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Abstract

Medium Voltage power cables are essential components of electricity grids, at the
same time many cables have yet been more than 30 years in service and their
condition can hardly be evaluated. Repairs and exchange of underground cables
on the one hand always lead to high work effort, official procedures and costs. On
the other hand, cable failures can lead to power outages and difficulties in security
of supply.

In the present thesis, an overview of the physics and ageing of cables and the
current state of research to this topic is given. The practical main problem here
is the gathering of data about the current cable condition, because relevant cable-
parameters can usually not be determined while in operation.

Possibilities for an assessment of the actual cable condition are technical diag-
nostic techniques. The most widely used ones, measurements of partial discharges
and the dissipation factor tand are explained with practical examples of measure-
ments from the grid of Kéarnten Netz GmbH. Finally, the current state of research
of a promising method for using power line communication (PLC) signals for an
online condition monitoring of cable grids is shown, analyzed and compared to the
current methods.

Kurzfassung

Mittelspannungskabel stellen einen wesentlichen Bestandteil der Stromnetze dar,
gleichzeitig sind viele Kabel bereits seit 30 Jahren oder ldnger in Betrieb und ihr
Zustand ist nur schwer festzustellen. Reparaturen und der Austausch von Erdk-
abeln sind einerseits mit hohem Arbeitsaufwand, Behordenverfahren und Kosten
verbunden. Schéden kénnen andererseits zu Stromaustfillen und Beeintréchtigun-
gen der Versorgungssicherheit fiihren.

In vorliegender Arbeit wird ein Uberblick iiber die physikalischen Vorgéinge und
Alterung von Erdkabeln und den aktuellen Stand der Wissenschaft zu diesem
Thema gegeben. Das praktische Hauptproblem hierbei ist die Beschaffung von
Daten iiber den aktuellen Kabelzustand, da fiir die Alterung relevante Parameter
der Kabel im Betrieb in der Regel nicht ohne Weiteres festgestellt werden koénnen.

Eine Moglichkeit zur Informationsbeschaffung {iber den tatsdchlichen Zustand
der Kabel stellen die Verfahren der technischen Diagnostik dar. Die am weitesten
verbreiteten Verfahren, Messung von Teilentladungen und des Verlustfaktors tand
wurden vorgestellt und anhand von praktischen Messungen bei Kérnten Netz er-
lautert. Abschlieflend wurde der aktuelle Forschungsstand zu einer Methode zur
Nutzung von Power Line Communication (PLC) Signalen zur Zustandsbewertung
in Netzen vorgestellt, analysiert und mit den etablierten Methoden verglichen.
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Introduction

This thesis was written in cooperation with the Austrian grid operator Karnten
Netz GmbH between summer 2018 and winter 2018/19. The thesis is dedicated to
the subject of ageing and degradation effects within medium voltage (MV) power
cables and their effects on the physics and reliability of the grids.

The goals of this thesis shall be:

e To give an overview of the physics of underground power cables and the
ageing mechanisms affecting them,

e to analyze currently used diagnostic methods for the condition assessment
of the cables, and finally

e to give an outlook on new promising diagnostic methods and their current
state of research.

The focus in all this shall lie on the physics and the understanding of the physical
problems behind these questions, not on specific technical solutions. Therefore,
the thesis is divided into four chapters:

1. An introductional chapter with the fundamentals on the physics and tech-
nologies behind cable grids.

2. A chapter in which the different ageing effects and processes on cables are
explained in detail.

3. A chapter about measurement tests in the grids to get information about the
actual condition of the cables, called diagnostic tests. The two most widely
used diagnostic techniques nowadays, the measurement of partial discharges
and the dissipation factor tand, are shown in detail.

4. A last chapter with an outlook on a possible future diagnostic technique using
signals from powerline communication in a grid for diagnostic purposes. The
current state of research and possible future applications shall be explained.



1 Underground Cables —
Fundamentals and Layout

In this first chapter, a few basic insights into underground cables shall be given.
Starting from a short history of the cable-technology to the situation in a dis-
tribution grid nowadays, the basic physical properties and the layout of classical
modern power cables and the challenges regarding ageing effects in operation shall
be explained.

1.1 Underground Power Cables - Introduction

1.1.1 Historic Development of Cables and Motivation

From the beginning of the use of electricity, around 150 years ago, there have been
basically two options for the transport of electrical energy over distances: building
overhead power lines - hung onto transmission towers or power poles, or digging
cables - buried in the ground. This thesis deals with the latter - cable grids used
for the distribution of electrical energy.

Cables consist of at least two very basic components: An electrical conductor
and an adequate insulation. Speaking in terms of practical experience, problems
or outages are hardly caused by the conducting material, but by problems with
the insulation. |28, S.11]

Historically, the first known underground cables were used around 1880 in Berlin
for the power supply of arc lamps. In many cities of this time, power lines and
cables for the newly discovered inventions like electrical lighting, telephone and
telegraph wires were just hung over the streets separately, uncoordinated and in
a very chaotic way. Underground cables were an approach to bring some kind of
order into this vast amount of wires and cables. Nevertheless, the development
of capable synthetic insulation materials was only in its very early stages in the
1880s, so Guttapercha, a latex of the Asian Guttapercha-tree was used as insulating
material. Unfortunately, the thermal resistance of this material was not sufficient.
When the cables heated themselves up, the insulation became soft and squashy



already around 45°C. Hence, it was clear that from the very early days of cable-
technolgy on, better suited insulation materials had to be developed.

Around 1900, Siemens already fabricated cables in an industrial scale in Ger-
many and over 500 cable types were available. High reliability played a major role
in this technology from the beginning on. With the cables being buried at least a
meter underneath the surface, the replacement of damaged cables always leads to
high work efforts and costs. |7, S.19] [36, S.59]

Figure 1.1 Figure 1.2
Cables and wires on the Broadway Digging of a cable trench by
on a postcard from 1880. Siemens in Germany in 1912.

Nowadays, underground cables are laid all around the world, providing billions
of people with electrical energy. Due to this enormous extent, the grids represent
major assets and huge investment objects for energy production and grid operat-
ing companies. Excavation works, repair and replacement of damaged cables are
still a complex matter, but in comparison to 1880 there is an additional major
factor nowadays grid operators have to deal with: Security of supply. Damages
and disturbances of cables usually lead to power outages in a certain region. Due
to just-in-time production, fully automized, connected and computer-controlled
working procedures even short outages can lead to enormous costs.

These problems led to more and more sophisticated techniques and an ongoing
development. From 1890 on, paper as insulating material was used. Conductors
were basically wrapped with several layers of paper and impregnated with oil or
a viscous oil-mass. These cables needed an outer coating of lead though, to pre-
vent moisture ingress into the paper. Oil impregnated paper was the most used
insulation for decades until the developments in polymer chemistry after World
War 1II led to the use of polymeric insulating materials. Insulating materials made
from Polyethylene (PE - 1942) or Cross Linked Polyethylene (XLPE - 1968) were
developed, which are still in use in large parts of the grids. S.52f]



1.1.2 Situation in a modern Distribution Grid and Scope

While generally in high voltage grids (110-380kV) overhead power lines are domi-
nantly used, in medium voltage grids (10-30kV) around 85% cables are installed.
Due to lack of space especially in cities or densely populated areas, the amount of
cables is assumed even to rise in future. [7, S.26]

The situation in the distribution grid of Kéarnten Netz is a good practical exam-
ple and representation of the already mentioned historical development of cable
technology.

Kérnten Netz operates an electrical distribution grid in Carinthia, in the south of
Austria, with about 217200 customers and about 18100km of electrical grid, with
nearly 2900km of underground cables. In figure the number (not the length!)
of installed MV underground cables is shown depending on the year (from 1945
to 2018) and the cable type. It is clearly visible, that until the mid 1970s oil
impgregnated paper-mass cables were the most used cable types, then PE cables
and from the 1990s on XLPE cables of the first and second generation were used:
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Figure 1.3: Number of installed cables sorted by cable technology and year (picture:
Kéarnten Netz)

Looking at the total lengths of installed cable, the distribution can be broken
down to the following different cable types:
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From the total of 2870km of underground cable, around 15,7% consists of old
oil-mass cables, around 18% are PE cables, and the rest of around 2/3 of the ca-
ble grid consist of XLPE cables from 1st or 2nd generation. In other words, over
80% of the grid consist of cables with a polymer insulation, therefore this type of
insulation will primarly be the subject of this thesis. Another interesting diagram
is the total installed length of cable depending on the year:
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Figure 1.5: Total installed length per cable type in 2018 (picture: Kérnten Netz)

In figure[L.5] all cable installations up to 1988, with being over 30 years in service
are marked in red. Out of the total amount of 2870km approximately 980km of
cable are older than 30 years, which is 34%. This also shows the necessity of
considering ageing effects and mechanisms in cables to gain a better understanding
of their residual lifetime.



1.2 Physical Properties of Cables

As already mentioned in section [I.1.1] a cable - at the very minimum - consists of
a conducting and an insulating material. To understand the physics of the cable
in operation, a few details of the physics of cables need to be discussed first.

Cables are used for a wide variety of purposes and their behaviour regarding
electrical, mechanical, thermal and other properties are a large field of research
and development. Due to the focus of this thesis on cables for power distribution in
the area of 20kV, only the most relevant properties for this application are shortly

explained. For further information there is plenty of recommendable literature e.g.
7, [13), 7] or [B4).

For the requirements for cables in a 50Hz power grid, cable characteristics, like
quality of transmitted signals or behaviour at different frequencies are mostly neg-
ligible, the main purpose is the transport of electrical energy. Therefore, different
types of losses play a major role and the minimization of losses is a main focus
in cable development. Nevertheless, it is still always a compromise between costs,
efforts and security of supply.

1.2.1 Resistance and Effective Resistance

The most obvious property of a conductor and cause for losses is the ohmic resis-
tance R. From a physics point of view, the ohmic resistance R is depending on
length [, cross section A and conductivity o:

l

R = p—} (1.1)

This resistance R is, strictly speaking, a DC-property and therefore described
by real numbers. As an example, o for the two most widely used conductors cop-
per and aluminium is 58 and 35m/(Q2 - mm?). This means the conductivity of
aluminium is about 40% lower than the one of copper. So for the same ohmic
resistance a circular aluminium conductor needs a 70% bigger cross section, which
results in a 29% greater diameter. The aluminium conductor in this case weighs

still around 50% less than the copper conductor. [15, S.24]

Resistance is a temperature dependant property, so heating of the cable must
be taken into consideration as well. Due to different losses or induction within the
cable layers, the temperature of the conductor rises in operation. In the technical



relevant area up to around 150°C the increase of resistance is proportional to the
increase of temperature. For the resistance R(7T') the following equation is met:

R(T) = Ry - [1 + a - (T — 20°C)] (1.2)

Where Ry is the resistance at 20°C, which is the usual reference value. The
temperature coefficient « for metals is usually ~ 0,4%K~!. So for a temperature
increase of 100K, there is an increase of resistance of 40%. Operational tempera-
tures of cables are around 80-90°C. Maximum tolerable values for the resistance of
different conductors are regulated by standards, e.g. IEC 60228. In practical use,
the resistance per unit length of the cable is used R’ = R/l in [Q2/km].

[15, S.24] |34, S.88f] |51} S.31f]

For a realistic view on the losses in a AC-cable, additional interactions need to
be considered which leads to the effective resistance R© = R’ + AR’'. The main
effects contributing to AR’ are the so-called skin-effect, proximity-effect and hys-
teresis losses which only occur in DC-operation. Strictly speaking, the skin- and
proximity-effect are frequency dependent, whereas this dependency is negligible in

our case, because this thesis only deals with the central European grid frequency
of 50Hz.

The skin-effect is the tendency of currents in AC-operation to increase from
the middle of the conductor towards the surface. The current density J therefore
is higher near the surface of the conductor, practically the skin of the conductor.
This distribution is shown in figure [L.6}

Figure 1.6: skin-effect and distribution of the current density J for DC-(left) and AC-
operation (right). [15, S.30]

The oscillating magnetic field H of the cable induces eddy currents I;,q within
the conductor, overlapping with the AC-current (inductance is explained in de-



tail in section . This effect causes an uneven current distribution within the
conductor and leads to an apparent reduction of the effective cross section and
increase of the resistance, especially for bigger conductor cross sections. The skin-
effect can be avoided by segmenting a conductor and insulating the segments from

each other (e.g. in a Milliken-conductor, see also section |1.3.3] |15 S.30]

The proximity-effect is also caused by induced eddy currents due to the AC-
voltage, but in this case from adjacent conductors of other cables. The eddy
currents again overlap with the AC-current and cause a single-sided current-
distribution.

Current direction: Current distribution:

@D QO
OO OO

Figure 1.7: Current distribution in two adjacent cables due to proximity-effect in AC-
operation. |21]

Figure [I.7] shows the change in current distributions due to the proximity-effect.
In operation, the impact of the proximity-effect is low especially compared to the
ones caused by skin-effect, and decreases strongly with the distance between the
conductors. Because both effects are caused by inductive processes, they depend
on the frequency of the AC-voltage. |15 S.31]

Ferromagnetic parts near the conductor, like cable racks or protective layers of
the cable, are continuously magnetised and remagnetised. The energy needed for
this effect is an additional loss for the cable, called hysteretic loss, and increases
R'. For the calculation of R', with all this components described, empiric for-
mulas exist (e.g. in IEC standard 287) but the matter is rather complex and the
formulas complicated. Experience shows, that hysteretic losses heavily depend on
the design of the cable and especially the outer layers which contribute the largest
part to the occurring external electrical field. For the exact determination of R’
measurements are necessary. |15, S.35f][34, S.88f]

1.2.2 Inductance

Michael Faraday was the first to realize, that in a conductor in a time-variable
magnetic field a voltage can be measured, which he called Induction Voltage. For

10



a coil with cross section A and a magnetic field B this results in Faraday’s law
of induction:

d - o dd,

®,, in this case is the magnetic flux.

In an AC-system the magnetic flux changes with every sine oscillation of the
voltage. For an electric current that flows through a coil, a voltage in the coil
itself is induced, which is contrary to the voltage applied after Lenz’s law. The
magnetic field of the coil is proportional to the current I which gives the following
equation for the magnetic flux:

@m:/E-dﬁ:L-I (1.4)

The proportionality-constant L is called coefficient of self induction and has the
physical dimension [L] = 2% = 1Henry = 1H. Therefore, an inductivity of 14
means, that 1 Volt of voltage is induced in the conductor, when there is a change

in current of 14/s.

For electrical grids, a good approximation model of the inductance is built by
two parallel conductors with radius ry and distance d, through which a current
with opposed direction flows (see figure . In this model the current density
is assumed to be constant inside the conductors and there are no ferromagnetic
materials within the range of the magnetic field.

JZ 2r0

1 * 1 b

il -1
: o |7

1 : L .

: | X |- | x
Tazex E_x
: : 2

Figure 1.8: Model of two parallel conductors with distance d and opposing currents [

[10] S.136]

The coefficient of self induction for this model now is (derivation can be found
in literature, e.g. in [10]):

11



L= — 4+ In

s 2 To

,Ltol[l d—TQ

] (1.5)

where:
fo = vacuum permeability (o = [H/m)]]
ro = radius of the conductor

Equation shows, that self induction increases logarithmically with distance
d, and decreases with conductor radius rg. Therefore, the conductors need to be
placed as closely together as possible to minimize induction. Inductance gets min-
imal at L(d = 2ry) = 2110, S.1271f|

Again, in practical use, also the inductance is mostly considered per unit length,
as L' = % Inductance depends heavily on the distances between conductors,
shielding and outer layers of the cables or ferromagnetic material within the field.
All of these factors are excluded in equation [I.5] and are usually not considered in

the catalogues of cable producers as well. |15, S.40]

Quite vividly, the inductivity can be described as an energy storage within the
cable, where energy from the grid is transferred into the magnetic field. The
applied voltage U causes a current I, which builds up the magnetic field. In
AC-grids with frequency f or angular frequency w = 2xf , this energy has to
be provided with every change of phase, which causes a delay in the phase of
the current in comparison to voltage. This resulting phase shift between voltage
and current can be visualized in a complex vector diagram and is therefore is
described by an imaginary number, which increases with frequency. This frequency
dependent, inductive property is called inductive reactance Xy :

X =j-w-L (1.6)
[10, S.1551] [62] S.961f1]

1.2.3 Capacitance

Similar to the phenomenon of inductivity, also the capacitance is a property which
stores energy taken from the grid, but in this case to build up an electrical field. At
a given voltage, the capacitance is a characteristic value of the charge a material
can hold. The SI unit for the capacitance is Coulomb per Volt and called Farad
1F =1C -V~ |62, S.762]

12



The simplest practical model to illustrate the parameter capacitance in a cable
is a plate capacitor with two conducting plates with area A (e.g. the conductor
and conductive sheathing in the cable), distance d and a dielectric with relative
permittivity €, in between (the cable insulation).

