ T11 T12

T21 T22

⎤⎦ =
⎡⎣ S12 − S11S22

S21

S11
S21

−S22
S21

1
S21

⎤⎦ (2.22)

2.2.2 Time domain measurements

Time domain reflectometry (TDR) measuring techniques have been used for many years.

This is an electrical measurement technique that is generally used to determine the spatial

location and nature of various objects. In cables, it involves sending an electrical pulse

along a cable and using an oscilloscope to observe the reflected pulses. Detailed analysis

of the reflected pulse can give the distance of the reflecting object in the cable. This

could for instance be a void, joint etc. Also information on the characteristics of the

cable medium can be obtained by analyzing these pulses.

Figure 2.5 shows a functional block of a time domain measurement set-up. An inci-

dence pulse Vi is sent from the signal generator and a reflected pulse Vr comes from the

device under test. The reflected pulse can come from the end of the device under test or
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any impedance change along the transmission line.

Signal
generator

Zs

Oscilloscope
Device under

test
ZL

Vi Vr

Figure 2.5: Functional block for a time domain measurement set-up.

The measured incidence and reflected pulses are in the time domain and are trans-

formed to the frequency domain by Fourier transforms. Thus:

F {Vi(t)} = Vi(jω) (2.23)

F {Vr(t)} = Vr(jω) (2.24)

For a cable with the properties described in section 2.1 and considered as a linear system,

the voltage complex ratio between the input and output of a line segment of length d

gives the transfer function H(jω). This ratio depends on the distance travelled, d, and

the angular frequency ω. If the device under test is a cable of fixed length d, it is possible

to determine the propagation constant of the cable from measurements of the injected

pulse in one cable end and reflections coming back from the other open end [28]. The

reflected pulse from the open end of the cable travels a distance 2d and it can be deduced

that:

H(jω) =
Vr (jω)

Vi (jω)
= e−γ(jω)2d = e−α(ω)2d e−jβ(ω)2d (2.25)
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−α(ω)2d = ln |H(jω)| =⇒ α(ω) = − 1
2d
× ln |H(jω)| (2.26)

−β(ω)2d = ∠H(jω) =⇒ β(ω) = − 1
2d
×∠H(jω) (2.27)

α(ω) is the attenuation constant inNepers/m and β(ω) is the phase constant in radians/m.

The phase velocity in m/s is defined by:

v(ω) =
ω

β(ω)
(2.28)

2.3 High frequency cable model

There are many types of medium voltage cables on the market. In this study, only two

kinds of cables were investigated. Both were single core, XLPE insulated medium voltage

cables having an oversheath and metallic screen. Figure 2.6 shows one kind of the cables

investigated which is commonly used for each phase in three phase power distribution

systems at medium voltages. One kind had the metallic screen embedded in the screen

bed as in Figure 2.6. The other kind had the metallic screen laid over the insulation

screen and the screen bed covered the metallic screen. The restriction to a specific type

of cable is not of great importance, since what distinguishes the various types of cables

from each other when creating a cable model is the calculation of the series impedance

z, and the shunt admittance y.
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Metallic screen
(copper wires)

XLPE
insulation

Insulation
screen

Conductor
screen

Screen bed

Aluminium
conductor

Oversheath
(Polyethylene)

Figure 2.6: Design of the cables that were investigated.

Figure 2.7 shows the geometrical details of the investigated cables and also shows the

corresponding high frequency cable model used. With reference to Figure 2.7, the core

conductor (1) and metallic screen (6a or 6b) contribute to the series impedance of the

cable as described in section 2.3.2a. The metallic screen 6a is embedded in the screen

bed while 6b is laid over the insulation screen.

The shunt path is made up of the admittances of the semi-conducting conductor screen

(2), XLPE insulation (3), semi-conducting insulation screen (4) and semi-conducting

screen bed (5). For a cable with the metallic screen 6b, the high frequency cable model

will exclude the screen bed.

The radius of the core conductor is r1 while r6 is the radius to the centre of the

metallic screen. Four new cables, designated Cable 1, Cable 2, Cable 3 and Cable 4 were

investigated and the details are given in section 7.1.
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Figure 2.7: Design of the cables investigated and the corresponding high frequency cable

model.

The propagation constant for the high frequency cable model is given by:

γ =
√
zy = α + jβ (2.29)

2.3.1 The shunt admittance models

2.3.1a "Exact" model: shunt admittance y

For the cables investigated, the total shunt admittance is given by equation (2.30), where

k is the total number of the semi-conducting screens and XLPE insulation in the shunt

admittance path.

y =
1
1
yk

(2.30)
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The admittance of each semi-conducting screen and XLPE insulation sample depends on

its geometric and material properties. For a layer k, the admittance is:

yk = jω
2πε0ε

∗
k(ω)

ln rk
rk−1

= gk + jωck (2.31)

where ε0 = (1/36π) × 10−9 F/m is the dielectric permittivity of free space, ε∗k(ω) is

the relative complex permittivity and is given by ε∗k(ω) = εk(ω) − jεk(ω), εk(ω) and

εk(ω) are the real and imaginary parts of the relative complex permittivity respectively,

k = 2, 3, 4, 5 for the model shown in Figure 2.7. The capacitance ck is given by:

ck =
2πε0εk(ω)

ln rk
rk−1

= Ck0εk(ω) (2.32)

where Ck0 = 2πε0/ ln(rk/rk−1) is the geometric capacitance. The conductance gk is given

by:

gk =
2πωε0εk(ω)

ln rk
rk−1

=
2πσk

ln rk
rk−1

(2.33)

where σk = ωε0εk(ω) is the ac conductivity.

To determine the admittance yk, geometric and material properties of the semi-

conducting materials are required. The geometric properties are easily obtained from

the dimensions. The relative complex permittivity ε∗k(ω) is the required material prop-

erty of the semi-conducting screens. This has been determined from measurements as

described in Paper I and is represented by an empirical formula or dielectric function

that fit the measurement result. This dielectric response function is described by two

Cole-Cole functions, a dc conductivity term and a high frequency permittivity term as

shown in equation (2.34) [29]. This is fitted to the measured dielectric response of the

semi-conducting materials.

ε∗(ω) =
A1

1 + (jωτ 1)1−α1
+

A2
1 + (jωτ 2)1−α2

+
σdc

jωε0
+ ε∞ (2.34)

where τ 1and τ 2 are the relaxation times, σdc is the dc conductivity, A1 and A2 are ampli-
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tude factors, ε∞ is the high frequency component of the relative permittivity, α1and α2

are numbers describing the broadness of the relaxation peaks.

2.3.1b Approximate model of the shunt admittance

By applying the approximate shunt model, the contribution of each semi-conducting

screen or insulation to the total attenuation of the cable can be calculated. Let the series

impedance of the cable be:

z = jωLe (2.35)

Le is the external impedance of the conductor system as described in section 2.3.2. If

the admittance of the insulation is yi, then for a cable with semi-conducting screens and

insulation, the total shunt admittance y can be expressed as the sum of yi and y − yi ,

where yi = jωC3. The propagation constant can be written as:

γ =
√
zy = jωLe(jωCi + y − jωCi) (2.36)

γ = jω LeCi(1 +
y

jωCi

− 1) ≈ jω

v0
1 +

1

2
(
y − yi
yi

) (2.37)

The complete derivation is given in the Appendix of Paper V I. The contribution of

a semi-conducting screen l to the attenuation of the cable is approximately given by:

αl =
ω

2v0

ε´i
ε´l

Λl

Λi

tan δl
1 + tan2 δl

(2.38)

where Λ = ln(router/rinner). The contribution of all the semi-conducting screens to the

attenuation is:

αscreens = αl (2.39)

The contribution of the insulation to the attenuation of the cable is:
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αins =
ω

2v0
tan δi (2.40)

The semi-conducting screens and the XLPE insulation make up the insulation system of

the cable. The sum of the attenuation due to the semi-conducting screens and the XLPE

insulation represents the total losses in the insulation system which are the dielectric

losses in the cable given by:

αdiel = αscreens + αins (2.41)

The phase velocity accounting for the insulation system only is given by:

vdiel =
v0

1−
l

1
2

έ
i

έ
l

Λl

Λi

1
1+tan2 δl

(2.42)

where the effect of the losses in the insulation has been neglected, see the Appendix in

Paper V I.

2.3.2 The series impedance models

2.3.2a "Exact" model: series impedance z

The conductor and metallic screen contribute to the series impedance of the cable. With

reference to Figure 2.7, the internal impedance of the conductor (z1) and that of the

metallic screen (z6)make up the internal impedance (zint) and the geometrical inductance

of the cable gives the external impedance (ze). Thus the total series impedance z, is given

by:

z = z1 + ze + z6 (2.43)

The derivation of the internal impedance of a wire can be found in textbooks like [30].