A

Figure 1.9: plate capacitor

[27, S.238]

The capacitance of this plate capacitor is:

A
— €y — 1.
C €o * €p d ( 7)

where:
C = Capacitance of the plate capacitor
€p = Vacuum permittivity, a constant

This very simple model of the plate capacitor already provides information about
a few central characteristics of the capacitance in electrical cables:

e The capacitance increases with the area A - cable cross sections are usually
constant over length, and therefore the capacitance of a cable is proportional
to the length.

e A higher distance between the conductors decreases the capacitance.

e A higher relative permittivity ¢, increases the capacitance.

Because of the small distance between conductors and the outer sheath (which
is at ground potential) of cables and the high €, of the cable insulation, the capac-
itance of cables is by orders of magnitude higher than of overhead power lines.

The model of the plate capacitor is very simple compared to the complex real
properties of cables. In real life, capacitances occur both between a conductor and
earth potential and between the conductors within. Therefore the calculation of
real capacitances of cables is rather complex and measurements have to be used to

13



determine the actual values. In practical use, the capacitance of cables is mostly
considered per unit length C" = £.|27, S.237f]

In AC-operation, this capacitance is charged and discharged with every change of
phase in current and an oscillating electrical field results. Because of the continuous
charging and discharging of the capacitance, an apparent current is flowing. Due
to the development of the field, the electrical voltage follows the current with a
delay, a phase shift.

Similar to the inductive one described in the last section, the capacitive phase
shift can be described by an imaginary number, which in this case decreases with
frequency. This capacitive property is called capacitive reactance Xc:|10, S.156]
[62, S.961ff]

1
Xo =

-roo (1.8)

The physical properties of X and X¢ are shown in figure [I.10] in a vector dia-
gram. In the vector diagram, an ohmic resistance has no imaginary part but only
a real part on the real axis Re(Z), and therefore causes no phase shift ¢. An ideal
inductance causes a phase shift of ¢; = +90° and would therefore have no real but
only an imaginary part, being situated on the positive y-axis. An ideal capacitance
causes a phase shift of ¢ = —90° and is situated on the direct opposite part of
the negative y-axis.

Im(2)
@ =90°
(R
Re(2)
Pc g = ~90°

Figure 1.10: Phase shift of f ¢ = +90° for ¢, and ¢¢ |10, S.156]

In AC-operation, the charging current Io and charging power Pg for the given
capacitance is highly important. It can be calculated via

14



Po=U-1,=U%*w-C (1.10)

and describes the constant flowing currents and power, responsible for charge
and discharge of the capacitance in the cable.

As shown in the model of the plate capacitor in equation [1.7, Ic increases
proportionally to the length of the cable, and the charging current adds itself to
the transmitted current I. The resulting total current is limited to the maximum
permissible current value of the given cable (called ampacity, which must not be
exceeded because otherwise the cable would overheat). Therefore, for long cables,
the necessary Pr in the cable for the capacitance limits the transmissible power.
These limits are shown in figure for a voltage of 110kV. Due to their high ¢,
for oil- and gas-insulated cables at already around 70km, /- equals the maximum
permissible current. The cable then only transports charging power and there is
no power transmission. The maximum length for XLPE-cables is better, because
their €, is around 1.5-times smaller. |15} S.42ff]

140
— cosp=1
MW F— Upmax = 114 kV
\ \.::\ max
Transmittabl N
o L0a R T Unin = 96 kV
\\ AVSL265/3 \\
8 \ M
\\ ~J
60 \ o~
Gas-insulated Cable “\
40 \\800 mm’ Cu
Oil-Mass Cable \ \
0 800 mm* Cu
XLPE-Cable \
\ \ 630 mm* Cu \

[¢] 20 40 60 80 160 120 140 160 km 200

Length N

Figure 1.11: Transmissible power of cables and overhead power lines for 110kV as a
function of the length. |15 S.46]

1.2.4 Dielectric Losses and Dissipation Factor

As already mentioned regarding the plate capacitor in section the dielectric
plays a major role in the capacitive behaviour of the cable. The central parameter
in the dielectric is the relative permittivity €,. If a dielectric is placed in an electric
field, the atoms of the dielectric act as dipoles and align with the electric field.
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This leads to a polarization in the dielectric and an additional field, opposed to the
initial one. This polarization field therefore weakens the strength of the original
field. The better the dielectric, the higher the decrease of the resulting voltage in
the capacitor, and therefore the increase of C. Based on equation [1.7] in analogy

to the magnetic flux density B = uH an electric flux density in the dielectric can
be defined:

D =¢eF = ¢, E (1.11)

¢, therefore is the decicive property of the dielectric. €, for air and other gases is
around 1, for most insulating materials in cables 2 < ¢, < 8. Water though, which
can occur in traces in nearly every insulating material, has an substantially higher
€, of = 80. Within a dielectric, impurities or cavities lead to large differences of
€, and therefore a locally elevated field strength D, which in the worst case can
lead to ionizing of the gas in the cavities and partial discharges. In case of water
within the dielectric, a change of ¢, for the factor of 10-40 occurs, which makes
even small amounts of water within an insulating material a serious problem. |54}

S.347f] [10, S.24f]

In AC-operation, due to the constant change of voltage and therefore polariza-
tion of the dipoles, losses occur called polarization losses. Also, small amounts of
AC-current flow through the dielectric and ionizing losses due to partial discharges
between the conducting layers can occur. These cause not only an ideal capacitive
current I to flow through the capacitor, but also a resistive part Ir, which would
be 0 for an ideal capacitor. This can be visualized in a complex vector diagram:

Figure 1.12: A real, lossy capacitor and its vector diagram. |54} S.349|

Figure [[.12] shows, that the ratio of this ideal capacative current Io and the
(usually much smaller) resistive part I is the tangens of the loss angle tand.

I
tand = -2 (1.12)
Ic
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Also, Ir is in phase with the voltage U, so that for the phase shift between
voltage U and the resulting current I the following equation applies:

6 =—90°+0 (1.13)

¢ therefore is called loss angle and tand dissipation factor. |54, S.347ff] |10,
S.24f] [15, S.51ff]

The values for the dissipation factor of dielectrics are often not constant and
very temperature-dependent. For insulation materials the dissipation factor tand
is usually in the order of magnitude of 1/1000:

Material | tand[1073]
Oil/Paper 3-9
pPVC <80
PE <04
XLPE 0,4

Table 1.1: Usual dissipation factors for different insulating material |15, S.43]

1.2.5 Ampacity and Heating

In section [1.2.3] it is already shown that the maximum permissible ampacity is
responsible for the limited possible length of power cables. So the limitations of
current within a cable and the physics behind it shall be considered as well.

The ampacitiy of a cable depends on different conditions like the given voltage
drop or the prevention of power losses, but the main factor is heating to prevent
damages on the insulation. Responsible for the heating of a cable are the different
losses occuring within the different constructional parts of the cables:

e Losses within the conductor have already been explained in section like
the skin-effect or proximity losses.

e Also dielectric losses within the insulation have already been discussed in the
previous section Talking about modern insulation material, dielectric
losses only play a role in the area of extra high voltage.

e Inductive losses and eddy currents within conducting parts of the sheathing

as described in section [1.2.2]
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All of these losses create heat flows ); flowing towards cooler areas within the
cable. The resulting temperature increase 99 is proportional to ) and in analogy
to Ohm’s law, the proportionality factor is called thermal resistance Ryp:

60 = Q - Ry, (1.14)

In practical use, thermal resistance is usually considered per unit length of a
cable R}, and has the dimension £.

Within a cable, the thermal resistance of the conductor is negligible (according
to the Wiedemann-Franz law they are good thermal conductors as well). So only
the sheathing, insulation and environment of the cable play a role in the consid-
eration of thermal resistance.|34, S.86ff]

Thus, in practical use, the total thermal resistance consists of several partial
resistances R;;; which have to be added. Especially when dealing with more com-
plex geometries of conductors e.g. in three-core cables, computation or modelling
of the total thermal resistance is rather complicated. Additionally, the thermal
resistance of the soil surrounding the cable plays a big role as well, because all the
heat is eventually emitted into it. The heat resistance Ry, of the soil around the
cable is difficult to evaluate, because it depends on a variety of parameters. On
the one hand the nature of the ground (clay, mud, sand, loose or compressed) has
very different properties, on the other hand moisture of course plays a big role. For
sand, Ry, is 0,4-3,0 K—V;”, depending on on the humidity. To avoid this differences,
cables can be laid into a concrete bedding with a thermal resistance of 0,7-1,0 %,
which can increase the transmission capacity over 10-20%.

Heat sources near the cables like other cables or pipes have an influence on
the heat flow in the soil also. The same applies to cables, which are installed in
cable ducts, where a layer of air is between the cable and the ducts. This can
actually increase the ampacity in comparison to cables in soil. Calculations for
these different circumstances - regarding the cable temperature - can be done as
an approximation and are shown e.g. in DIN VDE 0276, but are rather complex.
[15, S.81ff]

In case of a short circuit, different and higher ampacities are allowed. In this
case, because of the short duration of the short circuit current (up to a maximum
of a few seconds), the whole resulting heat due to the short circuit is stored within
the conductor and not in the insulation. This is called an adiabatic heating.

For normal operation, the ampacity of a grid is usually calculated after mean
patterns of daily load. Due to renewable energies and them feeding into the grids
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at unusual times of day, loads within many grids increased over the last years.
On different spots in distribution grids, thss loads may exceed the values used
in the original grid planning. This may not always cause immediate problems,
but as explained the main factor regarding ampacity is not the conductor, but the
thermal ageing of the insulation, which is explained in detail in chapter 2 [7, S.36f]

1.2.6 Complex Resistance and Impedance

As already mentioned in sections[1.2.2] and [1.2.3] inductances L and capacitances
C' in the cable grid cause phase shifts between U and I in AC-operation. The
basic mechanism in this case can be derivated considering a model of a grid with
an AC-voltage U = U, - ¢/*! applied on a cable circuit with ohmic resistance R,
inductance L and capacitance C.

AU |
L
b —— T —»‘ u(t)
Ve I(t)
C N -
AN t
- -
At=(p/2m)-T

Figure 1.13: An AC-circuit with inductance L, capacitance C' and ohmic resistance R
in series. |10, S.156]

Due to Kirchhoff’s laws, the sum of the voltage U(t) and the inductive voltage
Uipna = —L - % must be equal to the voltage drop on R and C: Ug,c = R- 1+ %:

Il Q
=L —+= T 1.1
U dt+O+R (1.15)

Differentiating this equation (where % becomes [) and inserting the complex
terms for U and I leads to the following connection between U and I:

1
jwU = (—=Lw* + jwR + ! (1.16)

In analogy to Ohm’s law and ohmic resistance R, now the complex resistance
Z = % can be applied:
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U ] 1

So it can be easily seen, that this complex resistance Z, which plays a similar
role in AC-operation as the ohmic resistance R in DC-operation, consists of a real
resistance part R and an imaginary reactance part X. The reactance consists of
the inductive resistance X from equation [1.6] and the capacitive resistance X¢
from equation [1.8]

The amount of this vector in a complex vector diagram is the impedance of the
cable:

7] = \/RZ—I—(wL—%)Q (1.18)

The total phase shift between voltage and current therefore be calculated as the
ratio between the complex and real part of the impedance:

Im(Z) wL— %
Re(Z) R
This can be vividly illustrated in a vector diagram, where the vector product

of inductance, capacitance and resistance adds up to the total complex resistance.
Also, when wL = —= the phase shift ¢ becomes 0. |10, S.156f] [12, S.327f]

tang =

(1.19)

Im(2)

Figure 1.14: Vector diagram of a resulting impedance Z with inductive, capacitive and
resistive part.[10, S.157]

1.2.7 Wave Impedance

Another property of interest in cables is the so-called wave impedance. To under-
stand this parameter, a power cable with the idealized model of a coazial cable is
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explained. This cable consists of a thin conductor with radius a on the inside, and

a coaxial conductor with radius b around the conductor, as shown in [1.15]

The

outer conductor in this case is on ground potential. This causes the field lines to
be radial, which is very similar to real medium voltage cables. The magnetic field

lines are circular around the inner conductor.

A
1@
U(z)i dQ/dt ' U(z+Az) z
¥ Az '
z |
‘ Figure 1.16
I~ 2b > Voltage along the z-axis. [10], S.216]

Figure 1.15
Layout of a coaxial cable with
radial electrical and circular

magnetic field lines |10, S.216]

When the conductors run along the z-axis, and an electromagnetic wave prop-
agates along them in z-axis (as illustrated in figure [1.16] the voltage U between
the inner and outer conductor becomes a function dependent on z. By applying

equation [I.4] and equation [I.4] can be stated:

AU =U(z+Az) = U(z) = —L/Az%

for z — 0 follows:
ou_ 01
0z 0z

In similar manner, the current [ is a function of z:

—L
AU =U(z+ Az) —U(z)
Within the length Az the charge () is:

Q=C"-U- Az
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which gives in combination and for z — 0 :

oI __ U

- Y5, (1.24)

Via deriving equation and equation with respect to z and ¢ and mutual

inserting of the mixed term %, two wave equations result:
0*U 0*U
— =LC"— 1.25
022 ot? (1.25)
0?1 0?1
— =LC—=— 1.26
0z? ot? (1.26)

These are the wave equations for the current I and voltage U. From the general

form we know that L'C’ = v% and therefore for the phase velocity of the waves in
h
the cable v, is: ’

1
Uph = \/?C’/ (127)
and consequently only depend on the capacitance per unit length C” and induc-
tivity per unit length L'.

After this equations, at every place z of the cable, the sinusoidal voltage U(z) is
proportional to the also sinusoidal current I(z). The cable in this case behaves like
an ohmic resistance for the wave, even though it only has capacitive and inductive
properties and a negligible resistance R.

This proportionalty factor is called wave impedance Z,, and can be calculated

by solving the wave equations and

L/
—JE T 1.2
U=\Z (1.28)

Therefore the wave impedance as proportionality factor 7, is:

L/
Zw =\ = 1.2
Vo (1.29)

[15, S.68fH|[10, S.216f] [12] S.335]

These derivations and equation [1.29| show, that the wave impedance only de-
pends on the inductance L and capacitance C' of the cable, which especially depend
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on the geometry of the cable, type of dielectric etc. (under the assumption of neg-
ligible ohmic losses). Also, equation is only valid for cable layouts with no
electrical field outside the room between the inner and outer conductor (this is
also applicable for medium voltage cables, as shown in section |1.3]).

An important feature of the wave impedance Z,, is, that when a wave travelling
along the cable reaches a spot where a change in Z,, occurs, the ratio of voltage U
and current [ has to change as well. The maximum change in Z,, occurs at the end
of a cable, where Z,, — oo. The transported energy of the incident wave can not
be converted so the wave is completely reflected. The reflected wave afterwards
propagates in the opposite direction of the cable. Due to Kirchhoft’s laws, the
current and voltage of the incident and reflected waves give the voltage and the
current at the termination. So the voltage is doubled at the end of the cable, as
shown in figure [1.1

Figure 1.17: Reflection of a square pulse at the end of a cable with Z,, = co - in the
middle part the increase of the voltage to its doubled value is shown.|15]
S.77

These increases of voltage do not only occur at the end of cables, but also at
transition points to a high ohmic resistance and can be a possible danger for the
cable. The same goes for any changes of Z,, along the cable with a Z,, higher
than the previous Z,, e.g. at sleeves or overhead power lines, which have a much
higher wave impedance than the cable (but not oo !). In this case the resulting
voltage U; at the transition point is Uy = U - (1 4+ r) with the reflection coefficient
T

ZwZ - Zwl
= W v 1.30
" Zw2 + Zwl ( )
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The derivation of equation [I.30] can be done using Kirchhoft’s laws and is shown
e.g. in [30]. The equation shows, that at a transition from a cable with Z,,; = 5052
to an overhead power line with Z,, = 20082 the reflection coefficient » = 0, 6.
This means that at the transition point, the voltage increases over 60%. If the
constellation is the other way round, and the overhead power line leads into the
cable, r becomes negative ( r = —0,6). In this case the voltage in the cable is
60% smaller than before, but the current I in this case increases over 60%. |15,
S.74ff][30, S.129ff]

1.2.8 The Physics of Polymer Dielectrics

As already shown in the practical data from the Kérnten Netz grid, in the area
of MV cables, polymers are nowadays the most widely used insulation material.
Because the insulation is the main subject at considering ageing processes, a few
basic principles of polymer physics shall be explained shortly.