The internal impedances of the core and metallic screen conductors are given by:
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z1 = − T1J0(T1r1)

2πr1σ1J´0(T1r1)
(2.44)

z6 = − T6J0(T6ρ)

2πρnσ6J´0(T6ρ)
(2.45)

where T 21,6 = −jωμ0σ1,6, J0 is a Bessel function and J´0 is its derivative, r1 is the radius

of the centre conductor and σ1 is its conductivity, ρ is the radius of one conductor in

the metallic screen, σ6 is its conductivity and n is the total number of conductors in the

metallic screen. For the geometry of the cable design shown in Figure 2.7a, the external

impedance is given by [31]:

ze =
jωμ0
2π

ln
r6
r1

+
1

n
ln

rn1 − rn6
(r6 − ρ)n − rn6

(2.46)

and subject to the conditions that n >> 1 and nρ << πr6. The proximity effects have

been neglected in this analysis. The proximity of the conductors in the metallic screen

to each other and to the core conductor affects the current distribution in them as it is

not evenly distributed but tends to be more on the sides closest to the centre conductor

[31].

2.3.2b Approximate model of the series impedance

Refer to Figure 2.7 for the derivation in this section. Let the total admittance of the

cable be only that of the insulation:

y = jωCi (2.47)

where Ci = C3 = 2πε0ε
´
3/ ln(r3/r2), see Figure 2.7a. Then the propagation constant can

be written as:

γ =
√
zy = (jωLe + z1 + z6)jωCi) (2.48)
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γ = jω LeCi(1 +
1

jωLe

(z1 + z6) (2.49)

γ ≈ jω

v0
1 +

1

2jωLe

(z1 + z6) (2.50)

where v0 = 1/
√
LeCi, Le = (μ0/2π) ln(r6/r1), z1 = (μ0/2π)

√
jωA1, A1 = 1/(r1

√
μ0σ1), z6 =

(μ0/2π)
√
jωA6, A6 = 1/(nρ

√
μ0σ6). The losses due to the core conductors, αcore, are

given by:

αcore =
A1
√
ω

2
√
2v0Λ

(2.51)

where Λ = ln(r6/r1). The losses due to the metallic screen conductors, αmet. screen, are

given by:

αmet.screen =
A6
√
ω

2
√
2v0Λ

(2.52)

The total losses due to the conductor system, αcond, are given by:

αcond = αcore + αmet.screen (2.53)

The phase velocity accounting for the conductor system only is given by:

vcond =
v0

1− A1+A6
2
√
2ωΛ

(2.54)

2.3.3 Summation of the approximate models

The approximate models give the contributions of the insulation and conductor systems

to the attenuation of the cable. Using the equations (2.41) and (2.53), the sum of these

contributions αapprox is expressed as:
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αapprox = αcond + αdiel (2.55)

Regarding the phase velocity, the total effect of the conductors and dielectric system is

taken as summing the terms after the minus signs in equations (2.42) and (2.54) and is

given by:

vapprox =
v0

1− A1+A6
2
√
2ωΛ

−
l

1
2

έ
i

έ
l

Λl

Λi

1
1+tan2 δl

(2.56)
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Chapter 3

Measurement Techniques for

characterization of Materials

In order to determine the high frequency characteristics of semi-conducting and insulating

materials of power cables, two frequency domain methods were developed. These are

the one and two-port measurement methods in which a sample is placed in a section

of a coaxial transmission line and the scattering parameters, which are related to the

permittivity of the sample, are measured by a network analyzer. The one-port method

involves the measurement of only the reflection parameter S11 while both the reflection

and transmission parameters S11 and S12 are measured in the two-port series method.

Using an LCR meter, the capacitance, resistance and loss factor of the sample are also

measured and these are related to the permittivity of the sample.

Materials like the semi-conducting screens which have high values of permittivity are

easy to characterize with the one-port test cell as stray capacitances can be ignored.

However materials with low values of permittivity like insulating materials cannot be

characterized with the one port test cell unless the stray capacitances are correctly an-

alyzed. An attempt was made to measure an insulating material with this method and

is discussed in section 6.1.1 and in Paper II. Since the stray capacitances were not an-

alyzed in detail, the one-port method was used only for characterizing semi-conducting
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screens while the two-port method was used to characterize both the semi-conducting

screens and insulating materials.

The HP8712ES, RF Network Analyzer of 50 Ω impedance, 300 kHz to 1300 MHz

was used to measure all the four scattering parameters S11, S12, S21 and S22 from which

the complex permittivity of the samples was extracted. In the low frequency range, the

HP 4284A LCR meter, 20 Hz to 1 MHz was used to measure the capacitance, resistance

and loss factor of the materials from which the complex permittivity was extracted. The

LCR meter has the advantage of having stray capacitances guarded away.

The work in this chapter is reported in Papers I, II, IV, V and V II.

3.1 The One Port Test Cell

3.1.1 The one-port test cell for material characterization

The one-port test cell is shown in Figure 3.1. It consists of a 50 Ω N-type male coaxial

connector on which two samples are fixed in parallel. The two samples fixed on the test

cell had the same geometric dimensions. For samples like semi-conducting screens which

have very high impedances, the total impedance of the samples could be reduced by

having two samples in parallel thus increasing the sensitivity in the measurement of the

reflection parameter S11. The one-port test cell could be connected directly to the port of

the Network Analyzer thus requiring very simple calibration procedures. The reflection

parameter S11 was measured by the Network Analyzer. It could also be connected to

an LCR meter for measurements of capacitance and resistance of the samples in the low

frequency range.

Semi-conducting materials were measured using the one-port test cell and an at-

tempt to measure the insulating material polycarbonate was also made. Samples of

diameters 3, 4 and 6 mm could be measured.
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Figure 3.1: The one-port test cell. All dimensions are in mm.

The parameter of interest is the complex permittivity and in order to extract it from

the measurements, the test cell with the samples fixed is modelled. The model has two

parallel paths, each consisting of a complex capacitance of one of the samples Cs in series

with an inductance of the test cell structure L, with stray capacitances Cstray1and Cstray2

in parallel as shown in Figure 3.2.

Cstray 1

Cstray 2

Cs

LL

Cs
Cstray 1

Figure 3.2: The equivalent circuit of the one-port test cell shown in Figure 3.1.

The measured reflection parameter S11 is given by:

S11 =
Zt − ZNA

Zt + ZNA

(3.1)
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which leads to:

Zt = ZNA

(1 + S11)

(1− S11)
(3.2)

where ZNA is the 50 Ω impedance of the Network Analyzer and Zt is the total impedance

consisting of the impedance of the samples under test and all the parasitic impedances

associated with the test cell. The semi-conducting materials have high values of the

permittivity and so the stray capacitances were ignored. Thus the total impedance Zt is

given by:

Zt =
1

2

1

jωCs

+ jωL (3.3)

which leads to:

Zt =
1− ω2LCs

2jωCs

(3.4)

Equations (3.2) and (3.4) yield:

1− ω2LCs

2jωCs

= ZNA

(1 + S11)

(1− S11)
(3.5)

which leads to:

Cs =
1− S11

2jωZNA(1 + S11) + ω2L(1− S11)
(3.6)

Thus the complex permittivity is given by:

ε∗s =
1

jωC0

1− S11
(2ZNA(1 + S11) − jωL(1− S11))

(3.7)

where C0 is the geometric capacitance of the samples under test.

To determine the inductance L, it was found that in the measurement of the semi-

conducting materials the capacitor-inductor combination causes the measurement set-up
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to undergo a structural resonance within the frequency range of the measurements. This

structural resonance is dependent on the geometry and nature of the samples being

measured. At resonance frequency f0:

L =
1

ω20Cs0
(3.8)

where Cs0 is the capacitance of the samples under test at resonance. Thus the inductance

L can be evaluated at the resonance frequency f0 if Cs0 is known.

The capacitance Cs0 = C0εextp,where εextp is the real part of the permittivity at

resonance obtained by extrapolation. This is illustrated in Paper I by the measurement

of the semi-conducting screen bed of cable 2 and is shown in Figure 3.3. The complex

permittivity was extracted using equation (3.7) with the inductance ignored, L = 0. The

absolute value of the real part of this complex permittivity is shown in Figure 3.3 which

shows a resonance at about 600 MHz. The real part of the complex permittivity of the

semi-conducting screen bed samples could be estimated fairly well by extrapolation at

600MHz in Figure 3.3. The extrapolation is made by extending the falling characteristic

curve of the permittivity from the low frequency regions to the high frequency region and

ignoring the sudden rise that occurs near the resonance frequency point. Using equation

(3.8), an inductance of 10.5 nH was obtained. With the inductance of the one-port test

cell known, the real part of the complex permittivity was extracted using equation (3.7)

and is shown in Figure 3.3.
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Figure 3.3: Extraction of the real part of the complex permittivity.

In the low frequency region, the resistance Rp and capacitance Cp of the sample were

measured by the LCR meter and the complex permittivity is given by:

ε =
Cp

C0
(3.9)

ε =
1

ωRpC0
(3.10)

The geometric capacitance of the semi-conducting materials under test is given by

equation (3.11) which can be used for error estimation.

C0 =
ε0A

d
(3.11)

A is the cross sectional area of the circular semi-conducting screen samples and d is

their thickness. The diameter of all the samples is fixed by use of one punch, the thickness

d varies from sample to sample. The error in the measured complex permittivity will be

proportional to the error in the measured thickness d. The micrometer screw gauge was

used to measure the thickness d. It was observed that the thickness of the semi-conducting
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materials under test was generally uniform along the cable length i.e. longitudinal but

varied along the circumference. The error in the measured thickness was not more than

±0.04 mm. One cause for this measurement error was that the semi-conducting materials

are soft and thus it was difficult to apply a uniform pressure of the measuring probes for

all the semi-conducting samples as the thickness was determined. The semi-conducting

insulation screen samples of cable 1 had the least thickness of about 0.3 mm, which gives

an error of 13.3 % in the measured thickness. All the other semi-conducting screen

samples were not less than 0.5 mm in thickness, which means that the error in the

measured thickness was less than 8 %.

3.1.2 The One Port Test Cell for Material Characterization

Under Varying Temperature

In general, properties of many materials vary with temperature. It was therefore nec-

essary to investigate the variation of the high frequency characteristics of the semi-

conducting screens with temperature. The same one-port test cell shown in Figure 3.1

with the materials under test fixed on it was put into an oven and longer coaxial cables

were used to connect the test cell to the measuring instruments i.e. the Network Analyzer

and LCR meter. Temperatures of the oven were then varied from 25oC to 65oC.

3.1.3 The One Port Test Cell for Material Characterization Un-

der Varying Pressure

It was also necessary to investigate the variation of the high frequency characteristics of

the semi-conducting screens with pressure. The one-port test cell shown in Figure 3.4

was used for pressure related measurements. It consists of a 50 Ω N-type male coaxial

connector to allow for connection to the measuring instruments. The structure sitting on

the N-type connector is made of aluminium and has a symmetrical arrangement with a

spring on either side. The springs have a spring constant of 1 N/mm. By tightening the
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two nuts N1 and N2 in the directions of the arrows Q1 and Q2 respectively, as shown

in Figure 3.4, a pressure is applied on the samples. One full turn of the nuts N1 and N2

corresponds to 0.7 mm pitch distance. Pressures of up to 300 kPa were applied on the

samples in these measurements.

samples N1N2 Q1Q2 spring

(a)

25

copper wires

N-type 50 Ohm
male connector
20.5 diameter

(b)

111
13

10

29

Figure 3.4: The one port test cell for pressure related measurements. All dimensions are in

mm.

There are stranded copper conductors that connect the sample probe directly to the

return path as shown in Figure 3.4. The four legs of the copper strands are meant to

provide the shortest return path so as to reduce the inductance of the structure. Keeping

the materials under test the same, it was possible to show that if only two legs of these

copper strands were used, one for each sample probe, the inductance of the test cell

increased. Using all the four legs reduced the inductance of the test cell.
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3.2 The Two Port Test Cell

The one-port test cell was found to be unsuitable for characterizing insulating materials

as described in Paper II, therefore the two-port test cell was developed. The two-

port test cell is shown in Figure 3.5. It consists of a coaxial transmission line with the

centre conductor having a gap where the device under test (DUT) is placed. The inner

conductor has a diameter of 7 mm with a 6 mm diameter end plate that holds the device

under test. All the samples measured were 6 mm in diameter. The inner diameter of

the outer conductor is 16 mm. On either side of the transmission line is a 50 Ω N-type

female connector. The test cell could be connected to the Network Analyzer or LCR

meter. All the four scattering parameters were measured with the Network Analyzer

while the capacitance and loss factor were measured with the LCR meter. Both the semi-

conducting and insulating materials were characterized by this measurement method.

 

100

60

50

N - t y p e  5 0  Oh m
female connector
16 mm diameterDUT

7 mm diameter of inner
conductor with 6 mm
diameter end plate

to Network
Analyzer or
LCR meter

to Network
Analyzer or
LCR meter

Figure 3.5: The two-port test cell. All dimensions are in mm.

The four scattering parameters S11, S12, S21 and S22 were measured with the Network

Analyzer. The scattering matrix formulation is not very convenient for the analysis of cas-

caded networks. For cascaded networks, it is more comfortable to work with T -matrices

[25] instead of the measured S-matrices. The measured S-matrices are transformed to

T -matrices by equation (2.22). The two-port test cell is a cascaded network of the con-
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nector, the transmission line with the samples under test and another connector. The

schematic configuration of the two-port test cell is shown in Figure 3.6 in which the three

parts are represented by their respective T -matrices.

 

Ts Tc2Tc1

connector connectorsample under test

Figure 3.6: T-matrix configuration of the two port test cell for two-port measurements.

The measured T -matrix is given by:

Tmeas = Tc1TsT c2 (3.12)

In order to characterize the samples, it was necessary to make three measurements: with

the gap shorted, with a known material and with the test sample. Air was used as the

known material. The T -matrix of the short circuit measurement Tsc is given by:

Tsc = Tc1T c2 (3.13)

In this case Ts becomes the identity matrix. In the general case:

Ts = I +
Zs

2ZNA

⎡⎣ −1 1

−1 1

⎤⎦ (3.14)

where I is the identity matrix and Zs is the impedance of the device under test. Then

the measured matrix in equation (3.12) can be written as:

Tmeas = Tsc + ZsA (3.15)
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where

A =
1

2ZNA

Tc1

⎡⎣ −1 1

−1 1

⎤⎦T c2 (3.16)

Applying this to a known load l and an unknown sample s yields:

ZlA = Tlmeas − Tsc (3.17)

ZsA = Tsmeas − Tsc (3.18)

Thus

Zs

Zl

=
Tsmeas − Tsc

Tlmeas − Tsc

= k (3.19)

This leads to the complex permittivity:

ε∗
s
=
1

k
ε∗
l

(3.20)

Since ε∗
l
is known, the other parameters can be obtained. Equation (3.20) assumes

equal geometric capacitances meaning the gap distance between the capacitor plates is

the same in all the measurements and that both ε∗
s
and ε∗

l
are large. If this is not the

case, distance proportionality factor correction and stray field correction has to be made.

When air is used as the reference material for example, stray field correction has to be

made since it is difficult to get an accurate measurement of the airgap because of the

fringing effects in the end sides of the airgap. As described in Paper II, this correction

factor was not determined analytically. Instead the result from the Network Analyzer

was multiplied with a suitable factor so that it was aligned with the result from the LCR

meter at 1 MHz.

The LCR meter was used to measure the capacitance Cp and loss factor tan δ from
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which the complex permittivity was extracted. In this case, the real part of the complex

permittivity is given by equation (3.9) and the imaginary part of the complex permittivity

is given by:

ε = ε tan δ (3.21)

3.3 Materials measured

The materials measured were the semi-conducting materials obtained from Cables 1, 2, 3

and 4, see section 7.1 for details. The the insulating materials measured were water-tree

degraded and un-degraded cross-linked polyethylene (XLPE). Two types of water-treed

XLPE samples were measured. One type was obtained from ex-service cables which were

known to have water trees and the other type was made in the laboratory from commercial

polyethylene, PE 4201 manufactured by Borealis of Sweden. Other insulating materials

measured were polycarbonate and polyvinyl chloride (PVC). Polycarbonate and PVC

were obtained commercially. Polycarbonate has low losses and well defined material

properties and was thus used to check the accuracy of the measurement method

It is important that the materials to be measured are prepared properly for the

measurements to succeed. It is also important to ensure that the preparation procedures

do not change the material properties of the samples under test in anyway. In both

the one and two-port test cells, the requirement of some form of interface between the

semi-conducting or insulating materials under test and the metal electrodes was critical.

Thin gold leaves, 6 μm in thickness, were used as the electrode material for all samples

measured using the two methods. These thin gold leaves were simply rubbed onto the

materials under test. The biggest advantage of gold is that it does not contaminate the

material under test. In the beginning of the project, silver paint was used as the electrode

material. It was found that the paint solvent was absorbed by the semi-conducting

materials and had an effect on them. This is discussed in section 7.2. Thus the use of
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silver paint as an electrode was discontinued.

3.3.1 Preparation of the semi-conducting materials

The materials to be measured were the semi-conducting screens from the four cables

under investigation. These were the semi-conducting conductor screen, semi-conducting

insulation screen and the semi-conducting screen bed. From a piece of cable, about 10 cm

long, the oversheath and metallic screen were removed thus exposing the screen bed with

its grooves on the outer side. By milling off with a lathe machine, the outer surface of

the screen bed was made smooth, and was easily removed since it could be stripped off.