In general, properties of different polymers and polymer physics is an enormous
wide and complex scientific field. The wide use of polymers in diverse applications,
and the replacement of classical materials like metals, wood or paper with specif-
ically tailored polymers makes them a huge subject of research. The microscopic
processes responsible for the macroscopic physical properties are often very com-
plex, difficult to understand and different for each polymer. In this thesis only a
few relevant characteristics and principles for the use on MV cables can be shown,
for deeper insights literature like [55] or [63] are recommended.

Basically, polymers consist of large, long-chained macromolecules, made from

repeating monomers, which are the smallest units of the polymers. The name of
the polymer is derived from the according monomer with the prefix poly:
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n in this case is called degree of polymerization and usually lays in the range of
10% — 10°. [31], S.3f1]

For different uses and applications, different polymers regarding macroscopic
properties like density, stiffness, melting point and many more can be constructed.
These different characteristics and properties are achieved via variation and struc-
ture of the monomers used, the use of additional additives, filles or processes, in
which the polymer-chains are connected for increased stability or durability (for
the use in cables this process is called cross-linking and is explained in more detail
in section . Because of this variety of possibilities to create tailored mate-
rials for different applications, an enormous number of polymers are in use, also
for different applications in electrical engineering.

An important process of polymers is the so called glass transition, which has
effects on nearly every property of the polymer. Above a certain temperature
T¢, which is termed the glass transition temperature, the polymer-chains moves
in segmental motions and can be deformed because it is possible to rotate the
C-C bonds. Amorphous, non-crosslinked polymers above Ty therefore practically
behave like viscous liquids. Within the liquid, the polymer-chains form disordered
clusters, but have no structure.

When the temperature drops towards T, the motions of the chains decrease
severely. This is, because the return-time to equilibrium within the polymer in-
creases heavily with decreasing temperature. Below T, the movements are prac-
tically frozen, the non-equilibrium state becomes metastable. Like the freezing of
water to ice, the cooling towards T in polymers always goes along with crystal-
lization. Because of the long chains and their complex geometry, these processes
in polymers are much more complicated than in water. For a full crystallization,
the disordered chain-clusters would have to be completely unraveled. Therefore,
cooling polymers tend to form a glas, which means they freeze while keeping their
disordered structure. In this state, the molecules are crossbonded by the van der
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Waals’ attractions between them, which at higher temperatures with higher move-
ment of the chains are too weak for bonding. Consequently Polymers usually only
crystallize to a certain degree, even the simple structured polyethylene only crys-
tallizes for about two thirds when cooled down from the molten state. One third
of it stays amorphous, and builds a glass.

In many practical cases, polymers are processed via cooling of the melt, also
in the production of cables, where the insulation is usually extruded around the
conductor. The crystallized parts of the polymers often build so-called lamellae,
where a stack of polymer chains are folded in periodic layers, which are typically
about 100nm thick. The lamellae have different chains that hang loose or re-enter
the lamellae in some distance. The transition of the loose chains to the partly-
crystallized lamellae is shown in figure [1.20

Figure 1.20: Illustration of the transition from loose polymer-chains (left) to partly
crystallized lamellae. Because of the loose ends on the surface of the lamel-
lae this model is also called switchboard model of polymer-crystallization

S.118]

The exact building processes and interactions of the lamellae are very complex
and not completely understood nowadays and several models exist - the illustra-
tion is very good to understand the characteristics of polymers. Due to the partly
crystallized lamellae-structure of the polymer, in the area above Ty and below
the melting temperature T, a liquid and solid phase coexist in the polymer. The
crystallized lamellae are surrounded by liquid. E.g. in case of mechanical compres-
sive stress, it can be absorbed by the liquid phase, and the crystal-structure does
not break. This expains the characteristic tough behaviour of polymers between

Te and TM., S.117f|

Polymers with glass transition temperatures 7y above room temperature are
called thermoplastic. When Tg is (sufficiently) below room temperature, they are
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called elastomer. T; however is not completely clearly defined, and a bit arbitrary,
and depends on different factors like the cooling rate or pressure. Furthermore,
glass transition has severe impacts on non-mechanical properties like specific vol-
ume, entropy or specific heat also.[63, S.114ff] [31}, S49]

These transitions from almost liquid to semicrystalline state with amorphous,
glass-regions are important to consider, when talking about polymers as electri-
cal insulation materials. When temperature increases and decreases towards T},
occur, the material structures are possibly changed or modified. The morphology
of the polymer though, is essential for the mechanical, thermical and dielectric
properties of the insulation.[55, S.98| By rule of thumb, polymers can crystallize
in a temperature area at least 30°C over Tz and at least 10°C below T);. If the
temperature is too low, the motion of the segmental motion of the polymer-chains
is too low to cristallize, at too high temperatures the thermal motion is too strong.
[55, S.111]
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1.3 Layout of Cable and Layers

After the explanation of the basic physics of power cables and the main processes
occurring in them in operation, the design and function of modern underground
cables shall be shown. Therefore, after a short explanation of the basic cable
classification, from a practical example of an MV-cable the different layers, their
function and their characteristics shall be explained.

1.3.1 Classification of Cables according to Voltage

According to Austrian and European standards, cables are designed for the use in
a three-phase electric power grid with a nominal Voltage of Uy = v/3 - U,

Uy in this formula is the voltage difference between two phases, Uy the voltage
difference between an individual phase and neutral. The cables may be used in
grids in which the star point is either earthed with a low impedance, insulated or
with earth fault compensation. In grids with earth fault compensation, a single
earth fault should not be longer than 8 hours, and the sum of all earth faults in a
year should not exceed 125 hours. |36, S.21ff]

According to CENELEC (European Committee for Electrotechnical Standard-
ization) cables in European power grids can be divided into four main categories
according to the different nominal voltages in each category:

1. Low Voltage U, < 1kV

2. Medium Voltage U, < 35kV

3. High Voltage U, > 35kV

4. Extra High Voltage Uy > 230kV[5]

As already mentioned, the focus of this thesis lays on Medium Voltage cables in
the area of 20kV.

1.3.2 Layout and Components of a Medium Voltage-Cable

“...waterproof for 100 years, flexible and extensible, so volt-resisting
that the thinnest film suffices, with a specific capacity almost as low
as that of air...” (Mervyn O’Gorman, IEE Journal 30, 1900 [15] S.4]

It is easy to see, that the desired properties for cables have been very clear for
the last 120 years. To optimize cable design in terms of resilience and reliabil-
ity, different additional layers of sheaths to the basic conducting and insulating

28



material were invented over the time. The physics and engineering behind these
design-questions are not trivial: even though air is a good insulating material, a
20kV overhead power line needs 180mm of insulation distance while a cable only
has 6mm of insulating coating. This shows the high requirements on the material
and its processing. |7, S.29]

Every modern cable is characterized by a code of different abbreviations, pro-
viding information about these layers and the cable-design. To give a basic insight
how the different components and layers may look like, figure [2.9] shows the cross
section of a modern cable as an example and the abbreviations for the different
layers.

Abbreviations
N: A: 2X; S: Y
narm alumunium- | XLPE-insulation copper PWC-jacket
canductar 2 2Y:

radial waterproof PE-jacket
FL:
longitudinally
watertight

e e I

conductor inner ALPE outer separation copper separation  aluminium jacket
canductor insulation conductor  tape wire tape foil ar aversheath
sheath sheath SCreen

Cable Layers

Figure 1.21: Example for cable-layers, adapted figure from the cable-producing com-
pany nkt. [41]

The cable shown in figure 2.9| consequently has the abbreviation NA2XS(F)2Y
12/20KV.

e Fundamental Type - N stands for “according to a national standard”
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e Type of Conductor - A for aluminium conductor.

e Type of Insulation - XLPE-insulation (2X) and helically wounded copper
wire screen (S)

e Water Resistance - F indicates a radially waterproof screen.

e Oversheath - oversheath made from polyethylene (2Y).

Each of these layers is explained in more detail in the following sections. [41]

1.3.3 Conductors

Requirements for conductors in cables are determined in EN IEC 60228 - they
can differ regarding material, shape, design and cross section. The main goal of
the conductor is to transport the electrical energy with as little loss as possible.
Residual currents in case of faults must not lead to overheating over the maximum
allowable temperature, so reserves need to be considered in the dimensioning. The
necessary conductivity and performance limits are determined by the material and
cross section.

The most widely used materials for conductors in cables are either copper or
aluminium. Copper is an excellent conducting material (only silver has a better
conductivity) and is very easy to forge. Due to this qualities copper has been in
use for different electrical applications from the very first days of electrical engi-
neering on. Aluminium was first used as a substitute, especially in Europe, due
to shortage of raw materials in World War I. Nowadays in low voltage or medium
voltage grids aluminium is the standard material. As already shown in section
even though the conductivity of aluminium is only around 2/3 to copper,
the density is so much lower that a conductor of the same conductivity, made of
aluminium, has only half the weight. |36, S.31] |34, S.1ff]

The shape of the conductor can differ over a variety of possible forms, depending
on the operational purpose and type of the cable. The most fundamental difference
is between single-wired conductors or conductors made of several strands. Alu-
minium conductors can be produced single-wired up to cross sections of 1000mm?
and for special purposes up to 2500mm?2. To ensure a sufficient bendability, for
single-wired aluminium conductors a softer aluminium alloy is used for larger cross
sections. For mechanical protection purposes, conductors with smaller cross sec-
tions are generally made out of a harder material, conductors with large cross
sections are made out of a softer material. |7, S.52]
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Figure 1.22: Practical examples for different conductor-shapes in MV-cables. a)solid
round, b)solid sectional, c)stranded round, d) stranded round and com-
pressed, e)stranded sectional, ) stranded round and compressed with hol-
low center, g) stranded hollow for large cross sections |13] S.326]

Conductors made out of several strands generally have a higher bendability.
The strands can also be insulated against each other as Milliken-Conductors via
oxidation or varnish. This is done to reduce the already in section [I.2.1] explained
skin effect. [7, S.52]

Cross sections of conductors are always stated in [mm?]. The values do not rep-
resent the geometric cross section but the electrically effective cross section, which
can only be determined by measurements.

1.3.4 Insulation

As already explained, insulation is a crucial component in every cable, and a few
properties of insulating dielectrics were already explained and discussed in section
L2l

Basically, the insulation must ensure:

e sufficient insulation of the phases among each other and against neutral at
nominal voltage, and

e sufficient insulation in the case of short time overvoltages (switch voltage,
earth fault...).

Dielectric strength of the insulation is measured in Dielectric Withstanding Volt-
age Tests (DWV). The insulation has to withstand a voltage test, which usually
applies a multiple of the nominal voltage for a certain time on the cable. Also
withstanding surge voltage is tested. These tests are described in more detail in
literature, e.g. |7] or [49].
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The insulation of a cable is not only responsible for electric properties but
mechanical qualities as well. Examples for mechanical properties can be tensile
strength, elongation at break, thermal expansion or form stability.

[36, S.34ff]|7, S.54f]

1.3.4.1 Paper Insulated Cables

The use of paper as an insulating material for cables goes back to the year 1888,
when Sebastian Ziani de Ferranti, a British electrical engineer, got a patent on a
machine to insulate cables with helically wrapped paper. Later, he impregnated
the paper with a mixture of oil and resin which turned out to be an effective in-
sulation as well as a low-cost solution.|34, S.8ff]

Paper insulated cables are nowadays considered to be outdated equipment in
medium voltage cables. But as already shown in figure due to their wide use
in the 20th century and long service life, many of these cables are still in use.
The already described main principle of the production always stayed the same:
specially suited paper is wrapped helically around the conductor and afterwards
dryed and impregnated in large boilers. The paper needs to be dried carefully, be-
cause it originally has a moisture content of about 6%, after the drying it contains
around 0,1% water. Half of the volume of the dryed paper consists of cellulose
fibers, the other half of air. Because of the significant difference of the dielectric
constants of these two materials, using the dryed paper as an insulation would
lead to a very uneven electrical field if a voltage is applied. To avoid this, the
paper is impregnated afterwards with an oil to fill up cavities and ensure an even
field distribution. Always crucial within the oil-paper-insulation is the moisture
content, because of the high ¢, of water, as already described in section [1.2.4] To
avoid moisture ingress, the cables need a waterproof sheathing, which in former
times was usually made out of lead.

Depending on the nominal voltage and the use of the cables, the thickness of the
paper and type of insulation oil can be varied. In medium voltage-applications less
viscous oils are used (also called impregnation mass - therefore mass impregnated
(MI) cables). The advantage of this low viscous mass is to be liquid during impreg-
nation in the boiler at the temperature of about 120°C. During normal operational
temperatures the mass stays viscous though. High and extra high voltage cables
are filled with oil with a very low viscosity, which are also called Self Contained
Fluid Filled (SCFF) cables. |7, S.56ff] |29} S4]
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1.3.4.2 Polymer Insulation

Nowadays, in MV-cables, polymers are the dominant type of insulation. Until
around 1940, oil impregnated paper insulation had a dominant role as insulating
material in cables around the world. The rapid evolution of research and use of
polymers soon led to their use in cable technology in the 1940s as well. As an
interesting aspect, especially in Germany during wartime in the 1940s, research in
polymer insulation was done to find substitutional materials for natural rubber,
which was a scarce good due to naval blockades. [34, S.26]

Researchers quickly realized, that polymer cables actually have a lot of ad-
vantages in comparison to paper-oil-cables: If produced without defects, polymer
insulation is completely homogenous, light weighted, very robust, resistant against
moisture and chemicals, cheap in production, easy in installation, maintenance-free
and also to mention: the insulation properties are very good.

In the production process, the compressed polymer-insulation is pressed through
a special die around the conductor, a procedure called eztrusion, consequently this
kind of insulation is called extruded insulation. |7, S.58| [43], S.55]

The main polymers used in cables nowadays are Polyvinyl Chloride (PVC),
Polyethylene (PE) and cross linked Polyethylene (XLPE). The main properties of
each of them shall be described shortly:

Normally, PVC is an amorph thermoplastic and at room temperature a hard
and brittle fabric. For the use as cable insulation, different additives like plas-
ticizers (approximately 15-50%), fillers and stabilizers are added. The resulting
plasticized PVC is an elastic, rubber-like thermoplastic. [55, S.413|

The basic structural formula of PVC is as follows:

H Cl
[
L H H 4n

As already discussed in section[I.2.4] oscillating dipoles within a dielectric cause
dielectric losses and therefore play a major role in AC-operation. If one is look-
ing at the structural formula of PVC, it is easy to see, that the large chloride-
atoms form strong dipoles within the chain. This leads to high dielectric losses
in PVC-insulation at higher voltages. Also, the material can become brittle at
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low temperatures. These properties and disadvantages limit the use of PVC as a
cable insulation. In medium voltage they can be neglected and are only used up
to maximum voltages of 10kV. |7, S.61ff] [34, S.25ff]

Nowadays, in the area of 20kV cables PE and XLPE are the most widely
used insulation materials. Polyethylene is a semicrystalline thermoplastic and the
structural formula of PE has already been discussed in section [1.2.8, and is as

follows:
| |
i i

H H

in

In comparison to the structure of PVC, from an insulation point of view, many
advantages are clear:

e PE has no polar groups in its structure, therefore ¢, is low, which leads to
small dielectric losses even at higher temperatures.

e There are no large atoms within the structure (like in PVC), which leads to
a very tight packing of the molecule structure and consequently small water
vapour permeability.

e Also the mechanical properties of PE are very convenient for the use in
cables, tensile and pressure strength is high and the material has a good
bendability.

The polymer Polyethylene was first discovered in the 1930s and especially the
Anglo-Saxon countries were the first to experiment with it as an insulation mate-
rial for submarine communications cables, due to its high water resistance. After
the war, PE soon became the number one insulation material for energy cables
as well, even though originally the maximum operating temperature was only at
75°C, which is lower than the operating temperature of paper-oil-cables, which is
around 80-90°C.

These properties were dramatically improved with the invention of cross-linked
polyethylene XLPE in the 1960s. As already shortly mentioned in section [1.2.8]
the term cross-linking describes a chemical process, which uses a cross-linking
agent to create bonds from one polymer chain to another. A cross-linked polymer
molecule therefore is basically not a chain anymore, but a giant net-like molecule.
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Examples for these cross-linking agents are peroxides (most frequently used)
or silanes (for low voltage applications). At higher temperatures, the peroxides
decompose into alkoxy-radicals. These radicals then separate hydrogen-atoms from

the polymer-chains, which then are able to connect with carbon-carbon-bonds as
shown in figure [1.23}

A

R-0-0-R ——» 2R — O

Peroxide Free radical
H HHH H H H
D A Lo,

..-.c-c-c-C—-. —*> . -C-C-C-C—-.. +R-OH

| | | | | | | |
H H H H H H H H

Polyethylene chain

..—CH,—CH,-CH-CH, —..
2 2 —CH, — CH,— CH—CH, — ..
|

w.—CH, = CH, - CH - CH, — ...

+ -

«—CH,—CH,—CH —CH, — .. Cross-linked chains

Figure 1.23: Scheme of the mechanism of peroxide cross linking. [38]

The cross-linking improves the properties of PE as an insulation especially re-
garding their behaviour at higher temperatures. As explained in section [1.2.8]
all the explained polymers in use in MV-cables are in operation in a temperature
range between the glass-transition temperature 7 and the melting temperature
Ty Normal PVC has a T¢; of approximately 85°C [24] which when used as cable in-
sulation is lowered significantly by additives and plasticizers as already explained.
Regarding PE, the value of T varies depending on the source. In [25] T¢ is stated
as -78°C, in 53| the difficulties in an exact measurement of this value are explained,
and the range from -25°C to -120°C for Ty is stated from different scientific sources
and publications. Nevertheless, T; of polymers used as cable insulation is far be-
low normal operational temperatures. As explained in section [1.2.8] the polymers
are therefore operated in the semicrystallized range, where solid and liquid states
coexist.

Normal PE has a melting point of approximately 100°C|25|, which leads to
irreversible changes in the polymer-structure at temperatures in the range of 100-
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110°C. Thus, PE gets instable regarding insulation and shape. Due to its improved
structure, XLPE is a so-called thermoelastic material, able to withstand higher
temperatures without changes in shape or structure. This allows maximum allow-
able operational temperatures of around 90°C and emergency ratings up to 140°C.
The cross-linking process, however, increases the production costs of the cables
significantly. [34], S.32ff] |43} S.55f] |29, S6ff].

1.3.5 Semiconducting Layers

As shown in section the cable does not consist only of a conducting material
and an insulation layer, but of different additional layers in between. In figure
2.9 on the inner and outer side of the XLPE-insulation, two conducting sheaths
can be seen. These are used to ensure a homogenic electric field within the in-
sulation, which will be later explained in detail regarding electrical ageing. The
inner conducting sheath seals the interior space between conductor and insulation.
Usually paper or textile tapes with a low conductivity (therefore called semicon-
ducting layers, even though no actual semiconductors are used) are used for these
layers, which are extruded with the insulation in one working process. The outer
conducting sheath is connected to the wire screen.|7], S.64ff]

In the early years of using this type of layout, too little attention was paid to the
properties of these conducting layers around the cables. Due to impurities, ions
within the semiconductors could contaminate the insulation and furthermore lead
to accelerated ageing and damages - these problems and processes are explained
in detail in chapter 2| [29] S6.].

1.3.6 Additional Layers

After the insulation and conductor sheath, figure[2.9|shows additional layers, which
represent the outersheathing.

After the outer conductor layer, a wire screen, in this case helically wounded
and made out of copper covers the cable. The screen is closely meshed and the
cross section of it is dimensioned, that it can withstand an earth fault current.
If there is a mechanical damage on the cable, the conductor therefore cannot be
exposed without causing an earth fault.

Modern cables are usually radially and longitudinally waterproof, which means
in case of a mechanical damage on the outer jacket, further ingress and distribution
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of water can be prevented. To ensure this, tape layers are placed around the screen,
which swell up and seal the cable this way. Additionally, often an aluminium foil
is placed just after the outer jacket, which works as a diffusion barrier, because
the polymer-oversheaths are not completely vapour-proof.

Modern jackets or oversheaths of PE- and XLPE-cables are usually made from
black dyed, UV-resistant PE.|7, S.66ff]

1.3.7 Transition Joints and Closings

Cable joints and closings are used in grids for the connection or termination of
cables. The demands on joints and closings are similar as on the cables, because
they must not create weak spots within the cable grids. The installation therefore
has to be done carefully and by qualified staff, because other than the production
of the cables, which is basically done in clean room conditions, the transition joints
and closings have to be installed on the construction site.

A basic differentiation of cable joints (Muffen) and closings (Endverschliisse)
can be:

e Stop joints (Endmuffen) are closing cable ends voltage-proof without con-
nection to other parts.

e Connection joints (Verbindungsmuffen) connect cables of the same
type.

e Transition joints (Ubergangsmuffen) connect cables or different types.

e Junction joints (Abzweigmuffen) allow junctions of cables with the same
of different type.

e Closings (Endverschliisse) are closing cable ends with a connection to
e.g. an overhead power line or a switchboard. |7, S.117f]
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2 Ageing of Cables

In the previous section the main characteristics and physics of underground cables
were explained. In terms of practical use, the following key-challenges for grid
operating companies can be summarized:

e Underground cables are an essential part of modern infrastructure for electri-
cal supply. Many distribution grids depend strongly on cables for the power
supply of their customers.

e Within the grid, even small damages and outages may potentially have se-
rious consequences. Power outages can lead to severe impacts on public life
or production losses for companies.

e Cable grids represent huge assets and major investment properties for grid
operating companies, accompanied with high demands in terms of opera-
tional reliability and security of supply.

e The underground installation of the cables involves a great deal of technical
efforts and sometimes complex legal processes with public authorities and
landowners. Legal procedures may take years, so changes within the grid or
the routing of the cables are impossible to execute in short term.

e In operation, power cables are subject to complex processes and high stresses
due to voltage, heat development or external influences. These stresses may
potentially lead to a deterioration of the cable properties and lead to a higher
probability of outages.

This creeping degradation of the cables due to operational stresses is called
ageing. The high dependencies on the grids in conjunction with the requirements
on their availability lead to a strong interest in understanding how ageing processes
occur and what impacts they might have on the cables. The state of research
regarding these ageing processes shall be explained in detail in this chapter.
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2.1 Ageing Processes in General

2.1.1 Ageing of Insulation - Definition and Types of Ageing

The IEC-standard 60505 - Evaluation and Qualification of Electrical Insulation
Systems - defines the term ageing as follows:

“Ageing: Irreversible changes of the properties of an EIS (electrical
insulation system) due to action by one or more stresses. (...) Ageing
leads to degradation of the EIS.” [44, S.11|

Ageing by this definition means the sum of irreversible changes in the physical
properties of insulation materials. By not being reversible, these changes add up
and therefore the state worsens over time. This leads to a time dependent ageing-
state of the insulation. Ageing includes chemical and physical processes and can
be divided into intrinsic and extrinsic ageing.[28, S.15] |11}, S.14]

e Intrinsic ageing: processes in the insulation material caused by ageing
factors.

e Extrinsic ageing: at points, already damaged by contaminants, defects,
protrusions or voids (called CDPVs)

CDPVs are already brought into the insulation during the production processes
and are therefore not in the sphere of influence of the grid operator. Nevertheless,
they can be avoided with an accurate quality management and product testing.

2.1.2 Diagnostic Properties and Ageing Factors

For practical application, measurable properties p within the EIS have to be iden-
tified, which have time trends correlating to the ageing state and are therefore
called diagnostic properties. The development of p can then be plotted against
the time at a given value of stress S;. Theoretically, for the threshold p,, the
time-to-maintenance or time-to-failure ¢, can then be identified. [44, S.34f]
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Figure 2.1: Schematic figure of property versus time behaviour in an EIS, detection of

threshold py, and time ¢y , S.35]

Apart from CDPVs, four main ageing factors for EIS have been identified,
which can act individually or synergistically on the insulation system:

1. Electrical Stress (voltage, frequency, current...)

2. Thermal Stress (temperature cycling, maximum temperature...)

3. Mechanical Stress (bending, tension, vibration...)

4. Environmental Stress (gases, water/humindity, radiation...)

These basic interdependencies can be shown in the following figure, taken from
IEC 60505:

Ageing stresses I

Electrical Thermal Mechanical Environmental

|

[ EIS

.

Ageing mechanisms

Intrinsic/extrinsic

Electrical Thermal Mechanical Environmental

Direct/indirect interactions

!

I Failure

EC 12311

Figure 2.2: Schematic figure of ageing of an EIS , S.13]
According to figure ageing factors can be classified either into electric or

non electric (thermal, mechanical, environmental) origin. In the following sections,
beginning with the non electric factors, they shall be analyzed in detail.
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2.2 Non Electric Ageing

Non electric ageing involves all kinds of ageing besides the continuous operation
with DC- or AC-voltage, or where it is only the cause of secondary effects like
heating. These ageing factors shall be examined in detail in the following section,
on the one hand because they can lead to a breakdown themselves, but on the
other hand because there are cross connections to the electrical ageing mechanisms
explained in the next section. Because the focus of this thesis lies on cables with
polymeric insulation material, the general chemical and physical ageing processes
within them shall be explained first. Then the effects of the previously mentioned
thermal, mechanical and environmental stresses are explained.

2.2.1 Physical and Chemical Ageing in Polymer Insulation

Some basics in polymer-physics and -chemistry have already been discussed in
section [I.2.§] and the most popular types of polymers as insulation material have
been described shortly in section [1.3.4.2]

2.2.1.1 Physical Ageing

Physical ageing effects in polymers have become a subject of interest for research
quickly after the wide distribution of polymer-materials in the second half of the
20th century. For many polymer-products, not especially cables, it was soon dis-
covered that especially when stored at elevated temperatures, many of the original
properties changed, and the materials in general became stronger and stiffer. [56]

A milestone paper in this issue was published by the Dutch researcher L.C.E.
Struik in 1977, where the process of physical ageing was well defined for the first
time. [61] Based on the known fact, that amorphous materials (like polymers) be-
low their glass-transition temperature 7 are not in a thermodynamic equilibrium,
he defined the slow and gradual approach of the material towards this equilibrium
as what we know as physical ageing. At a molecular level, this is attributable to
a higher spacing between the polymer chains after processing, than it would be at
thermodynamical equilibrium state.

A free volume vy, which is the packing difference between the material and that
of the close-packed molecular form at equilibrium state within the material exists.
In amorphous polymers, this is due to the long chains and the bundles they form,
which prevent the material from completely close-packing. Because of the attrac-
tion of the molecules towards each other, these molecular-level holes of the free
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volume increase the internal energy Au proportional to vy.[61, S.166]

The free volume has to be clearly distinguished from microscopic voids within
the polymer. Voids are caused by impurities during the production process like
trapped gas bubbles or excess additive agents and are much larger, approximately
0,1pm.[31, S.53]

Within the polymer, the ageing processes towards thermodynamic equilibrium
cause the molecules to move together more closely. Due to this effect, the inter-
molecular attraction forces become stronger and the molecules lose more and more
freedom of movement. This leads to macroscopic effects of the material becoming
stronger, stiffer and losing ductility. These effects, nevertheless only occur in a
temperature region below Tz and above the temperature of the so-called highest
secondary transition in the polymer 7. This so-called ageing range covers a wide
range of temperature, e.g. for non plasticized PVC from -50°C to +70°C. [61}
S.165| The specific volume of such a polymer is plotted against temperature in

figure 2.3}
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Figure 2.3: Plot of the specific volume v against temperature 7" in an ageing polymer
as described. Between T and T the physical ageing occures as described.
[61, S.165]

The effect of ageing is clearly visible in this plot, as a creeping approach of the
equilibrium line within the ageing range. Above Ty no physical ageing in the de-
scribed sense occurs, since above Ty liquid phases within the polymer like described
in section are responsible for liquid or rubber-like behaviour. Therefore, it
can be assumed, that a polymer above Ty reaches thermodynamical equilibrium.
A temperature increase above T; makes the material forget any previous ageing,
therefore ageing in this theory is a thermoreversible process. [61, S.167]
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However, as explained by Struik in [60] experimental data shows, that also
semicrystalline polymers and filled rubbers above their T show physical ageing
effects, and they have a strong affection on the material properties as well. It is
suggested, that the reason lies within different Ts, whether an amorphous part
lies within an undisturbed region sufficiently away far enough from the crystalline
lamella, or a disturbed region adjacent to those. Therefore, the glass-transition is
not completely shifted, but broadened to a higher temperature due to the disturbed
regions. [60, S.51ff] This model is illustrated in figure 2.4}

filler particle

Figure 2.4: Illustration of the model of broadened area of glass-transition of semicrys-
talline or filled rubber materials. tand on the vertical axis in the right
diagram means the damping constant as a quantity of energy absorption
and therefore an indicator of glass-transition, not the dielectric dissipation
factor. |60, S.55]

For practical use, this means that the described effects of physical ageing can also
be applied to MV-cable insulations of semicrystalline polymers, operated above T¢.

2.2.1.2 Chemical Ageing

Chemical ageing is usually caused by free radicals R formed within the poly-
mer. Free radicals are highly unstable and reactive molecules with a free electron,
which tend to oxidize other molecules and therefore lead to oxidation within the
insulation. Within the polymer, the free radicals can lead to chain scissions or
cross-linkings via chain reactions. Regarding PE for example, the bond break-
ing is usually random in space, and the free radical transfer happens between the
chains.
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The formation of R usually follows an initiation step X, which can be thermal,
oxidative, mechanical or caused by radiation.

X + Raer — Ra + Rb (21)

e Thermal initiation occurs via thermal breaking of the chain molecules. Due
to Joule-heating the thermal initiation can be indirectly driven electrically.

¢ Oxidative initiation may occur due to by-products of the polymer-processing,
and can be catalysed by metal ions.

e Mechanical initiation can occur through mechanical force during processing.

e Radiation initiation requires the presence either of UV-radiation which can
be easily screened or ionizing radiation like x-rays and ~-rays. lonising radi-
ation photons have a high energy which usually leads to rapid degradation
to low weight fragments of the polymer chains. |31} S.55ff|

2.2.2 Thermal Stress
2.2.2.1 Definition and Effects

According to the ISO 60505-standard, thermal ageing effects on cables involve:

1. Thermally induced and accelerated physical and chemical changes in the
insulation material e.g. degradation reactions, polymerization, depolymer-
ization, diffusion etc.

2. Thermomechanical effects due to thermal expansion and/or contraction [44,
S.18]

The latter category will be considered in the following section because
only the initial cause of the ageing effect is thermal, the actual ageing processes
are mechanical.

Regarding the first category, physical and chemical reactions within the insu-
lation, the operating temperature of cables has already been an issue in different
sections like [1.2.8], or the previous section [2.2.1] Regarding the durability
of the polymeric insulation withstanding ampacity and heating, it was already dis-
cussed, that heat generation in the cables is the main limiting factor for maximum
loads in a cable grid.

Heat and elevated temperatures have different effects on the insulating material,
which can be looked at from three points of view:
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e Firstly, as already discussed in previous sections, an increase in temperature
changes temperature-dependent properties relevant for the operation of the
insulation like resistance, dielectric permittivity ¢, or the dissipation factor

tand (see section [1.2.4)). Most of these effects are reversible and can be illus-
trated with a temperature-dependent function or a temperature coefficient.

In the worst case, an increase over the maximum permissible temperature
within the area of T); can result in failure of the dielectric, called thermal
breakdown. Breakdown can either occur, when the insulation is so far phys-
ically changed (e.g. melted), that its breakdown strength is lowered below
the applied voltage. The other possibility is, that because of the higher tem-
perature, the electrical power dissipation is increased so dramatically that
it causes an ongoing further increase in temperature on its own until the
melting point, a so-called thermal runaway. [31, S.243|

e Secondly, at sufficiently high temperatures, the dielectric can ignite or car-
bonate. There are different classifications of fire resistance for insulating
materials, based on the maximum temperatures at which the materials ig-
nite or suffer damages, that impair their use.

e The third and most complex category are the complex creeping chemical
and physical changes occuring within the dielectric. Within the insulation, a
variety of different chemical reactions are initiated or accelerated at elevated
temperatures. The most obvious is softening, which leads to higher fragility,
especially when mechanical stress is applied to the cable while heating.