The milling was much easier when the cable piece had been cooled in the freezer of a

domestic refrigerator for about four hours. A semi-conducting layer stripper was later

acquired and was used to peel off layers of the screen bed.

It was easy to take off the insulation screen for cables where this could be stripped off.

In cases where this could not be stripped off, layers of the insulation screen were peeled

off using a semi-conducting layer stripper. The conductor screen was exposed by milling

off the XLPE insulation with a lathe machine. The final touches to get an insulation free

outer part of the conductor screen was done manually with a scalpel. The inner surface

of the conductor screen was made smooth by removing the inner ridges with a scalpel.

These ridges form during the manufacturing process since the conductors are stranded

and therefore do not form a smooth cylinder like surface. The process to prepare the

conductor screens for measurements was wholly manual and therefore they could not be

expected to have a uniform thickness. Even the screen bed did not completely have a

uniform thickness because of the eccentricity of the cable pieces. This non-uniformity in

the thickness of the samples had an effect on the calculated geometric capacitance of the

samples.

To measure these semi-conducting screen samples, silver paint and gold from thin

gold leaves were used as electrodes. When the semi-conducting materials are painted

with silver paint, they swell as they take in the paint solvent. Thus, to drive out the
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paint solvent, the semi-conducting materials were heated in an oven at 75o C under

vacuum for about 24 hours. Thereafter, they were cooled and cut down to the required

dimensions and were then ready for measurements. Silver paint was later discarded as

an electrode as it was found that the solvent in the silver paint did affect the properties

of the semi-conducting materials. However, no further investigations were carried out

on this matter. The gold provided a good contact and did not contaminate the semi-

conducting screen samples. The thin gold leaves were simply rubbed onto the surfaces of

the semi-conducting materials manually. The gold plated samples were then cut to the

required dimensions and were ready for measurements.

To ensure uniformity in the dimensions of the semi-conducting screen samples, a

punch was used to cut all samples to the required diameter and the edges were trimmed

to ensure there were no short circuits caused either by the silver paint or gold threads. The

diameters of the semi-conducting material samples were 3, 4 and 6 mm. The thickness of

the measured samples of the conductor and insulation screens ranged from 0.3− 0.9 mm

while that of the screen bed ranged from 0.7-1.5 mm. In all measurements, a pair of

samples with the same geometric dimensions was measured at a time. By having two

such samples with close impedances in parallel, the total impedance could be reduced

thus increasing the sensitivity in the measurement of the reflection parameter S11. To

check the accuracy of the measurements, about five pairs of samples were measured for

each semi-conducting screen layer.

3.3.2 Preparation of the insulating materials

Two types of XLPE insulation samples were measured. One type was obtained from

cables that were taken out of service and were known to have water trees. These XLPE

samples were cut off the cable pieces as shown in Figure 3.7. The cut discs, 6 mm in

diameter and about 1 mm thick were immersed in tap water for 60 days and measured

using the two-port measurement method.
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Figure 3.7: Samples obtained from ex-service cables.

After the measurements the samples were stained with methylene blue [32]. These

stained samples were cut into 0.5 mm thick slices that were examined under the micro-

scope. Attached to the microscope was a camera connected to a PC which enabled the

storage of images. Using these images, the water tree concentration in the samples was

estimated. If a water tree was present, section A-A in Figure 3.7, the water tree went

right through the sample.

The other type of XLPE samples were prepared in the laboratory using commer-

cial polyethylene, PE 4201 manufactured by Borealis of Sweden. The commercial poly-

ethylene was in the form of granulates, about 5 mm in size. These were melted and

extruded into a band about 3 cm wide and 0.5 mm thick. Using a hot press machine,

the polyethylene was cross-linked by first heating it to 1200C at 20 MPa pressure for 10

minutes. The temperature and pressure were then raised to 1650C and 70 MPa respec-

tively. After 30 minutes the temperature setting was lowered to 300C but the pressure

was maintained at the same level. The temperature reached 300C using natural cool-

ing, a process that took over 12 hours. The dimensions of the cross-linked samples were
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165× 55× 0.5 mm.

The cross-linked samples were cut into circular discs of 50 mm in diameter. These

samples were sand blasted on one side. The diameter of the sandblasted area was

16.5 mm. The purpose of sandblasting was to accelerate the initiation of water tree

growth. The opposite side of the samples were electroplated with gold as the electrode.

This gold electrode was applied on the sample using a vacuum evaporating equipment.

The samples were placed in a test cell with the sand-blasted side of the sample directly in

contact with a salt solution, 0.1 M NaCl, in a glass column as shown in Figure 3.8. The

samples were aged for 60 days at room temperature, about 220C and the applied field

was 4 kV/mm at 50 Hz. A detailed description of the preparation and ageing process of

the laboratory made XLPE samples is given in [5].

 HV
supply

Glass column
filled with 0.1M
NaCl solution

Stopper

Sand blasted
surface of XLPE

sample

XLPE
sample

Return
conductor

Steel
slab

Figure 3.8: Test cell used for aging XLPE samples in the laboratory.

After the ageing process, the samples were cut into 6 mm diameter samples and were
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measured using the two-port measurement method. After the samples were measured,

they were stained with methylene blue and were cut into 0.5 mm thick slices that were

examined under the microscope. The images were taken and used for the estimation of

the water tree concentration.

Other insulating materials that were measured were polycarbonate and polyvinyl

chloride (PVC). All the measured samples were 6 mm in diameter and were cut using

a punch. In all the measurements of the insulating materials, gold electrode was used

as the interface material between the insulating material and the metal electrodes of the

test cells. The thin gold leaves easily hold onto the PVC and polycarbonate materials

but not as easily to the XLPE, where a little more effort was required to apply them. The

thickness of the samples under test ranged from 0.7 − 1.5 mm for the semi-conducting

screen bed, 0.5 − 0.52 mm for the XLPE insulation prepared in the laboratory, 0.8 −
1.4 mm for the XLPE from ex-service cables, 1 mm for polycarbonate and 1.8 mm for

PVC.
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Chapter 4

Experimental measurements on

cables

This chapter presents the two methods used in the measurements on cables: time and

frequency domain measurements techniques. The experimental set-ups of the time and

frequency domain measurements that were made on cables are presented. The measure-

ment results were used as the reference in the verification of the high frequency cable

model presented in section 7.2.

The description and results of the time domain measurements are given in Papers III

and IV while those of the frequency domain measurements are given in Papers I and

V I.

4.1 Time Domain Measurements

A block diagram of the measurement set-up used is given in Figure 4.1. A signal generator

provides the required pulse signals which are sent to the cable under test. The signal

generator consisted of a 1.5 meter long coaxial open ended charging cable. The charging

cable was charged by a d.c source in one instance and was allowed to discharge into the

test cable by sending an incidence pulse. The incident pulse entered the cable on the
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input side at point 1 as shown in Figure 4.1 and a part of this pulse was diverted at point

2 to the measuring instrument. The impedances of the cable under test and the cable

between points 1 and 2 were not matched so a part of the incident pulse was reflected

at point 1. The pulse reflected at the end of the cable was recorded by the measuring

instrument. There were multiple reflections with diminishing amplitudes as the pulses

continued to travel back and forth. If only the cable under test is considered, it means the

pulse of interest travels twice the length of the cable under test, i.e. 2d. It is important

to note that the point of interest is at point 1, but the point of measurement is at point 3.

It is therefore necessary to establish the relationship between the actual pulses at point

1 and the measured ones at point 3.

Cable under test

Signal
 generator

Measuring
equipment

12

3

Figure 4.1: Block diagram for a time domain measurement set-up.

4.2 Frequency Domain measurements

The cable under test was connected to the Network Analyzer via coaxial cables as shown

in Figure 4.2. The calibration plane was located at the interphase where the coaxial

cables joined the cable under test. These coaxial cables were connected to the cable

under test by brass cap connectors also shown in Figure 4.2. These connectors consist
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of a 50 Ω N-type female connector on one side and a brass cap with an inner pin on

the other. The cap was able to fit over the screen bed layer of the cable under test. A

sufficient length of the PE jacket was removed to allow the cap to fit over the screen bed

layer while the metallic screen was clamped over the brass cap. The inner pin of the

brass cap made contact with the inner conductor of the cable which had a hole drilled

in it to accommodate the pin. The coaxial cable ends from the Network Analyzer had a

50 Ω N-type male connector which was connected to the 50 Ω N-type female connector

of the brass cap connector. The scattering parameters measured were the reflection

parameter S11 and the transmission parameter S21 from which the propagation constant

was extracted as described in [27].