Other temperature-induced reactions (the list is not complete) may be:

e oxidation and the production of oxygenated products with low molecular
weight as already discussed in combination with free radicals;

e shrinking due to sublimation;
e loss of plasticizers and therefore hardening, shrinking and formation of cracks;

e variation in cristallinity and polymer structure, and therefore the melting
point |42} S.44f] |64]

Generally speaking, for PE exposed to air, oxidation effects are the primary ther-
mally activated chemical reaction. The oxidation rate is limited by the diffusion
rate of the oxygen through the polymer sheathing as well as the semiconductor
layers.[50, S.562]
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Regarding the change of polymer structure, in operation the service tempera-
tures around 90°C of PE and XLPE cables small and imperfect crystalline lamella
in the semicrystalline structure can already melt. When these spots cool down, a
variety of processes can occur, e.g. a different crystallization of the lamella, which
leads to spots of increased volume and therefore tensions or strain within the
dielectric. As long as the temperature does not get too high (<90°C), existing mi-
crovoids or microcracks can be accelerated or expanded by these stresses. [31}, S.55]

2.2.2.2 Current Experimental Research

The practical impact of thermal ageing effects on insulation material can be exam-
ined by artificial thermal stressing in laboratory experiments, as shown e.g. in [64].
In these experiments, square plates of 30x30cm made from 2mm thick XLPE were
thermally aged at 90°C, 135°C and 150°C for 1350hours in an oven. The tested
type of XLPE is originally used as an insulation material in 18/30kV MV-cables.
During the artificial ageing, different parameters were tested on the material, like
volume resistivity, dissipation factor, dielectric strength or tensile strength. The
results showed, that the properties were slightly affected at the normal operation
temperature of 90°C, significant degradation was shown at the test-temperatures of
135°C and 150°C. Especially the dissipation factor and dielectric strength showed
remarkable degradation at the higher test—temgeraturesz
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Figure 2.5: Dissipation factor versus Figure 2.6: Dielectric strength versus
ageing time. |64] ageing time.|64]

Figure shows a plot of g,tand against ageing time. The results show clearly
that e,tand at all temperatures is practically unaffected until around 680 hours
of artifical ageing. After that, only at normal operating temperature of 90°C the
properties stay within reasonable values, for elevated temperatures they increase
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strongly. These effects are due to the explained chemical and physical degrada-
tion mechanisms like oxidation or chain scissoring. In the development of the
breakdown field F; against ageing time is shown (destructive test). In this figure
the differences between operating at normal or elevated temperatures are clearly
visible as well.[64, S.3f]

2.2.2.3 Arrhenius and Eyring Model for Thermal Ageing

Finding a generally applicable connection between heating in a cable, ageing of
the insulation, and describing these in an equation for the lifetime-expectancy has
been an issue of research since the beginning of the 20th century. In 1948, Thomas
Dakin, an electrical engineer working at Westinghouse, published a paper in which
he described these ageing processes using the chemical reaction rate theory. This
approach uses the Arrhenius equation for describing the temperature dependence
of the temperature dependence of reaction rates, and is still regarded as a standard
work for thermal ageing: [9],[18],]44],[50]

L=A:exp(—E/kT) (2.2)

where:

L is the life expectancy;

A is a constant representing life at temperature Tp;

E is the activation energy;

k is the Boltzmann constant;

T is the thermodynamic temperature or the thermal stress.

This model can be applied in a so-called Arrhenius Plot, where the life ex-
pectancy at a particular temperature is illustrated by plotting the logarithm of L
against % or T. This plot then shows a linear relationship which can be easily
extrapolated to the operating temperature from test data. It is important to note,
that equation is only valid for first order chemical relations and therefore only
thermal stresses applied. The model must be adapted when taking other stresses
into consideration as well. Also, this linear relation can become non-linear, when
polymer insulation is heated above phase transition and partial melting of the insu-
lation occurs. [50, S.561| By rule of thumb, for the majority of EIS, life expectancy
can be considered halved when the temperature exceeds operating temperature for
8-15K. [44, S.18]

Sometimes, instead of the Arrhenius-Model, the similar Fyring-Model is used:

A - h
kT

L= ) - exp(AG/ET) (2.3)
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where: Ay is an ageing limit;
AG is is the free energy of activation;

This Eyring-equation can also be plotted in a linearized way with log(LT") over
1/T, in the same way as the Arrhenius-plot. An example for this kind of plot is
shown in figure 2.7}
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Figure 2.7: Practical example of an Arrhenius-plot and an Eyring-plot in compari-
son. The lines show the calculated Arrhenius- and Eyring-models, dots
and squares show test measurements, the material is 30% glass filled PET.
[18, S.1154]

2.2.3 Mechanical Stress

Cables are subject to mechanical stresses in all aspects of their life cycle, beginning
with production (thermomechanical stresses have already been mentioned in the
previous section), transport, installation and operation. According to ISO 60505
mechanical ageing may involve:

o fatigue failures of insulation components
e thermomechanical effects due to thermal expansion or contraction
e rupture or damage of insulation due to external forces

e abrasion of insulation caused by relative motion between components|[44,

S.20]
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Mechanical stresses on the cable can already occur in the production. Stresses
and tensions can arise because after heating processes (like the already in section
described cross-linking), and different cooling speeds of the materials while
being in use. The insulation can then shrink in the longitudinal direction, causing
shrinkback at the cable-ends. Regarding these properties, it must also be consid-
ered, that the cables are usually operated at elevated temperatures in comparison
to the surrounding. Conductor, sheath and insulation have different thermal ex-
pansion coefficients, which can also lead to tensions and stresses within the cable.
For example, the thermal expansion of XLPE is approximately 20 times bigger
than the one of the conductor. When the insulation gets heated from 20°C to
90°C, it expands approximately over 6%, and another 6% when heated to 115°C.
This, of course, causes stresses and tension towards the outer jackets and sheath-
ing. Keeping this thermomechanical stresses to a minimum is a demand on the
tape and bedding layers in the cable. However, these mechanical stresses within
the cables need to be accomplished by constructional measures.

Also, thermomechanical stresses at operating temperature can occur in compari-
son to soil temperature due to lateral forces. At low temperatures, the compression
modulus of XLPE cables is high enough to accommodate bendings or lateral forces
by installation. This compression modulus however decreases extremely with tem-
perature, especially above 90°C. This decrease can lead to permanent displacement
of the conductor or in worst case radial cracks in shielding or XLPE-insulation..,
S.566f.|

Storage, transport and installation of the cables are other sources of various
mechanical stresses to the cable. Usually, cables are transported coiled on a spool.
These spools must have a minimum diameter to avoid the cables from being bended
too much. Also damages or e.g. nails on the spools can lead to damages of the
cables.

Figure 2.8: Stored MV-cables on wooden spools. \\
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Also, damages during the transport of the spools are possible and must be
avoided by cargo securing and proper means of transportation. The installation of
the cables must be carried out according to the manufacturers’ instructions. Con-
sidering this thematic, the instruction and qualification of the personell and sound
work is a crucial factor. Experiences show, that the majority of cable damages
has mechanical causes. Nevertheless, this includes also a great amount of me-
chanical damages due to construction and excavation works on cable routes. The
damages, mostly caused by the excavator shovel can either lead to earth faults or
short circuits immediately, or the damage ist not noticed at first. Water ingress
and accelerated ageing of the cables can in this case subsequently lead to severe
damages after some time. [7, S. 248ff].

Figure 2.9: Damage on MV-cables in Sylt (Germany) in 2017, which caused a power
outage for more than two hours in the surrounding regions.|57]

2.2.4 Environmental Stress, Light and Radiation
2.2.4.1 Definition and Effects

Depending on the type, place and technique of installation, cables may be exposed
to a variety of environmental influences and stresses in different intensities. A list
of possible variable environmental factors might be:

e moisture
e oxygen
e chemicals

e weathering
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e radiation etc.

This wide variety of environmental influences may lead to a wide variety of addi-
tional or interacting ageing mechanisms like the already mentioned production of
free radicals. Therefore, for environmental ageing factors, no generally applicable
formula can be derived, the situation needs to be evaluated differently from case
to case. |44} S.21]

Even though XLPE cables are waterproof up to a high grade, the presence of
moisture or water can cause degradations. In combination with the electric field,
the presence of water leads to a phenomenon called water treeing, which is ex-
plained in detail in section [2.3.3

2.2.4.2 Current Experimental Research

Also, laboratory tests of some environmental influences can be done to examine
these ageing effects. In [26], samples of LDPE and XLPE were artificially weath-
ered with a weather-Ometer (WOM) and an ultraviolet Weathering Tester (QUV).
In the WOM, a Xenon light with 6500W simulates natural radiation in southern
latitudes, the QUV uses a flourescent light bulb with a UVB-maximum at 313nm
wavelength. Fach sample was exposed to the artificial ageing process for 100, 200,
400 or 800h. The differently aged samples were then compared regarding tensile
strength in tensile tests, x-ray spectra or scanning electron microscopy (SEM).
Especially the SEM-pictures give interesting insights into the ageing effects on the
surface of the polymer. As figure shows, the formation of microscopic cracks
and ruptures in course of artificial ageing is remarkable.

The difference to the new samples is clearly visible. Interestingly, the QUV-aged
samples show deeper and more numerous cracks and the cracks have a mosaic-type
pattern. The cracks in the WOM samples seem to have preferential directions of
propagation.

Also, interestingly the cracks in the LDPE-samples are generally smaller and
less developed than in the XLPE-samples. This can be explained, because the
additional crosslinking-processes decrease the resistance to weathering because in-
ternal stresses are built up (as already described in section , oxidation products
are formed or peroxide by-products from the cross-linking agent that can act as
degradation catalysts). This again shows the complexity of the various physical
and chemical ageing processes within the insulation polymers. [26, S.560f]
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Figure 2.10: SEM-pictures of artificially aged LDPE (1-left) and XLPE (2-right) sam-
ples. (A) are the new samples, (B) after 1600h WOM-ageing, (C) after
800h QUV ageing. All pictures have the same scale and are taken at 500x
magnification S.560f]

Even though not relevant for the situation of distribution grids in Austria, ioniz-
ing radiation as notable environmental factor shall be mentioned briefly. Security
relevant cables in nuclear power plants are often exposed to highly elevated ion-
izing radiation, which makes additional ageing effects of this radiation an issue of
interest. Also, when installed in radiologically contaminated areas of the reactor,
repair works or changing of damaged cables may be very complicated issues if even
possible. Extensive research is carried out e.g. in [Lee2012|, when the lifetime
nuclear power plants is prolonged, and the properties and ageing status of cables
must be identified.
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2.3 Electric Ageing

The previous sections showed, that many chemical and physical reactions and age-
ing processes in the insulation of a cable can occur in the absence of an electric
field or current. Some non-electric effects are strongly related or effected by elec-
tric effects, like increased temperatures due to ohmic or dielectric losses (which
also lead to thermal effects within the insulation). When operating temperatures
do not exceed the maximum allowed temperatures, electrical stresses though (as
explicitely mentioned in IEC 60505 and other standard references like [11]) are the
main ageing factor of extruded cable systems.

[EC 60505 gives a general list of mechanisms in electrical insulation systems,
which can be attributed to the factor of electric ageing:

1. the effects of tracking;

2. the effects of treeing;

3. the effects of electrolysis; (...)

4. the effects of increased temperatures produced by high dielectric losses;
5. the effect of space charges.

6. the effects of partial discharges when the local field strength exceeds the
breakdown strength in the(..)EIS;[44, S.151]

Practically speaking, electric stress summarizes all the stress mechanisms to the
insulation material by the electric field and current of the conductor. The effects of
tracking (the development of small, conducting paths on the surface of a dielectric)
and electrolysis only play a minor role within extruded cables and can therefore
be neglected within this thesis. The effect and behaviour of space charges will be
explained in the section of electric trees. The major mechanisms of electric ageing
are treeing (electrical and water trees) and partial discharges.|11] [31][37] After a
short description of electric fields and the phenomenon of treeing in general, these
shall be explained in detail in the following sections.

2.3.1 The Electric Field and Homogenity of Insulation

In the design of cables up to a voltage of approximately 6kV, the insulation thick-
ness and strength is mainly based on mechanical criteria. Up from a voltage of
10kV on, electric criteria are decisive. Some effects and mechanisms have already
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been discussed in section [1.2.4, and the electric field, which exists between the
conductor and the outer conducting layers, has already been mentioned in sec-
tion [1.3.5l For the presented coaxial-type design of MV-cables, the electric field
strength E(r) at a radius r from the center of the cable can be derived similarly
to the field of an infinite wire, and follows the following equation:

E(r)=

= (2.4)
R2

We can see, that the field strength within the insulation is reciprocally propor-
tional to the distance r from the center, and directly proportional to the voltage
Uy. This leads to a hyperbolic decrease between the inner radius R; and the outer
radius Ry at the layer interface between the dielectric and conducting layer. R,
and R, are the limits of the field, outside the conducting layer > Ry the field is
zero. At the interface of conductor and dielectric lays the maximum of electric field
strength, the minimum at the outer interface between dielectric and conducting

layer. |15, S.91ff] This field distribution can be seen in figure [15, S.91ff]
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Figure 2.11: Field distribution of E(r) in the insulation of a cable for 64/110kV at
1000mm? cross section. |15, S.92]

For Medium Voltage cables, practical values for E are around 2-4,5 kV /mm. The
prevention of inhomogenities in the electric field, as already shortly mentioned in
section [1.3.5] is also one major function of the inner conducting sheaths. As known
from basic physics, the electrical field strength nearby raised or pointed parts of
a surface is significantly higher. Figure [2.12]| shows this effect on a conductor with
several strands:
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Figure 2.12: Difference in field distribution in comparison between a conducting bundle
with and without an inner conducting sheath. , S.65]

Due to differences in the relative permittivities €,, these peaks in electric field
strength also occur locally at CDPVs within the insulation, as already briefly
mentioned in section Absolute purity and absence of CDPVs within a cable
insulation are therefore major requirements to prevent locally accelerated ageing
spots within the cable insulation. [34, S.79f][15] S.91ff]

Examples for CDPVs within an extruded insulation in a cable can be:

e tips or spinters of the conductor penetrating the dielectric or scratches, as-
perities or depressions on the interface;

e cavities or regions of free volume within the dielectric with different sizes.
These can be due to movement of additives or insufficient pressure during
cross-linking;

e impurities like included foreign particles, moisture and spots of imperfect
mixing or fillers.[31], S.203]

An example for such an impurity is shown in figure 2.13}

95



—

—Semicon Protrusion
into Insulation

Figure 2.13: Protrusion of the semiconducting layer into the insulation - the protrusion
was caused during the extrusion onto the semiconducting paper tape. |2,
S.64]

2.3.2 Lichtenberg Figures and Treeing in General

The effect of treeing within insulating materials is basically known for more than
240 years. Around 1779, the german physicist Georg Christoph Lichtenberg dis-
covered, while experimenting with electricity, that wood dust on the conducting
plates of his experimental setup tended to form characteristic, tree-like figures.
The physics and processes behind this effect were not understood at this time, but
the characteristic figures were named Lichtenberg Figures after their discoverer.

[4]

Figure 2.14: Original illustrations from Lichtenberg of his newly discovered tree-like
figures on conducting plates of an electrophorus from 1779.
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Lichtenberg-figures like treeing in electrical insulation was already detected in
the early ages of the use of electricity. Interestingly, the trees were discovered in
paper-oil insulation systems as well as polymers, which means these mechanisms
must be independent from the chemical composition of the insulation material.
Nowadays, the term treeing is a summarizing name for the two major electrical
pre-breakdown degradations within cables.

Over the years, treeing phenomena in insulating materials were scientifically
researched and are nowadays considered one of the major causes for their fail-
ure. [31, S.69] The trees in the insulating material consist of conducting channels,
which are spreading through the dielectric, and therefore weaken the insulation
capability and physical properties. The existence of charge carriers like ions in wa-
ter filled cavities or inclusions and their contribution to a space charge developing
within the insulation plays a major role. Besides water, the space charge within
the insulation as an electric field source is mainly caused by impurities, additives,
fillers, cross-linking by-products, inaccuracies in manufacturing processes, thermal
or radiative degradation. |8 S.30]

The main treeing effects are therefore divided into so-called water trees and
electrical trees. Some sources like |7] also use the term electrochemical trees for
a treeing effect where ion-rich water in the insulation interacts with ions in the
insulation. From its nature, this effect can also be considered water treeing. An
example for treeing leading to an electrical breakdown of the insulation layer is
shown in figure [2.15

\

i Insulation
' v shield side
¥

Conductor
Shield side

v
K Before Staining X

Figure 2.15: Stained (for better visibility) micrograph of an electrical tree bridging the
insulation from conductor to outer shielding layer. |2]
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2.3.3 Water Treeing

Especially in polymer-insulated cables, water trees are a main damaging factor.
The exact chemical processes of water tree initiation and development are not
fully understood yet , but as the name suggests, the presence of water is a
crucial factor. The initial water contamination within the cables can be originated
either deeply inside the dielectric or from external moisture:

e The first category primarily results from water ingress during production of
the cables. In former years of the production of extruded cables, often steam
was used for curing of the insulation. Due to the increased solubility of
water in the polymers at higher temperature, cables manufactured this way
showed a much higher moisture content and more voids. An alternative is
the so-called dry curing process without steam, where the moisture content
is around 7 times lower. [2, S.66]

Experimental tests have shown, that especially voids with a radius of approx-
imately 2,5um and about half filled with water tend to form water trees. The
inner surfaces of the voids are usually oxidised or chemically modified, and in
semicrystalline dielectrics the lamellae are disordered. The broad tree shape
was observed due to scattering from the water in the voids. Contaminants
and electrolytes are usually found in advance or at the tip of the tree. |31}
S.78| These voids usually form trees in opposite directions, aligned with the
electric field lines, due to their form called bow-tie trees.

e The second category usually happens at interfaces of different cable layers,
e.g. when moisture reaches the dielectric from one side due to water ingress
after a damage on the jacket. These trees originated in external moisture
usually develop different, more bushy forms, so-called vented trees.