Calibration plane

Network
Analyzer

Cable under test

33

44

26

15.5

N-type 50 Ohm
female

connector
interphase

1mm thick
brass cap

Figure 4.2: Measurement set-up for frequency domain measurements on cables. All

dimensions are in mm.

The S-matrix for a symmetrical transmission line segment of length d with the char-

acteristic impedance Z0 sandwiched between two transmission lines each with a charac-

teristic impedance Z is [25]:
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[S] =
1

Ds

⎡⎣ (Z20 − Z2) sinh(γd) 2Z0Z

2Z0Z (Z20 − Z2) sinh(γd)

⎤⎦ (4.1)

where Ds = 2Z0Z cosh(γd) + (Z
2
0 + Z2) sin(γd). Using equation (4.1), it can be shown

that:

γ(ω) =
1

d
cosh−1

1− S211 + S221
2S21

(4.2)

and

Z0(ω) = Z
(1 + S11)2 − S221
(1− S11)2 − S221

(4.3)
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Chapter 5

High frequency characteristics of the

semi-conducting materials

This chapter presents the high frequency characteristics of the semi-conducting screens

obtained from the measurements. The semi-conducting screens measured were obtained

from Cables 1, 2, 3 and 4. The details of these cables are given in section 7.1. The

high frequency characteristics of all the semi-conducting screens were obtained using the

one-port measurement method as reported in Paper I. For the screen bed of Cable 2,

additional results of the high frequency characteristics were obtained from the two-port

measurement method reported in Paper II. The results showed that both the one and

two-port measurement methods gave the same results.

The results show the high frequency characteristics of the semi-conducting screens

using both silver and gold as electrode materials. A dielectric function based on the

empirical formula given by equation (2.34) was fitted to the measured characteristics of

the semi-conducting screens. This dielectric function was used in the verification of the

high frequency cable model which is discussed in section 7.2. Also presented are the effects

of temperature, pressure and humidity on the dielectric properties of the semi-conducting

screens.

The results in this chapter are reported in Papers I, II and V I.
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5.1 Semi-conducting material Characteristics

Semi-conducting screens have been measured using both silver and gold electrodes. Ini-

tially silver was used as the electrode. Due to a certain lack of agreement between model

predictions and measurements on cables, which was surmised to have its root in the

electrode material, gold was used instead and the predictions were very much improved.

This is studied in section 7.2. At least five pairs of samples were measured for each

semi-conducting screen to check the repeatability of the measurements.

There are several causes for the spread in the measurement result [33]. In such

measurements it is very important to have accurately machined samples to minimize

dimensional uncertainties. The samples in this work were manually prepared. Air gaps

between the sample and metallic parts add to the uncertainties. If error sources cannot be

eliminated, they should be minimized or corrected for analytically where possible. If the

impact of the uncertainties is considered not to be significant, the results so obtained may

be accepted. The results of the complex permittivity obtained by use of equation (3.7)

were acceptable since the cable model predictions agreed with measurements as described

in section 7.2. The cable model utilizes the measured high frequency characteristics of

the semi-conducting screens. The imaginary part of the complex permittivity for all

the semi-conducting screens measured was dominated by the dc conductivity in the low

frequency region where the slope was -1 in the log-log plot.

5.1.1 Screen bed

Figure 5.1 shows the spread of the measured complex permittivity for the screen bed of

Cable 2 with silver and gold electrodes. There was no major difference in the real and

imaginary parts of the complex permittivity between the two types of electrode materials.

There was a spread in the measurement result of about one decade in the imaginary part

of the complex permittivity.
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Figure 5.1: Spread of the complex permittivity of the screen bed of Cable 2 for samples with

silver and gold electrodes.

The semi-conducting screen bed was measured using both the one and two-port mea-

surement methods and the results for Cable 2 are shown in Figure 5.2. Only gold was

used as the electrode in this case. Figure 5.2 shows that both methods give almost the

same measured characteristics. Only the semi-conducting screen bed was measured using

the two port measurement method.
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Figure 5.2: The complex permittivity of the screen bed of Cable 2 obtained from both the one

and two-port measurement methods.

5.1.2 Insulation screen

The measured complex permittivity of the insulation screen of Cable 2 is shown in Figure

5.3. The imaginary part of the complex permittivity had a very narrow spread for the

insulation screens with silver electrodes and it was higher than that of the insulation

screens with gold electrodes which had a spread of about half a decade. The real part of

the complex permittivity of the insulation screens with silver electrodes was higher than

that of the gold plated insulation screens by a factor of about 1.5.
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Figure 5.3: Spread of the complex permittivity of the insulation screen of Cable 2 for samples

with silver and gold electrodes.

5.1.3 Conductor screen

Figure 5.4 shows the measured complex permittivity of the conductor screen of Cable

2. The results show that the conductor screens with silver electrodes had a very narrow

spread of the imaginary part of the complex permittivity that was much higher than

that of the gold plated conductor screens which had a spread of about half a decade in

the measurement result. The average of the real part of the complex permittivity of the

conductor screens with silver electrodes was higher than that of the gold plated conductor

screens by a factor of about two.
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Figure 5.4: Spread of the complex permittivity of the conductor screen of Cable 2 for samples

with silver and gold electrodes.

5.2 Effect of temperature on the dielectric proper-

ties of the semi-conducting screens

Cables experience varying temperatures while in operation. Thus the effect of tempera-

ture on the dielectric properties of the gold plated semi-conducting materials of Cable 2

was investigated. The effect of temperature was a decrease in both the real and imagi-

nary parts of the complex permittivity for the screen bed and conductor screens of Cable

2. There was also a decrease in the imaginary part of the complex permittivity of the

insulation screen with increased temperature but not in the real part of the complex

permittivity as shown in Figure 5.5. Instead, there was an increase in the real part of

the complex permittivity with the temperature increase. This increase was clearly seen

up to about 15 MHz, beyond which the real parts of the complex permittivity for the

three temperature levels were not clearly separated as shown in Figure 5.5.

The semi-conducting materials show a decrease in their conductivity due to thermal
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expansion, which in effect causes a re-arrangement of the carbon black aggregates [34].

It is clear that the temperature has an effect on the dielectric properties of the semi-

conducting screens.

Figure 5.5: Effect of temperature on the complex permittivity of the insulation screen of

Cable 2.

5.3 Effect of pressure on the dielectric properties of

the semi-conducting screens

Since it was realized that actual buried cables would operate with a pressure on the

semi-conducting screens, a dedicated study was made. The measurements were made on

gold plated semi-conducting samples from Cable 2 using the one-port test cell described

in 3.1.3. The results show that pressure affects the dielectric properties of the semi-

conducting materials. As the pressure is increased, the real and imaginary parts of the

complex permittivity increase as well. The increase is greater in the imaginary part of

the complex permittivity for the screen bed and insulation screen but not the conductor
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screen, see Paper I.

Figure 5.6 shows pressures of up to 300 kPa in steps of 100 kPa were applied on the

semi-conducting screen bed materials and the results show a span of one decade in the

imaginary part of the complex permittivity between the “no pressure” and 300 kPa.

However, the span is much lower than a decade between the “no pressure” and 300 kPa

for the real part of the complex permittivity.

Referring to Paper I, the imaginary part of the complex permittivity for the insulation

screen of Cable 2 shows a span of about one decade between the “no pressure” and

300 kPa while the conductor screen shows a very small variation in the imaginary part

of the complex permittivity for the same pressure variations. The variation in the real

part of the complex permittivity between the “no pressure” and 300 kPa is small for

both the conductor and insulation screens of Cable 2.

Semi-conducting materials are basically carbon black polymer composites. Though

the processes affecting conductivity are complex, the pressure has the effect of increasing

the contact area between the aggregates in the conducting network which results in

increased conductivity [34].

Figure 5.6: Effect of pressure on the complex permittivity of the screen bed of Cable 2.
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5.4 Effect of humidity on the dielectric properties of

the semi-conducting screens

A study was undertaken to determine whether water penetration into the cable would

modify the properties of the semi-conducting screens and thereby be mistaken for water

trees. In this study, the semi-conducting screen samples were not only from the four

cables described in section 7.1, but also from some older XLPE cables from the 1980s.

For these older cables, only the semi-conducting conductor screen was studied.

All the semi-conducting materials reported so far were dry when they were measured.

The high frequency characteristics of dry semi-conducting materials were measured and

after the measurements the samples were immersed in tap water for 20 days. When

the samples were taken out of water and measured again, no changes were observed

in their high frequency characteristics. Semi-conducting materials are basically carbon

black polymer composites. A possible explanation is that the additional water molecules

have no effect on the conducting properties of the conducting chains already formed by

the carbon black aggregates.

5.5 Dielectric function

The dielectric function described by equation (2.34) was fitted to the measured charac-

teristics of each semi-conducting screen. Figure 5.7 shows the measured characteristics

of a gold plated insulation screen sample of Cable 1 and the fitted function whose fitting

parameters are: α1 = 0.1, τ 1 = 170 nS, A1 = 76, α2 = 0.42, τ 2 = 4 nS, A2 = 118, ε∞ =

4 and σdc = 2.7 mS/m.
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Figure 5.7: Fitting the dielectric function to the measured complex permittivity of an

insulation screen sample of Cable 1.

Tables 5.1 and 5.2 give the fitting parameters for the average measurement result of

the semi-conducting screens of Cables 1 and 2 for both types of electrodes. The fitting

parameters are not unique as they depend on the choice of the peak positions. Table 5.1

shows that in Cable 1 the dc conductivity of the screen bed is more than ten times that

of the insulation screen. Table 5.1 also shows that in Cable 2, the insulation screen has

the highest dc conductivity but it is only about four times that of the screen bed. The

conductor screen has the lowest dc conductivity in both cables.
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Table 5.1: Parameters used in the dielectric functions

for semi-conducting screens with gold electrodes. The

abbreviations used are: con for conductor screen, ins

for insulation screen and scb for screen bed

Cable 1 Cable 2

Parameter con ins scb con ins scb

α1 0.5 0.3 0.5 0.35 0.4 0.6

τ 1 (nS) 300 100 800 1100 290 600

A1 105 95 160 910 262 320

α2 0.3 0.5 0.7 0.42 0.3 0.3

τ 2 (nS) 0.68 4 15 10 1 0.002

A2 50 90 48 210 60 3

ε∞ 4 2 1 4 5 6.6

σdc (mS/m) 0.15 2.7 32 25 170 45

Table 5.2: Parameters used in the dielectric functions

for semi-conducting screens with silver electrodes. The

abbreviations used are the same as in Table 5.1.

Cable 1 Cable 2

Parameter con ins scb con ins scb

α1 0.3 0.3 0.5 0.4 0.4 0.3

τ 1 (nS) 200 30 300 210 400 450

A1 400 510 167 1100 685 110

α2 0.3 0.4 0.6 0.3 0.42 0.6

τ 2 (nS) 4 6 1.2 9 6.5 4

A2 380 130 60 340 300 73

ε∞ 4 1 4 2 1 2

σdc (mS/m) 5.4 15 120 780 950 26
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5.6 SUMMARY

The high frequency characteristics of the semi-conducting screens were obtained using

the one-port measurement method. It was shown that the same characteristics could be

obtained by the two-port measurement method.

Compared to insulating materials reported in chapter 6, the semi-conducting materials

have high values of the permittivity such that the stray capacitances can be ignored in

the evaluation of the complex permittivity characteristics in the one-port method.

The dielectric properties of the semi-conducting screens are affected by temperature.

The dielectric properties of the semi-conducting screens are affected by pressure.

There was no evidence that humidity can affect the dielectric properties of the semi-

conducting screens.

The semi-conducting materials can be modelled by two Cole-Cole functions and a d.c.

conductive part.
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Chapter 6

High frequency characteristics of

Insulating materials

This chapter presents the measurement results of the insulating materials using the two-

port measurement method. An attempt to measure an insulating material using the

one-port measurement method was made and the results are also presented. The water

trees observed in the laboratory and service aged XLPE samples and their measured high

frequency characteristics are discussed. An effective medium model is used to predict the

water content of the water trees and the conductivity of the water.

The work in this chapter is reported in Papers II and V II.

6.1 One and two-port measurement results

6.1.1 One and two-port measurement results for Polycarbonate

Polycarbonate was measured using both the one and two-port measurement methods and

the results are given in Figure 6.1. The measurement result of polycarbonate was used

to verify the measurement method since its properties are well defined. The two-port

measurement result in Figure 6.1 shows the real part of the complex permittivity to be
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close to 3. From literature, the dielectric constant of polycarbonate varies from 3.2 to

3.0 for a frequency change of 10 Hz to 100 MHz [35].
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Figure 6.1: Complex permittivity of polycarbonate using both the one and two-port

measurement methods.

The measurement results of ε from the one-port method show a lot of scatter in the

measurement result above 1 MHz, which is from the Network Analyzer. For ε , the one-

port measurement result shows a jump at 1 MHz from the LCR to the Network Analyzer

measurement. It also shows a lot of scatter between 1 and 10 MHz before settling to

a steady value which is about twice that measured by the two-port method. The stray

capacitances were ignored in the extraction of the complex permittivity from the one-

port Network Analyzer measurements. The results show that the magnitude of the stray

capacitances is such that they can no longer be ignored to get the correct result since

insulating materials have very low capacitances. The results also show the advantage of

the LCR meter which has stray capacitances guarded away.

Also, insulating materials like polycarbonate have very high impedances such that

the measured reflection parameter |S11| is very close to 1. An examination of equation
(3.2) shows that the right hand side of the expression will go to infinite when |S11| is 1.
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This made the extraction of meaningful results difficult due to the limited resolution of

the measuring instrument.

The imaginary part of the complex permittivity obtained for polycarbonate by the

two-port measurement method is shown again in Figure 6.2. The result shows that ε

increases from the lower frequencies till it reaches a maximum value close to 0.03 at 1

MHz. From literature, a value of 0.01 is given for the dissipation factor at 1 MHz [36]

which corresponds to a value of 0.03 for ε . Beyond 1 MHz, a decreasing trend is observed

[35].
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Figure 6.2: Imaginary part of the complex permittivity of polycarbonate from the two-port

measurement method.

6.1.2 Two-port measurement results for un-degraded Polyethylene

The measurement result of laboratory made, un-degraded polyethylene is shown in Fig-

ure 6.3. The measured real part of the complex permittivity is slightly lower than the

expected 2.3 [36] while the imaginary part of the complex permittivity is higher than the

expected 0.001 [36]. The causes of errors in these measurement results [33] include losses

in the coaxial line structure, airgaps between the sample and metallic parts, geometric
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uncertainties in sample dimensions, uncertainty in reference plane positions etc. The

repeatability was checked by measuring at least four samples and measuring one sample

several times. The result of the imaginary part of the complex permittivity in Figure

6.3 is given here solely to show the limit of the test cell. The motivation for this test

cell was to be able to measure the complex permittivity of water-treed XLPE, which has

ε 0.002, see 6.2. Therefore, this test cell met our needs.
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Figure 6.3: Complex permittivity of polyethylene from the two-port measurement method.

6.2 High frequency characteristics of water-treed XLPE

insulation

All measurements in this section were carried out using the two-port measurement

method.
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6.2.1 Model for laboratory aged XLPE samples

The laboratory aged XLPE samples consist of water trees distributed in the XLPE ma-

trix. Figure 6.4 shows a picture of a slice of an XLPE sample aged in the laboratory.

The water trees were always short in comparison to the thickness of the samples. The

concentration of water trees in the water treed region was estimated by covering the

water trees with rectangles that fit them. The sum of these rectangular areas gives the

total water tree area per slice. It is assumed that for such thin slices, the water tree

area is equal to the water tree volume. Therefore the ratio of the total water tree area

to the total area of the water treed region gives the water tree concentration, kwt. Since

there were about four to five slices per measured sample, the water tree concentration

was determined for each of these slices and the average value was used for kwt. If the

water contained in each water tree is hwt, then the water content qw, in the whole water

treed region is given by:

qw = kwthwt (6.1)

Figure 6.4: Picture of water trees in a slice of an XLPE sample aged in the laboratory.

Figure 6.5, which represents the picture in Figure 6.4, shows that the depth of the

water treed region is y and the proportion of the un-degraded region is 1− y. The figure

shows that the sample could be modelled by two capacitors in series, one of pure XLPE

and the other of water-treed XLPE.
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y

1-y Cpure XLPE

Cwt XLPE

pure XLPE

water-treed XLPE

Figure 6.5: The water treed XLPE sample aged in the laboratory can be modelled by two

capacitors in series.

Within an effective medium theory, an expression for the average permittivity of the

water-treed region of the XLPE sample can be established. In this case it is assumed

that spheroids or alternatively ellipsoids filled with water are distributed in the water

treed region. The expression for the average permittivity is taken as [37]:

εwt = εPE 1 +
qw(εw − εPE)

εPE +D(1− qw)(εw − εPE)
(6.2)

where εw = 81− j σw

ωε0
, ε0 =

10−9
36π

, σw is the water conductivity, εPE = 2.3− j0.001, D is

the depolarization factor. For spheroids D = 1/3 and for ellipsoids it is less than that.