\

Leakage tree Bush tree Bow-tie tree
Figure 2.16 Figure 2.17
Example for different vented trees in Example of a bow-tie tree in the

the polymer-insulation of a cable. |59 polymer-insulation of a cable. [59]
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The development of water trees is highly dependent on the local field strength
within the dielectric. Usually an electric field of at least 1 kV /mm is assumed to be
necessary for water tree development, which makes this field strength an empirical
threshold. Water trees have been found in cables operated under less electrical
stress.|2, S.63] This shows the importance of homogenity within the dielectric as
explained in the previous sections, because locally elevated field strengths can be
caused by by an inhomogenous insulation as well.

Within MV-Cables, bow-tie trees are limited in their length and only reach a
length of some tens of um. Therefore, these kinds of water trees are usually not
responsible for significant ageing or breakdowns of the insulation. At high tem-
peratures, bow-tie trees grow faster because of the increased diffusion-rate of the
moisture. |11, S.18|

A lot of research has been carried out to understand the initial inception and
growing speed of water trees and a lot of models have been developed trying to
understand and describe the mechanisms of water treeing. These are usually quite
complex and - e.g. in good detail explained in [31] or [37]. Also, under normal
service conditions, the growth of water trees takes years to tens of years. So exper-
iments are usually done with accelerated growing speeds, which gives additional
complication factors. A deeper describtion would be beyond the scope of this the-
sis.

A rough summary of the processes leading to the formation of water trees is: Due
to electrochemical dissociation, organic ions are produced, which lead to oxidation
and ultimately free radicals within the polymer, causing microvoids. The processes
of free radicals have already been shortly explained in section [2.2.1]

It is notable, that similiar reactions also happen in liquid insulation materials,
but due to the liquid character, they are fully reversible and do not cause damage
to the insulation. In the solid, semicrystalline polymers, the dissociated ions reach
the amorphous region and partly contribute to the oxidation reactions. [31, S.149]
This general scheme of the rough processes involved is shown in [31]:
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Figure 2.18: General scheme of the processes involved in water treeing. [31, S.110]

When water trees bridge the whole insulation from one conducting layer to an-
other, the water filled microvoid-paths represent weaker dielectric paths within
the insulation due to the structural changes in the microvoids. The insulating
properties of the dielectric are weakened in this case, but in normal operation, the
material can still be expected to withstand the voltage. The process eventually
leading to breakdown in this situation and therefore the reason for cable failures
are electrical trees, originating from the water trees. |31, S.146f]

An example for such a development of an electrical tree out of a water tree is

shown in figure [2.19. The special aspects of electrical trees and the differences of
the two treeing effects are explained in the next section.
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Figure 2.19: Electrical tree (the darker, more ramified structure in the upper half in
the picture) originating from a water tree (the stained, blurry structure in
the lower half in the picture) in XLPE—insulationm S.75]

2.3.4 Electrical Treeing

Electrical trees, unlike water trees, also proceed in dry conditions in the absence
of water or another liquid. Basically, electrical trees are created by a sum of small
discharges within the dielectric, building a connection of small voids. As a dif-
ference to water trees, these voids are not filled with moisture and usually visible
to the naked eye. Electrical trees therefore form a system of hollow, non-solid or
carbonized tubules resulting from material decomposition, and appear more finely
ramified than the rather blurry water trees.

The formation of electrical trees depends more on high electrical stress than

water trees, and therefore they occur more often in regions of metallic asperities,
conducting contaminants or structural irregularities. S.117][44, S.48f]
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CDPVs have already repeatedly been a topic within this thesis regarding relia-
bility and ageing of cables. The effects of electrical treeing and partial discharges,
explained in the next two section are heavily influenced by them. The smallest
kind of these internal inhomogenities are the mentioned free volumes within the
semicrystalline structure of the polymer insulation, occuring between crystalline
and uncrystallised regions with different density. According to [31], their free path
lengths can go up to a few tens of nanometers at room temperature. In poorly
manufactured cables voids may have almost a millimeter of diameter and are usu-
ally not detectable under the range of a few tens of nanometers. This range of a
few tens of nanometers may also be seen as a rule of thumb for the differentiation
between free volume and voids. [31, S.287] To get a feeling for the order of mag-
nitude, Mayoux published experiments where a density of 103> — 107 voids/mm?
was counted in dry cured XLPE insulation in the 1970s and 1980s. [37, S.3| As
seen in the introductory sections, a lot of cables from this time are still in operation.

Similar to water trees, the development of electrical trees shows three clearly
seperable stages:

e The inception of the electrical tree is characterized by an inception time,
which is defined as the time t¢; it takes, to generate an observable tree.
Experiences show, that trees of about 10 um in length are visible, and the
inception time is strongly dependent on the strength of the electric field. ¢;
usually goes with £~ with 5 < a <~ 20 in comparison to 3<a<4 for water
trees. Further, t; is proportional to the frequency of the AC stresses, in
comparison to the initiation of electrical trees which is much more dependent
on the field than the microvoid formation in water treeing. [31, S.120]

e The second phase of propagation can be divided in a first rather fast
growth-stage and a slower, nearly decaying growth-stage after that. This
is caused by a self-limiting the growth after the development of the first
branch where the electrical discharges in this first channel are temporarily
extinguished. In this stage, also the ramification into different branches takes
place, out of which some can be growing and others are inactive, leading to
the final tree structure. |31, S.121ff]

e In the final runaway stage the tree growth is again accelerated, caused by
a runaway of the tip of one of the tree branches.

This development of tree growth in time is shown schematically in figure [2.20}
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Figure 2.20: Schematic representation of the growth of electrical trees in time. [31,
S.121]

Because the propagation of electrical trees basically happens via small dis-
charges, there is a field-threshold, below which no discharges are possible. Below
this threshold therefore no electrical trees can be formed. This is the most signifi-
cant difference of electrical trees and water trees, which can be found at very small
stresses as well (as shown in the previous section) and are more time-dependent.

The development of electrical trees out of water trees is not fully understood
yet. A plausible explanation for the initial point and inception of an electrical tree
would be if the water tree came nearby or approaches a conducting contaminant.
Then the combination of the additional electrical stress due to polarised, water
filled microcavities and the conducting contaminant could be sufficient for the de-
velopment of an electrical tree. |31, S.149|

Within the AC-field, electrical trees can then be pictured as space charge ac-
cumulations within crazes or microcracks, which are cyclically injected and ex-
tracted. Low mobility cations on the sidewalls of the initiated tree cause erosion
and widening of the channel and therefore lead to the classical ramified structure.
These processes in course of the positive and negative cycles in AC-operation are
shown in figrue [2.21
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Figure 2.21: Schematic representation of the initial stages of tree formation: a) and b)
are back and forward avalanches in a low density region or microcrack, c)
and d) show initial gas discharges and e) and f) the sidewall erosion and
ramification of the channel. , S.133]

Also, it must be mentioned, that not every electrical tree reaches the final stage
of runaway causing an actual failure. Especially bushy type electrical trees can
at some points achieve an equilibrium stage and do not progress further. In most
electrical trees, the accumulation of damage in the first stages is so massive, that
the insulation system becomes instable. The initiation of the runaway phase is
then characterized by a cease of length-development discharges in the ramified
structures, which will sum cation wall charges to the branch tips leading to run-
away. The tips then work like an electrode, in the initial stage of an electrical tree.
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Different processes like thermal runaway, electro-fracture or electromechanical
breakdown superpose into the formation of a single leading channel over the last
(<1 pm) to the other electrode. If this leader channel reaches the electrode,
interestingly it does not necessarily lead to an immediate short circuit, because it
is usually filled with air and the walls are not conducting. Because these channels
generally only have a diameter of less than 10 um, also gas discharges do not occur
within them. The final breakdown can take up to 100 hours, and is in the end
caused by wall charges and ionization of the gas in the channel. [31, S.151ff]

2.3.5 Partial Discharges

The applicable standards IEC 60505 and IEC 60270 (Partial Discharge Measure-
ments) define Partial Discharges (PDs) as “localized, electrical breakdown that only
partially bridges the insulation between conductors and which can or cannot occur
adjacent to a conductor.” |44}, S.60|

Within energy cables, partial discharges are an important phenomenon because
they are very good measurable, and when they occur it is always a strong sign
for degradation or ageing within the insulating material. Partial discharges are
not limited to solid insulation as well, they can appear in liquids or gases as well.
St.Elmo’s fires on the masts of ships during thunderstorms have been a well known
phenomenon for hundreds of years, and are in fact coronal discharges through air
as “insulating material”. In AC-operation, the presence of PDs usually leads to

drastic degradation of the dielectric due to the continuous discharges along with
the AC-cycles.

In normal operation, PDs usually occur within electrical trees (as already ex-
plained in the previous section, the propagation of electrical trees is basically a
series of PDs), voids, cuts, cracks, at poorly fabricated interfaces of different lay-
ers or spots of inhomogenity like fillers and contaminants in the dielectric. [30}
S.251ff] Because of the already mentioned possible thermomechanical stresses due
to different expansion coefficients of the different cable layers, extruded cables are
especially vulnerable to voids or cavities which can lead to PDs. In paper insulated
cables the cavities are usually not constant and filled with the oil- or mass-liquid,
what makes PDs less of a problem for these kinds of cables. |7, S.81]

The following requirements need to be satisfied for the occurrence of partial
discharges within a dielectric:

e A free electron needs to be available within the gas filled void to start an
electron avalanche, and
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e the field within the void needs to be higher than the inceptional field, there-
fore there exists a threshold value of the field.

So for cables, these requirements are fullfilled when the electric field strength
is locally elevated, as e.g. caused by inhomogenities or contaminants which can
lead to electrical trees. Or the dielectric strength is locally reduced, as e.g. caused
by cavities, cracks or the voids of the trees. Due to this various possibilites, the
mentioned threshold value for PDs can vary over wide ranges and depends on the
void size and gas pressure within the void. For the largest voids filled with air at
atmospheric pressure it is around approximately 3 - 10V/m. |11}, S.19]]44} S.60ff]
[31, S.57]

As already mentioned, in AC-operation PDs occur periodically with the sinu-
soidal voltage curve. The discharged cavities after a PD can be basically modelled
as capacitances, because the “recharging” of the void is mainly capacitive. This
leads to a cavity capacitance C7, which can be considered discharged with every
PD. The recharging afterwards happens via an assumed series partial capacitance
Cy, where €} >> (5 and a parallel capacitance C3. This very simple model is
shown in figure There are, nevertheless, more complicated models, which
take the complex physics of the electron avalanches within the cavities into better
account. [54, S.382f]

ST
T

Figure 2.22: a) Scheme of a PD within a gas filled cavity in an insulation b) (simplified)
equivalent circuit diagram of the PD with C7, Cy and C5 as shown. [54]

Within the cavity, without a PD-ignition the cavity voltage U.,, follows the
external voltage. The measured voltage U; depends on the applied AC-test voltage
Uy(t) then follows the simple divison ratio rules of the capacitances:

Cy

H=_— "2
ue) Ch 4+ Cy

Ui(t) (2.5)
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If U; - as already explained - is higher than the ignition voltage of the breakdown
Upg, a discharge occurs. After the electron avalanche, the cavity voltage collapses
down to a so-called extinction voltage U,,. The capacitive recharging via Csy then
leads to a downward displacement of voltage curve by the voltage-difference AU =
Upg — Uer. Depending on the cavity voltage a sequence of discharges can occur
within the sinusoidal course of the voltage to the maximum of the voltage-sinus.
Subsequently, PDs typically even occur before the zero crossing of the voltage,

which is illustrated in figure 2.23f |30} S.251f] |54, S.382f]
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Figure 2.23: Difference in field distribution in comparison between a conducting bundle
with and without an inner conducting sheath. |30} S.251]

The rise-times of these pulsed PD-sequences are in the order of a few nanosec-
onds, so that a pulse-frequency of 1GHz can be achieved. The measurement of
these pulses, especially amounts with higher frequencies, which are less attenuated
by the cables, are used for the detection and measurement of PDs in cables. PD-
measurements are an integral part of diagnostics in electrical grids. Techniques
for locating the discharge sites or reducing external noise have been developed and
are available. [11, S.19] Techniques and practical PD-measurements are shown and
discussed in chapter

The formation and development of the electrical discharges is just one thing to
consider regarding the condition of a cable. The second is the degradation caused
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by the discharges. Regarding these damaging effects, a lot of already shown pro-
cesses occur within the insulation. These involve various chemical reactions like
oxidation on the void surface or diffusion of ozone and bombardment of the void
surface with ions from the discharge in the gaseous cavity. The surface of the voids
are also exposed to high energy photons from the gas discharge which can lead to
effects shown in section 2.2.4] Finally, the high gas temperatures lead to locally
elevated temperatures, heating and thermal degradation. Mechanical effects are
stated unlikely, because only the mechanical shock of the discharge has too little
energy.|31, S.303ff]

2.3.6 The Inverse Power Law for Electrical Ageing

In the last sections that the processes of electrical ageing, which are rather com-
plex, multidimensional and depending on a lot of parameters and variables, have
been explained. The development of models for lifetime estimation as a function
of electrical stress is therefore rather complex as well.

An often used (|44} S.16f] [50, S.561] |28, S.16f] standard model is the so called
inverse power law:

t=C.U™" (2.6)

where: t is the lifetime (time to failure or time to end-point);
C' is a proportionalty factor;

U is the voltage;

n is the voltage life exponent.

This model is usually plotted in a double-logarithmic scale, which then leads to
a linear relation between life and voltage. As easy and clear as the model may
look like, the estimation of the parameters for the individual situation represents
the challenge. Usually these are developed experimentally in accelerated ageing
tests as explained in [50]. Methods for the experimental estimation of these pa-
rameters are still a field of research, as shown e.g. in [67], where the parameters
are gathered from accelerated step-stress tests on XLPE samples. In figure [2.24]
a practical example for different inverse power law-functions is shown. Here, the
experimental data was measured from different insulating materials after artificial
ageing at two temperatures: 20°C room temperature (RT) and -196°C cooled with
liquid nitrogen (LNs). The difference is clearly visible, the LNy cooled material
shows significantly better ageing behaviour, because at these low temperatures
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thermal ageing effects do not occur. [39]
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: Calculated lifetime curves with experimental data for different insulating
materials at room temperature (RT) and cooled with liquid nitrogen LNs.
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Figure 2.24
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3 Condition Monitoring and
Diagnostics: Current Methods

In the first two chapters of this thesis the main aspects of the complex design
of cables in electrical grids, the large number of stresses they are exposed to in
operation, and the degradation and ageing effects that occur were explained.

In this third chapter, a few practical challenges of dealing with these ageing
effects within the grid shall be shown. At first the problems, difficulties and ap-
proaches for practical lifetime estimation, assessment of the condition and failure
prognosis of EIS in an electrical grid shall be shortly demonstrated. The ba-
sic problem here is in gathering the information and data from the underground
cables, which are on one hand not easily accessible because they are buried under-
ground, and on the other hand they are in operation.

The second part of this chapter is about the practical use of the two currently
most used diagnostic methods: The measurement of the dissipation factor tand
and the measurement of partial discharges in cables. The physics and measure-
ment techniques behind these two are explained and advantages and disadvantages
discussed using practical measurement data from diagnostic measurements done
in the grid of Kérnten Netz.
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3.1 Condition Assessment in Cable Grids

As already mentioned, building on the results presented in chapters[I] and [2], a few
key considerations and conclusions regarding the practical problems and challenges
in lifetime estimation and condition assessment of cables shall be presented first.
Especially the practical relevant questions of knowledge about the status of cables
within a grid after a certain time in operation or the probability of failures are not
answered easily. These topics are directly derivated of the results from the first
chapters and will contribute to a better understanding of the practical situation
within an electric grid.