The total effective permittivity for the two capacitors in series is:

εtotal =
εPEεwt

yεPE + (1− y)εwt

(6.3)

Three parameters can be varied in the effective medium model given by equation

(6.2). These are D, qw and εw which is related to σw. For fixed D, qw determines the

magnitude of the peak of the imaginary part of the complex permittivity. The water

conductivity σw determines the frequency corresponding to the peak. The shape of the

modelled curve is not influenced by D. Figure 6.6 shows the measurement and model

results of the complex permittivity for a laboratory aged sample. The measurement result

of the imaginary part of the complex permittivity shows a low ε in the low frequency

range that rises to a peak at about 1 MHz and then falls down. The nature of the
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function of the effective medium model is Debye like and so the model ε fits only the

peak of the measurement result. For the real part of permittivity, two values are shown,

D = 1/3 (spheroid) and D = 1/5 (ellipsoid). The ellipsoid with D = 1/5 fits much better

to the measurements. The parameters used for the spherical and ellipsoid models for all

the laboratory aged samples are given in Tables 6.1 and 6.2 respectively. The spherical

model gives a water content of 40-43% while the ellipsoid model gives a water content of

10-13%.
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Figure 6.6: Complex permittivity: model and measurement results for the laboratory aged

XLPE sample Lab s2. For ε ,the two cases of the models give the same result.

Table 6.1: Spherical model parameters

for laboratory aged XLPE samples

y D kwt hwt qw σw

Lab s1 0.30 1/3 0.80 0.43 0.34 0.005

Lab s2 0.25 1/3 0.65 0.40 0.26 0.005

Lab s3 0.25 1/3 0.65 0.40 0.26 0.005
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Table 6.2: Ellipsoid model parameters

for laboratory aged XLPE samples

y D kwt hwt qw σw

Lab s1 0.30 1/6 0.80 0.10 0.08 0.0052

Lab s2 0.25 1/5 0.65 0.13 0.09 0.0052

Lab s3 0.25 1/5 0.65 0.13 0.09 0.0052

6.2.2 Model for service aged XLPE samples

The water treed samples from ex-service cables had water trees that went right through

them as shown in Figure 6.7 which shows a picture of a slice of a measured sample.

Figure 6.7: Picture of water trees in an XLPE sample from an ex-service cable. Water trees

go right through the XLPE samples.

An equivalent diagram is shown in Figure 6.8 which shows the water-treed XLPE

and the pure XLPE. The sample was modelled by two capacitors in parallel. The water

content in the water tree is hwt. In this case the water tree concentration kwt = 1.

Therefore, the water content hwt is the same as qw. The total permittivity for the parallel

capacitors is given by:

εtotal = xεwt + (1− x)εPE (6.4)
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where εwt is given by equation (6.2). It was assumed that spheroids or alternatively

ellipsoids filled with water were distributed in the water-treed region.

water treed XLPE

pure
XLPE

Cpure XLPECwt XLPE

x
1-x

Figure 6.8: Equivalent diagram showing the water-treed XLPE in service aged cables which is

modelled by two parallel capacitors.

The modeling was made in the same way as for the laboratory aged samples. Figure

6.9 shows the measurement and modeling results of the complex permittivity. In this case

the peak frequency for ε is at about 40 MHz. The high peak frequency for service aged

samples means a much higher conductivity compared to the laboratory aged samples.

Apparently the ellipsoid with D = 1/12 gives a better fit for both the real and imaginary

parts of the complex permittivity for the sample shown in Figure 6.9. The parameters

used for the spherical and ellipsoid models for all the service aged samples are given in

Tables 6.3 and 6.4 respectively. The spherical model gives a water content of 36-44%

while the ellipsoid model gives a water content of 6-7%.
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Figure 6.9: Complex permittivity: model and measurement results for the service aged XLPE

sample Serv 1 s3. For ε ,the two cases of the models give the same result.

Table 6.3: Spherical model parameters

for service aged XLPE samples

x D kwt hwt qw σw

Serv1 s1 0.2 1/3 1 0.44 0.44 0.18

Serv1 s2 0.2 1/3 1 0.36 0.36 0.18

Serv1 s3 0.2 1/3 1 0.36 0.36 0.18

Table 6.4: Ellipsoid model parameters

for service aged XLPE samples

x D kwt hwt qw σw

Serv1 s1 0.2 1/14 1 0.07 0.07 0.22

Serv1 s2 0.2 1/12 1 0.06 0.06 0.22

Serv1 s3 0.2 1/12 1 0.06 0.06 0.22

There is a considerable difference between service aged and laboratory aged water-

treed samples probably due to differences in the XLPE materials and ageing processes.

The estimated water content in laboratory aged samples is about 13% and about 7%
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in service aged samples. In [37], a water content of about 8% was estimated in service

aged cables using an effective medium model while an independent method using Fourier

Transform Infrared Spectroscopy (FTIR) gave a water content of only 1%. Ideally the

water content should have been analyzed by direct methods.

It was observed during the measurements that when the samples were left in the

open at room temperature for 48 hours, there was a decrease in the characteristic of ε

as shown in Figure 6.10 for the service aged XLPE sample Serv1 s3. Since the peak

frequency is unchanged, the conductivity is unchanged. Assuming D = 1/12, it is found

ε has dropped 40%.
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Figure 6.10: Imaginary part of the complex permittivity for the service aged XLPE sample

Serv1 s3 before and after drying for 48 hours.

6.3 SUMMARY

The one-port measurement method can be used for the high frequency characterization

of semi-conducting materials but not for insulating materials.
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The two port measurement method can be used for high frequency characterization

of both semi-conducting and insulating materials.

There is a considerable difference between the high frequency characteristics of water-

treed XLPE samples aged in the laboratory and in service which may be due to differences

in the XLPE material and ageing processes.

The effective medium model can be used to estimate the water content and its con-

ductivity in the water trees. The effective medium model with water filled ellipsoids gives

a better fit with measurement results.

The estimated water content in the water trees of service aged samples is about half

of that of the laboratory aged samples and the conductivity is about fifty times higher.
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Chapter 7

Verification of the cable models

In this chapter, the details of the cables investigated are given and the high frequency

cable model is verified with measurements made on the cables. The approximate cable

models are also studied. The work in this chapter is reported in Papers I, IV and V I.

7.1 Details of the cables measured

A total of four new cables were studied and their properties are given in Table 4.1. All

the cables have stranded aluminium core conductors and copper conductors form the

metallic screen. Cable 3 has the metallic screen laid on the insulation screen and the

screen bed covers the metallic screen. The rest of the cables have the metallic screen

embedded in the screen bed. The metallic screens of Cables 1, 2 and 4 consist of 44

spiralled copper conductors, each of diameter 0.8 mm while Cable 3 has 23 zigzag shaped

copper conductors, each of diameter 1.2 mm. The insulation screens of Cables 2 and 3 can

easily be stripped off but not those of Cables 1 and 4. All the cables have a polyethylene

jacket. The jacket and screen bed of cable 3 are stuck together. The radius of the core

conductor is r1 while r6 is the radius to the centre of the metallic screen.

The same cable numbering was used throughout all the papers except for Paper III

where only Cable 1 is the same.
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Table 4.1: Details of the cables examined, see Figure 2.7a.

All dimensions are in mm.

Parameter Cable 1 Cable 2 Cable 3 Cable 4

Conductor

radius r1
7.3 5.5 5.7 5.7

Radius r6 15.8 12.7 11.1 12.4

Conductor

screen

thickness

0.6 1 0.5 0.6

XLPE

insulation

thickness

5.5 3.5 3.7 3.5

Insulation

screen

thickness

0.4 0.7 0.6 0.6

Screen

bed

thickness

2 2 1.8 2

Cable type

AXCE-F

14/24kV

1x150/25LT

AXCE

7/12kV

1x95/25LT

AXCE

12kV

1x95/LT

AXCE-F

7/12kV

1x95/25LT

Manufactu-

rer and year
ABB 1996 ABB 1995 ALCATEL ABB 1999

7.2 Verification of the high frequency cable model

With the dielectric functions of the semi-conducting screens known, the admittance of

each semi-conducting screen is determined by equation (2.31). The parameters used for
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determining the admittance of the XLPE insulation were obtained from literature as

stated in Paper I, i.e. ε = 2.3 and ε = 0.001. This leads to the determination of the

cable’s admittance by equation (2.30). Using equation (2.43), the series impedance is

determined using the cable’s geometric properties. The propagation constant is obtained

using equation (2.29).

The verification of the high frequency cable model is done by comparing the attenua-

tion from the cable model with the attenuation from the frequency domain measurements

made on the cables. For the attenuation of both Cables 1 and 2, there is a good agreement

between the high frequency cable model based on the semi-conducting screen samples

with gold electrodes and the actual measurements on the cables as shown in Figure 7.1.

This agreement verifies that the model developed is able to correctly predict the cable’s

propagation characteristics. The results for Cables 3 and 4 are given in Paper V I and

[23].

However, the attenuation from the high frequency cable model based on the semi-

conducting materials with silver electrodes does not give a good agreement with the

actual measurements for both cables as shown in Figure 7.1. One possibility is that the

silver paint penetrates into the semi-conducting materials and affects its properties. For

this reason, the use of the silver electrode was discontinued.