Because the focus of this thesis lies on ageing effects on cables and the physics
behind them, and not on asset management strategies, the topics of this section
are held rather short and superficial on purpose. Nevertheless, for these very prac-
tical issues a lot of excellent technical literature and scientific research is available
which can be recommended. Examples for standard literature are |7], [15], [34], or
[54], for recent research results [23], [28] or [30] and many more.

3.1.1 Multistress Ageing Models

In the last sections the main ageing mechanisms and processes within cables and
especially polymeric cable insulation were presented. it was shown, that the numer-
ous ageing mechanisms due to the different stress categories - mechanical, thermal,
environmental and electrical - are rather complicated, multidimensional and inter-
act with each other. Even though many interactions and effects are extensively
researched and explained in excellent literature like |31], many processes are still
not fully understood.

In practical use, none of the previously explained ageing stresses and mechanisms
act seperately, but they always act in combination. Degradation of the insulation
material from multiple factors combined is called multifactor ageing or multistress
ageing. Needless to say, that these models are usually very complicated and ex-
tremely varying, depending on the individual situation of the insulation system.
It was already shown, that single stress ageing processes can be quite complex and
ambivalent, different boundary conditions have even more influence on multistress
models:

e The exact properties and kind of insulation material;

e processing and construction of the cable;
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e duration and frequency of each individual stress;
e effects on interfaces and boundaries;
e interdependencies regarding changes in material structure and properties:

e ctc.[28, S.21]

A rather simple model for the ageing rate ¢’ was published by Eyring in 1941,
based on the already explained rate theory and similiar to the thermal Eyring
model shown in equation [2.3

e = ==
— T T G P

Here the electrical stress E' and temperature 1" are combined in one model. Dif-
ferent other multistress models are portrayed e.g. in [50], [28] or [40].

(3.1)

3.1.2 Different Breakdown Mechanisms

The final stage of ageing is always a breakdown of the insulation. Models for the
final electrical breakdown mechanisms in insulation material for practical use can
be divided into three major categories:

1. Low level ageing or degradation models, in which the characteristics of the
insulating material are continuously affected by the electric field or other
stresses as shown in the last sections.

2. Deterministic models of breakdown, caused by a causal event or the specific
exceeding of a critical electric field.

3. Stochastic models, in which statistical probabilities for a breakdown are cal-
culated e.g. for a cable grid.

The final breakdown stage in the insulation is always a multistress-process as
already discussed regarding electrical trees and partial discharges. The bridging of
insulation with a channel always involves melting, carbonisation or vapourisation
of the dielectric. Also the line between the (short time) deterministic breakdown
models of possibly already aged insulation, and the (long time) degradation and
ageing models is not completely clearly distinct. So partial discharges, as shown,
are in fact small, localized breakdowns which lead to degradation of the insulating
materials. These interconnections are shown in figure [3.1}
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Figure 3.1: Chart of the various breakdown mechanisms plotted against electrical field
and time to breakdown. The unclear boundary between deterministic
breakdown mechanism and electrical ageing like treeing is shown. S.63]

These complexities are well summarized in the following quote:

“Breakdown theory faces a dilemma. The relatively general models
can be stated exactly with specific parameters and solutions computed
in a straightforward manner. However, the results lend themselves
only to order of magnitude estimates on real substances, and do not
reflect the complexity of experimental data. Alternatively, one could
propose a different model for every different dielectric (and possibly for
different thicknesses and methods of preparation of the same dielectric)
leading to complex computing that offers little insight into the physical
processes involved.”

(J.J. O’'Dwyer, IEEE Transactions on Electrical Insulation, 1984 ,
S.199]
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3.1.3 Practical Challenges and Approaches

For practical application within an energy grid, the key-results and key-problems
from the previous chapter regarding cable ageing and the prevention of breakdowns
can be summarized:

e Cable ageing is influenced by many different and interconnecting factors:
Process quality, purity of materials regarding CDPVs and careful manufac-
ture play a big role for the quality of the cables and therefore the risk of
early failures. In operation thermal, mechanical, environmental and electri-
cal stresses are the reason and cause for different processes, which lead to
ageing and finally failure of the cable.

e For every stress, several mathematical ageing models exist. Nevertheless,
these models require a lot of current information about characteristic pa-
rameters, boundary conditions and the status of the cables to work. It was
shown that, from mechanical stress during the installation, humidity and
quality of the soil, load patterns to operating temperatures a lot of parame-
ters have to be considered.

e Single stress models can already be quite complicated in their use regard-
ing the necessary parameters for the current status of a cable. Examples
for multi-stress models were very shortly introduced, the issue of realistic
parameters is even a lot more complicated for those.

e As mentioned, many ageing processes like water treeing take a long time
developing and the progress is very slow. For laboratory tests, accelerated
ageing experiments are therefore required. The extrapolation of those results
towards real-life ageing can also cause complications.

So, summarizing those facts, for the exact modelling of cable ageing, a lot of
influences have to be considered and a lot of parameters have to be known, which,
in practical operation, most times are simply not available.

As an example for the practical handling of these uncertainties, in [6] a basic

flowchart for the many influences on the condition of an EIS is shown, along with an
exemplary systematic process to deal with the condition and the residual lifetime:
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Maintenance and Operating Conditions  Experience and Optical Characteristics and
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Decision over Renewal or Operation
Figure 2: Assessment of condition and residual lifetime

Figure 3.2: Exemplary flowchart on the assessment of condition and residual lifetime
of an EIS. [6].

So, the decision of renewal or further operation depends in practice on several
other influences like technical, economical or juridical aspects and has to be done
after a risk analysis, based on the data available.

According to [28, S.22ff] the three basic approaches for practical condition as-
sessment of the condition of cables are:

e Laboratory tests with artificial ageing experiments and comparison to ca-
bles aged in real service.

e Stochastic models based on statistical probabilities of failure.
e Forensic tests of cables and insulation aged in service.

Different examples and results from laboratory tests and experiments have al-
ready been discussed in the previous sections. The idea behind them is always, to
gather insights, and to understand the degradation and ageing effects and transfer
those to the situation in real life grids. As already shown, especially slow ageing
effects like water treeing can take years or tens of years to develop within the
insulation. Many laboratory tests therefore depend heavily on accelerated ageing
processes, which complicates the practical transfer to real life operation even more.

Statistical analyses are carried out using failure and operational data from
grids to find predictions for the failure- and ageing-behaviour of cables. Statistical

analyses are strongly dependent on a large volume of data.

Forensic tests are done on equivalent or similiar cables, due to anomalies or in-
explicable failures. These examinations and tests rely on a sum of equal eqipment
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parts exposed to different operation and stresses and the comparison of them. |28,

S.22ff]

All together, this shows that regarding residual lifetime estimation of cables in
practical use, a huge amount of incertainties has to be taken into consideration. A
widely used empirical model for failure rates which is also applied to underground
cables is the so-called bathtub curve of a failure rate depending on age. In this
model, the failure rate at the beginning is high (infant mortality), due to quality
problems or wrong installation. Afterwards a phase of a constant small failure
rate, called the useful life. As the cable reaches the end of its estimated lifetime,
the failure rate increases again in the wear-out-phase: [22|
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Mortality Aging

Phase Phase
(]
o
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v
3
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v

Component Age

Figure 3.3: Bathtub curve of the typical failure rate for cables [22].

The large impact on failure rates due to imprecise and faulty production causing
impurities and contaminations has already been discussed. This leads to a high
standard regarding quality management and commissioning tests of cables prior
to installation. The first peak of infant mortality can be largely avoided by these
measures and proper installation. A very good current summary and overview of
state of the art quality assurance and -management for MV-cables is given in [23].

The practical handling and estimation of the wear-out phase is more compli-
cated and heavily relying on the data available from the grid. Besides from load
patterns, practically no real-time data is available from the grid, so measurements
need to be taken, which is called diagnostic tests. These are the only possibility
of gathering actual data from the grid and are further explained in the next section.
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3.2 Analysis of current Diagnostic Methods

In the following sections, after a short definition and explanation of the term, mea-
surements of partial discharges and the dissipation factor tand as the two most
widely used diagnostic techniques are shown.

The different diagnostic methods, their advantages, disadvantages, measurable
properties are a wide field and the topic of many books, so is in this thesis limited to
those two very basic but comprehensively used techniques. For further information
regarding diagnostic techniques e.g. [30], 7] or [54] can be recommended.

3.2.1 Diagnostics in General

According to IEC 60505, diagnostic tests are defined as follows:

“Diagnostic test - periodic or continuous application of a specified level
of a diagnostic factor (diagnostic property, note from the author) to a

test object to determine, whether or when the end-point criterion has
been reached.”. |44} S.12]

The goal of diagnostics in cable grids is therefore, to use different measurement
techniques for a condition assessment of a cable, based on the measurement results.
A different definition is shown in [11]: “..to evaluate and locate degradation phe-
nomena that will cause cable or accessory failure.” Destructive and non-destructive
tests on cables, carried out on-site or in the laboratory are diagnostic tests.[11, S.15]

As the definition out of IEC 60505 shows, the crucial aspect is the diagnostic
factor as the property of the cable, which is measured. The results of diagnostic

tests are a basis for a decision-making process about residual lifetime, renewal or
repair of a cable section as exemplary shown in figure 3.2 28] S.26ff] [30] S.426ff]

3.2.2 Partial Discharge Analysis

The basic processes of partial discharges and the physics behind them have al-
ready been explained in section Measurements of possible PDs in cables
are one of the most widely used diagnostic techniques due to the fact, that the
occurrence of PDs is a strong indicator for degradation within a cable. Therefore,
these measurements provide vital information for cable assessment, and are con-
sidered a standard method of diagnostic for extruded insulation. [1] [7] [15] [30] [54]
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3.2.2.1 Explanation of the technique

For PD measurements, not the PDs themself can be measured, but the result-
ing electromagnetical pulses caused by them, as already shown in figure As
shown in the simplified model in figure [2.22] the capacitance C; of the cavity is
assumed to be much larger than the series-capacitance C5 of the healthy part of
the insulation on the PD spot. The parallel capacitance C'5 represents the healthy
insulation besides the PD spot.

The scheme for an experimental setup for the measurement of PDs is shown in
figure [3.4] and shall be explained in detail as follows:

blocking (
impedance | I
test C C C
transformer k k | g p
‘ coupling ‘
test . test
it I I B e

“| = [ Niag

Figure 3.4: Two possible experimental setups for PD measurement (middle and right)
and the voltage supply with test transformer and blocking impedance (left)
[30, S.434] .

In this visualization, the test object is summarized with a total capacitance Cyp.
Parallel to it, a coupling capacitor with capacitance C is connected to it, and
both are connected to the test-transformer via a blocking impedance. The blocking
impedance in this circuit acts as a low-pass filter (series connection of R and L to
suppress conducted interferences.

When a PD happens within the test object, as already mentioned the voltage
U; on the cavity with C drops to the level of the extinction voltage U.,. Here,
the charge can be calculated from the capacitance AU = Aq/C}, and is equal to
the breakdown voltage AU = Uyq. This small PD-charge nevertheless cannot be
measured on the test object. Because of the different capacitances, the measurable
value is the charge, that flows out from the coupling capacitor an recharges the
whole test object, which is called apparent charge q,. With the assumption, that
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the resulting voltage dip can be completely compensated by the voltage source, ¢,
can be calculated as follows:

o = Dq - (3.2)

Because (' is way bigger than C5, ¢, is much smaller than the real PD-charge
Aq. But since neither the capacitances nor Aq per se are known, the apparent
charge is the only measurable value and serves as parameter for the specification of
partial discharge intensity. ¢, is usually stated in the unit of Picocoulomb (pC).[30,
S.434f|[15, S.1111]

The PD-measurements can be done at normal 50Hz grid frequency, or in the
same way as tand-measurements with very low frequency (VLF) of 0,1Hz. At
normal operational voltage Uy a cable should be free of PDs, in cables of grids
with earth fault compensation up to a voltage of 1,7 Uy. In order not to cause
further ageing for the cable through the measurements, the maximum voltage ap-
plied should not exceed these 1,7U,. [7], S.327]

For further technical explanations of PD-measurements like exact circuit dia-
grams, different test-setups, calibration recommendable literature is e.g.[45] |1,

S.52ff] or [54] S.381f1]

3.2.2.2 Localization of PDs

For PD-measurements in cables, a localization of the occurring PDs is possible.
Necessary for a localization is on the one hand the cable length, which is known
from installation, and on the other hand the pulse-velocity v within the cable. For
MV-cables, v is usually around 80m/us and is normally measured at the begin-
ning of each diagnostic test with an echometric test. In this measurement, using
a surge voltage generator, short voltage pulses are sent into the cable which are
reflected at the open end of the cable. From the time-echogramm of the pulses the
pulse-velocity can be calculated. The method is very similar to the time domain
reflectometry-method, which is explained in detail in section in the next chap-
ter, therefore it is not further elaborated here.

A scheme of the principle of such a PD-localization is shown in figure [3.5
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Figure 3.5: Scheme of a PD-measurement and localization principle on a cable. [54,
S.419] .

When a PD occurs within the cable after a length x, the pulse propagates into
both directions of the cable. The pulse toward the open cable end B is fully
reflected as discussed in section [1.2.7] and can be detected as a weaker pulse (due
to attenuation) with a time delay At to the pulse propagating towards the end A.
The time delay can be calculated via:

2(L —x)
v
and therefore the length x to the PD can be calculated. [54, S.419f]

At = (3.3)

3.2.2.3 Discussion of Experimental Results

At Kérnten Netz, PD-measurements are done as regular part of a diagnostic test
on a cable segment. The measurements are done with a Baur PHG 80 TD/PD
VLF testing and diagnostics system. This is a multifunctional diagnostics-system,
built into a cable test van with a possible VLF sine voltage up to 28 /57kV. Further
information about the measurement system is available in [19].

Example 1: A practical PD-measurement taken by Kérnten Netz in fall 2018
shall be considered in detail. In this case a 1541m long cable section of type
AY2YHC2Y with PE-insulation from 1983 was tested. The cable consisted of
three phases with 150mm? each. The results of the PD-measurement are shown in
figure [3.2.3.2}
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Figure 3.6: Screenshot from the Baur-Measurement Software showing a PD-
measurement on a 20kV cable with severe PDs from 2018. (picture: Kérnten
Netz GmbH)

Junctions are a possible source of PDs if they are not installed correctly, so the
location of junctions is shown in the graphic in the top-line. A junction is located
at 41m (green triangle), at 60m (blue circle) and at 1505m (yellow triangle). The
scale shows measured PD ¢, in [pC| depending on the cable length, the different
symbols show results from different measurements taken. It is clearly visible that
on the phases L1 and L2 no PDs at Uy = 20kV were measured, on L3 severe
PDs were measured at a distance of 129,7m. Because of this detection, different
measurements at voltages of 12, 14, 16, 18 and 29kV were taken, which can be
seen by the different symbols. It can be seen, that the PDs occur at already 12kV
and have a ¢, up to 700pC at 20kV. Therefore an immediate repair of this cable
segment is recommended.

Usually, PD-measurements also measure the frequency of pulses, the time of
their appearance compared to the sinusoidal test-voltage and external distur-
bances. Especially the appearance of the PDs depending on the voltage can give
interesting insights and is usually stated with the phase angle ¢ of the sinusoidal
voltage. The occurrence during the positive or negative half of the curve and their
density form some kind of “fingerprint” for the cable, out of which with experience
further information about the origin of the PD can be gathered.|15, S.116f] Two
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examples for such time-charge diagrams are shown in figures [3.7 and [3.8]

Example 2:Figure[3.7 was taken in a laboratory test on phase L1 of a new 498m
long NA2XS(F)2Y cable with 150mm? cross section and shows a few PDs of more
than 900pC at 150°-165°, but besides from that the cable is in good condition:
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Figure 3.7: Time-charge diagram of a laboratory PD-measurement for a healthy cable.
(picture: Kérnten Netz GmbH).

Example 3: As a comparison, figure shows a PD-measurement taken on
phase L2 with a 555m long A2YHC2Y cable from 1984 with 95mm? cross section.
It shows relatively low (around 90-110pC) partial discharges at practically every
phase angle of the sinus wave:
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Figure 3.8: Time-charge diagram of a laboratory PD-measurement for a degraded cable.
(picture: Kérnten Netz GmbH).
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The PDs were localized at a length of around 370m. Because of the low ¢, of the

PDs,

it was assumed, that they were caused by a junction. The installation data

nevertheless was incomplete, so it was not possible to clarify, if there was really a
junction at this location.

3.2.2.4 Advantages and Disadvantages

+

+

Easily practicable standard-technique with low chance of failure or false pos-
itive results if data from junctions are complete.