The semi-conducting materials with silver and gold electrodes yield almost the same

phase velocity characteristics. There is a good agreement in the phase velocity charac-

teristics between the high frequency cable model and the actual measurements for both

cables as shown in Figure 7.2.

80



Figure 7.1: Attenuation characteristics of Cables 1 and 2.

Figure 7.2: Phase velocity characteristics of Cables 1 and 2.
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7.3 "Exact" and approximate models compared to

the measurement results

Two models are analyzed, the "exact" (henceforth just referred to as exact) and approx-

imate models. By using the approximate model, the losses in the cables were separated

into the dielectric and conductor losses. The dielectric losses could further be separated

into losses from the different semi-conducting screens and the XLPE insulation. Simi-

larly, the conductor losses could be separated into losses from the core and metallic screen

conductors.

The attenuation from the measurements on the Cables 1 and 2 were compared to

the attenuation from the exact and approximate models as shown in Figure 7.3. The

frequency range of the two models starts from 10 kHz while that of the measurement

begins at 300 kHz. The result shows that the exact and approximate models agree at

about 100 kHz and above. Both models have a good agreement with the measurement

results for both cables.

104 105 106 107 108
10-4

10-3

10-2

10-1

100

Frequency  (Hz)

A
tte

nu
at

io
n 

 (d
B

/m
)

Cable 1
Measurement
Exact model
Approx. model

104 105 106 107 108
10-4

10-3

10-2

10-1

100

Frequency (Hz)

A
tte

nu
at

io
n 

(d
B

/m
)

Cable 2
Measurement
Exact model
Approx. model

104 105 106 107 108
10-4

10-3

10-2

10-1

100

Frequency  (Hz)

A
tte

nu
at

io
n 

 (d
B

/m
)

Cable 1
Measurement
Exact model
Approx. model

104 105 106 107 108
10-4

10-3

10-2

10-1

100

Frequency (Hz)

A
tte

nu
at

io
n 

(d
B

/m
)

Cable 2
Measurement
Exact model
Approx. model

Figure 7.3: Attenuation from measurements, exact and approximate models for Cables 1 and

2.
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The dielectric and conductor losses for Cable 2 are shown in Figure 7.4. Considering

the attenuation figure, the results show that the conductors dominate the attenuation in

the frequency range below 10 MHz, while the dielectric system dominates the attenuation

above 10 MHz. The skin effect can be seen in the attenuation due to the conductors which

rises proportional to the square root of the increasing frequency.

The other results shown in Figure 7.4 shows the percentage contributions of the di-

electric system and conductors to the attenuation of cable 2. The percentage contribution

is calculated as the ratio of the attenuation of a particular group of materials to αapprox,

see equation(2.55). The results clearly show the dominance of the conductors in the low

frequency region and the dominance of the dielectric system in the high frequency region.
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Figure 7.4: Attenuation from the dielectric and conductor materials of Cable 2.

Figure 7.5 shows the percentage contributions of the semi-conducting screens and

XLPE insulation to the dielectric losses of the two cables. The calculated percentage

contribution is the ratio of the attenuation of a particular semi-conducting screen or insu-

lation to αdiel, see equation (2.41). Above 10 MHz, the semi-conducting screens dominate

the dielectric losses. The results of Figure 7.5 show that various semi-conducting screens

and XLPE insulation have different attenuation characteristics in the different cables.
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Figure 7.5: Relative contributions of the semi-conducting screens and XLPE insulation to the

dielectric losses for Cables 1 and 2.

Figure 7.6 shows the percentage contributions of the core and metallic screen conduc-

tors to the conductor losses of Cables 1 and 2. The calculated percentage contribution

is the ratio of the attenuation of the core or metallic screen conductors to αcond, see

equation (2.53). For Cable 1, the core conductor has a greater contribution of 76% than

the metallic screen’s 24%. In Cable 2, the core conductor has a contribution of 80%

compared to the metallic screen’s 20%. The conductor losses are dependent on the geo-

metrical properties of the cable as equations (2.51) and (2.52) show. Thus it is difficult

to make direct comparisons when the cables have such different geometrical properties.
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Figure 7.6: Relative contributions of the core and metallic screen conductors to the conductor

losses for Cables 1 and 2.

For the phase velocity, the results from the exact and approximate models are com-

pared to the measurement result as shown in Figure 7.7 for Cables 1 and 2. At 1 MHz

and above, the deviation of the results of the two models from the measurement result

was less than 5% for all cables.

104 105 106 107 108
1.2

1.3

1.4

1.5

1.6

1.7

1.8
x 108

Frequency (Hz)

Ph
as

e 
ve

lo
ci

ty
 (m

/s
)

Cable 1 
Measurement
Exact model
Approx. model

104 105 106 107 108
1.2

1.3

1.4

1.5

1.6

1.7

1.8
x 108

Frequency (Hz)

Ph
as

e 
ve

lo
ci

ty
 (m

/s
)

Cable 2 
Measurement
Exact model
Approx. model

104 105 106 107 108
1.2

1.3

1.4

1.5

1.6

1.7

1.8
x 108

Frequency (Hz)

Ph
as

e 
ve

lo
ci

ty
 (m

/s
)

Cable 1 
Measurement
Exact model
Approx. model

104 105 106 107 108
1.2

1.3

1.4

1.5

1.6

1.7

1.8
x 108

Frequency (Hz)

Ph
as

e 
ve

lo
ci

ty
 (m

/s
)

Cable 2 
Measurement
Exact model
Approx. model

Figure 7.7: Phase velocity from the measurement, exact and approximate models for Cables 1

and 2.
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7.4 SUMMARY

Using the measured high frequency characteristics of the semi-conducting materials, a

high frequency cable model that describes the propagation characteristics of the cables

has been set up.

There is a good agreement between the high frequency cable model set up and the

measurements on the cables.

When preparing semi-conducting materials for measurements, it is important that

the contact preparation does not contaminate the samples.

At about 100 kHz and above, the exact model has a good agreement with the ap-

proximate model and to a certain extent, the two models have a good agreement with

the measurement results.

The approximate model shows that:

• the influence of the different cable materials can be separated.

• the conductor system dominates the cable losses at frequencies up to 10MHz

• the insulation system dominates the cable losses at frequencies above 10 MHz

The approximate model of the series impedance shows that:

• the cable losses in the core conductor are generally higher than the losses in the

metallic screen.

• there is no big difference between the cables.

The approximate model of the shunt admittance shows that:

• the attenuation characteristic of the various semi-conducting screens differ among

the cables.

• the insulation has negligible influence on the dielectric losses above 1 MHz in

comparison with all the semi-conducting screens.
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Chapter 8

Conclusion and suggestions for

future work

8.1 Conclusion

Measurement techniques have been developed for high frequency characterization of semi-

conducting and insulating materials. The one-port measurement method can be used for

the high frequency characterization of semi-conducting materials but not for insulating

materials. The two-port measurement method can be used for high frequency character-

ization of both semi-conducting and insulating materials.

The high frequency characteristics of the dielectric materials of four different cables

have been determined. Using the measured characteristics, a high frequency cable model

has been developed and verified to predict the propagation characteristics of the cables.

Using approximate cable models, it was possible to separate the losses in the cables

into dielectric and conductor losses. Dielectric losses can be separated further into losses

from the semi-conducting screens and the insulation while conductor losses can be sepa-

rated into core and metallic screen losses. The dielectric losses were found to dominate

conductor losses above 10 MHz while conductor losses dominated below that.

The high frequency characteristics of water-treed XLPE insulation from the labora-
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tory and service aged samples have been determined. There was a considerable difference

between the water-treed XLPE samples aged in the laboratory and in service, probably

due to the differences in the XLPE materials and ageing processes.

8.2 Suggestions for future work

The high frequency cable model should be applied for localization of water-tree degraded

sections of XLPE cables.

In the verification process of the high frequency cable model, the values of the complex

permittivity used for the XLPE insulation are literature values of ε = 2.3 and ε = 0.001.

The cable model for water-treed cables should be verified by measurements on a water-

treed cable.

Studies on the effect of high voltage on the characteristics of water-treed XLPE should

be made since that is the actual condition for in-service cables. This would entail test

cells to operate under high voltage.

For small samples, it would be better to use automated tools for better precision than

the manual process that has been used in this project.

During the preparation of laboratory aged XLPE, the samples are sandblasted before

they are put into the ageing test cell. It would be interesting to correlate the amount and

size of the water trees formed to the sandblasting. The sandblasting should be quantified

in terms of pressure applied, distance of the sample from the nozzle etc. Alternatively,

other techniques used to accelerate the initiation of water tree growth can be investigated

and the results compared with those from the sandblasting method.
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