The occurrence of PDs are a clear sign of ageing and degradation within a
cable.

PDs can be localized to allow a targeted repair.

Because of the wide application of the technique, lots of empirical values and
experience from the measurement personell is available, from which further
information can be gathered.

For the measurement, only cable segments of hundred meters to few kilome-
ters can be measured. The cable needs to be taken out of service and the
measurements need to be taken on-site. This leads to a high requirement of
time and effort and limits the possible measurements to be taken within the
grid.

The threshold for the "tolerable number” of PDs cannot be universally stated,
depends on the type of the cable and many other factors. Values for “critical
number” of PDs are only empirical values and based on the experience of the
measuring personell.

The measured PD activity of a cable does not determine the condition of the
insulation as a whole itself, but only shows local defects.
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3.2.3 Measurement of Dissipation Factor tan ¢

The physics and properties of the dissipation factor tand have already been the
topic of section [I.2.4] and its significance for the insulating behaviour of a dielec-
tric was shown. Therefore, besides PD-measurements, field-measurements of tand
are the second very widely used diagnostic technique.

3.2.3.1 Explanation of the technique

Historically, tand-measurements are closely connected to the name of Harald Scher-
ing (1880-1959), a german physicist and electrical engineer. In 1919 Schering
invented an electrical AC bridge-circuit for the measurement of the dissipation
factor, which was later named Schering Bridge after him.

measuring branch reference branch
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)
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Figure 3.9: Circuit-scheme of the Schering Bridge [30, S.432] .

In the Schering Bridge, C'y is the unknown capacitance of the test object, and
Cy an ideal, low loss capacitor. The capacitance C; and resistance R3 are ad-
justable. The test object Cx is realistically stressed with high voltage, while the
other parts of the bridge are at low voltage. The null indicator (NI) used to be a
galvanometer, nowadays usually an oscilloscope with a Lissajous-figure as display
is used.
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When an AC-voltage U(t) is applied, AC-currents flow through C'x and Cy on
the “high voltage side” of the bridge. By adjusting R3 and C}, the points a and b
are brought to the same potential, which is called balance condition:

Zx ZN
Z2 _ 207 3.4
Ly Z4 (34)

When the balance condition is fullfilled, no current flows through the null in-
dicator, and the Lissajous-figure on the oscilloscope shows a horizontal line. The
dissipation factor then follows after a few transformations of equation [3.4 Equa-
tion [3.4] with the complex impedances written in full form looks as follows:

1 1 1 1
T - —=—|=+J 3.5
(R + ]WCX) R3 ]CL)CN <R4 —|—ij4) ( )

After separation into real and imaginary parts, Rx and Cx can be expressed:

RX = Rg— and CX = CN— (36)
And the dissipation factor tand a serial circuit can be calculated via:

tand = CUCXRX = CUC4R4 (37)

With a sophisticated arrangement of the measurement setup of the Schering
bridge, the dissipation factor can therefore be read directly without calculation.
And, as shown, all adjustable elements of the setup are at low voltage level. [54,
S.353f] |15, S.57f]

There are different extensions and improvements of the basic Schering bridge
for different measurement applications and they are described in detail e.g. in |7,
[15] or [30].

Dissipation factor measurements are an important tool for condition assessment
in power grids. The measurements are non-destructive and were originally used
especially for paper insulated cables. When the paper insulation is poorly im-
pregnated, the existing large cavities lead to a significantly elevated tand. For
small cavities, like in extruded cables, partial discharge measurements fit better,
but elevations of tand in extruded cables caused e.g. by water trees can be easily
detected. That is why the method is also still up to date for these cables.

Measurements of the dissipation factor with 50Hz are practically difficult to

perform. This is on the one hand due to the frequency-dependency of the dis-
sipation factor, which leads to very low tand values at 50Hz, as shown in table
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[I.1] At 0,1Hz the values are 10 times higher. On the other hand, difficulties arise
from the high capacitive reactive power, which is required for a measurement at
50Hz. Therefore, tand measurements are usually done with 0,1Hz VLF, as already
mentioned in the previous section about PD-measurements. Because the reactive
power is directly proportional to the frequency, the required reactive power for a
measurement with 0,1Hz is 500 times lower than at 50Hz. This also allows the use
of smaller, transportable measurement-setups, usually installed in a measurement-
van. |15, S.60]

Similar as for PD-measurements, no definite physical or technical threshold val-
ues for tand measurements exist. For practical purposes, only empirical values or
deviations between the phases of a three-phase can be considered. There are dif-
ferent values in standards like [14] or standard literature like |7]. In practical use,
tand is usually measured for different voltages up to Uy or 2-3U ), to avoid damages
especially on older cables, the test voltage is often limited to Uy = v/3U,. For the
measurements at Karnten Netz four states were defined: cable can be returned to
service, cable with operating risk, cable with high operating risk, cable not ready
to switch on. The allowed values for tand and Atand between the measurements
are shown in table 3.1k

state tand | KNG-Grading
Cable can be returned to service | <1,2 1
Cable with operating risk 1,2-2,2 2
Cable with high operating risk | 2,2-6,0 3
Cable not ready to switch on >6,0 4

Table 3.1: Limit values for tand measurements at 0,1Hz AC, 30min. (Kérnten Netz
GmbH.)

Further information and limit values are given in the standards [14] or |46]

3.2.3.2 Discussion of Experimental Results

Three examples for real dissipation-factor tests shall be shown, which are all done
on the same cables as the PD-measurements shown in section B.2.2] At Karn-
ten Netz, dissipation-factor measurements are also done using the Baur PHG 80
TD/PD system with a 0,1Hz VLF sine signal.

For the tests, 8 measurements on each phase are taken for 10 seconds (1 full
oscillation of the 0,1Hz sine wave) with test voltages of 5,8 11,7, 17,2 and 19,8
kV. This is the standard measurement-procedure implemented at Kérnten Netz
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and is based on experience and manufacturer specifications from Baur. Here, the
dissipation factor is plotted against the voltage (in kV).

Example 1: For the measurement with the high amount of PDs shown in
figure , the raw data was taken and manually evaluated, because error-margins are
not shown in the Baur-Software and we wanted to calculate those manually. The
results are shown in figures and [3.11} For the manual calculations the mean
value of each of the 8 measurements was taken and the error margins represent
the standard deviation of the mean. The error margins are only slightly visible for
L3, for L1 and L2 they are practically not visible. So a sufficient accuracy can be
assumed.
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Figure 3.10: Manual calculation of the dissipation-factor measurement from figure
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Figure 3.11: Results taken from the Baur-Software of the measurement already shown

in figure

Figures and clearly show, that the phase L3 in this case is the probable
source of the PDs. Phase L1 and L2 show constant dissipation factors of ~ 0, 25.
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Measurement experience shows, that the characteristic form of the measurements
in L3 with an even declining dissipation factor at 19,8kV points to moisture within
the cable, probably because of a damage of the outer jacket.

Example 2: Here it is clearly visible, that both phases of the cable are healthy
with practically the same dissipation-factor, which is a little more than 0,3-1073
at UN.
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Figure 3.12: tand-voltage diagram of a laboratory dissipation factor measurement of a
healthy cable.

Example 3: For the measurement from figure [3.13] Here it is clearly visible,
that the values for phase L2 are elevated. The dissipation factor for both phase L1
and L3 is around 0,5 -1073 at Uy, for L2 it is nearly 3 -10~2 and therefore clearly
unfit for service.
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Figure 3.13: tand-voltage diagram of a laboratory dissipation factor measurement of

the degraded cable from figure

3.2.3.3 Advantages and Disadvantages

+

The measurement of the dissipation factor is an easy practicable, low cost
standard-technique with nearly 100 years of experience.

A lot of experience worldwide with the technique for different cable types,
and a lot of empirical values.

A constant low dissipation factor below the empirical allowed values is a
clear indicator for a healthy cable.

Same as for PD-measurements, the cable needs to be taken out of service and
measurements can only be taken on-site. For cables, an real-time or online
measurement of the dissipation factor is not possible. Therefore only a very
limited number of cable segments can be measured within a certain time.

Measurements of the dissipation factor of a cable with a certain length can
only evaluate the integral cable condition. The measured dissipation factor
is always an average value for the whole cable.

There is no spatial resolution of spots of higher degradation e.g. a cable
segment with a high number of water trees. A localization is not possible.

As already mentioned in section [I.2.4] the dissipation factor is temperature
dependent, so a high difference in temperature can distort the results.

If measurements with 0,1Hz are done, the results give no conclusion about
the values of the dissipation factor at 50Hz.
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3.2.4 Practical Example of an in-situ Measurement

For the illustration of the measurement-techniques shown, an example for a prac-
tical in-situ measurement is shown. The measurement was done on November the
21st 2018 in the south of carinthia. A measurement of dissipation factor and par-
tial discharges was done on a total cable length of 1071m. The cables were of the
type AY2YHC2Y, with three 95mm? aluminium-conductors and PE-insulation. A
first segment of 191m was installed in 1983, the rest in 1988. The measurement
was a routine measurement after 30 years of being in service and no faults on this
cable section were known from operation. The measurement was taken at a trans-
former station with the already described BAUR PHG80 TD/PD measurement
equipment.

Figure 3.14 Figure 3.15
Transformer station Cable test van
For the measurements, the cable section had to be taken out of service, the mea-
surements were done directly connected to the cables from the transformer station:

Figure 3.16 Figure 3.17
Preparation of the measurement Preparation of the measurement
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3.2.4.1 Discussion of the Results

The dissipation factor was measured with the described process, the results of the
measurement are shown in figure [3.18
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Figure 3.18: tand-voltage diagram of the measurement from 11,/21/2018.

It is clearly visible, that tand for the phase L1 was slightly elevated but at 19,8kV
it is still not higher than 0,5. According to the scheme from table the cable
can classified into class 1 and be regarded fit for operation. The results of the
PD-measurement are shown in figure [3.19;

0-100 % ‘—D

Figure 3.19: PD-diagram for the measurement from 11,/21/2018.
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In the upper part of the diagram, again the existing junctions are shown. Es-
pecially in comparison to figure [3.6 it is easy to see, that no PDs were measured
on this cable section. The box with “133,9m” is only due to the cursor during the
screenshot.

92



4 Qutlook and possible future
Developments

In the previous chapters the characteristics and challenges in the operation of MV
cables, the main processes of ageing and degradation, and methods and approaches
for condition assessment and diagnostic methods are shown. Measurements of par-
tial discharges and the dissipation factor tand give a good insight into the ageing
state and health of a cable, these measurements come with a high effort in work
and time. The measurements can only be done on-site, the test-cables need to be
taken out of service, and only for a single cable segment of limited length. Taking
measurements on every cable of a nearly 3000km cable grid therefore takes years
of time.

In the following chapter, new approaches in diagnostic technology shall be
shown, which are current research topics and are dealing with exactly this prob-
lem: to gather real-time information and data regarding the condition of the cables.

Especially reflectometric methods are an interesting field of research with promis-
ing concepts and possibilities. The basic approach of these methods has already
been partly discussed in chapter 3, and shall now be introduced and explained
in detail. An especially interesting concept of online-monitoring via signals taken
from Power Line Communication (PLC) shall be presented. This concept nev-
ertheless is at the moment only in a stage of development and research and not
marketable, but has promising qualities for future developments.

4.1 Reflectometric Diagnostics

The basics for understanding of reflectometric methods have already been ex-
plained in section [I.2.7] the diagnostic property of interest in reflectometric meth-
ods is the wave impedance Z,,,.

The basic motivation in using reflectometric methods is the possibility of spatial
resolution. The introduced tand- and PD-measurements can only give information
about local defects and an integral value of the dissipation factor. The detection
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of a failure location needs to be done with different methods afterwards.

For spatial resolution of the properties within an energy cable, in a very sim-
ple model the cable is divided into n segments of equal length. This model of the
transmission line composes of these n segments, each of which have the classical ca-
ble parameters per unit length capacitance C’, conductance G, inductance L' and
resistance R'. Due to mechanisms like the explained skin- or proximity-effect, the

parameters of these segments are also frequency-dependent. The circuit diagram
for the k-segment is shown in figure [48]

[ ] [ve]w ] jm

Figure 4.1: Circuit diagram for the k-segment of a cable in the transmission line model.

[16] S.383)

In section [1.2.7] it was already shown, that when a wave travelling along the
cable reaches a spot with a change in Z,,, a part of the wave gets reflected. The
characteristical property for this effect is the already in equation [I.30] explained
reflection coefficient 7:

o Zw2 - Zwl

Zwz + Zu1

The two major practical applications of these physical relations for reflectometric

techniques are operated with pulsed electrical signals in the so-called time domain

reflectometry (TDR) or with sinusoidal waves in frequency domain reflectometry

(FDR). Both methods are used to detect cable faults via impedance discontinuities
and are explained in the following sections.

=r.el? (4.1)

4.1.1 Time Domain Reflectometry (TDR)

TDR is a very popular technique for application within cables and especially the
detection of cable faults. ETxamples for and diagnostic concepts and techniques
based on TDR are presented in [16], [17], [48] or [52].
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The basic principle is simple: A short voltage pulse or rectangular step signal is
sent into the conductor in an experimental setup shown as in figure 4.3}

__testobject
connector [— + [ 2] ] ]kf [~ m

pulse gen.

digital
oscilloscope

Figure 4.2: Block diagram of a TDR experimental setup. |16} S.383]

Whenever the signal encounters a change in the wave impedance Z,,, a part of it
is reflected according to equation [£.1] The open end of the transmission line after
the n'" segment can be seen as infinite impedance Z,, — oo, and therefore total
reflection 7 = 1 of the signal. As already discussed in section [1.2.7] for a short
circuit r = —1 and if the change in Z,, is between these scenarios, r is a complex

number. Figures [1.2] and [£.4] show an example for a simple network topology and
the responses from different reflection points B, C and D, taken from [48§]:

C

2 Open Circuit
S
@A 20m B \Aoo n b

Short Circuit

Figure 4.3: Example for a simple network topology with reflectioin points B (line
branch) C (open circuit) and D (short circuit) [48] S.3|

VSN und V“c\\
» =
<

B

(& D
\T o N

0 100 200 30 400 500 600 700

Ihstance /m

Figure 4.4: TDR results with voltage against time plotted for the reflection points. [48,
S.3|
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The distance d can easily be calculated with the frequency dependent propaga-
tion velocity v of the signal within the cable, which has to be calculated neverthe-
less. Notable in figure [4.4] are the smaller reflections after the main-D-reflection.
These occur from the already reflected secondary waves, passing the reflection
points. These secondary reflections always happen using this method, becoming
of course more complex with more complicated network topologies.

These principles of TDR are quite simple and also only little equipment is neces-
sary, the technique has disadvantages:

e (Clear, large changes in impedance, as shown in figure [4.4] are clearly visi-
ble and easily detected. Especially in more complicated network topologies,
smaller changes like at junctions or degradation spots are quite hard to de-
tect.

e Especially at short cable sections, emitted and reflected waves can overlap
and by that it makes the individual signals hard or impossible to detect or
associate.

e Sharp square pulses are necessary for an exact time measurement between
emitted and reflected signals. The emitted signals should be as narrow as
possible and have an rising-pitch as high as possible, for which good equip-
ment is necessary.

e As already mentioned, differentiating impulses of initially emitted signals
and reflections can be complicated and network topology algorithms might
be needed. [48, S.3|

4.1.2 Frequency Domain Reflectometry (FDR)

The approach of FDR is similiar as of TDR, but a different, sinusoidal signal is
used. In FDR no sharp pulses are used, but a waveform generator which generates
a sinusoidal signal with varying frequency sweep. A coupler and mixer are needed
in this setup to separate the received signal from the emitted one. By that, the
phase shift between emitted and reflected signal can be calculated, which is used
to determine the distance to the fault spots. Afterwards, an analog-to-digital
converter (ADC) as low-pass filter is used to remove the high frequency amounts.
A highspeed digitizer is used to digitize the signals which are then processed on
a PC via Fast-Fourier-Transform (FFT) and plotted in frequency domain. This
setup is shown in figure [4.5
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Figure 4.5: Block diagram of a FDR experimental setup. |16} S.384]

digitizer

Due to this process, the resolution of FDR measurements is significantly better
than those of TDR. When the sinusoidal wave reaches a change of 7, it gets
partly reflected according to equation [4.1] Because of the round trip, the reflected
wave has a phase shift of €%%% where 3 is a phase constant, depending on the cable
properties. When this delay is fixed, the phase shift between emitted and received
signal increases with increasing frequency.

For the network topology shown in figure 1.2, the FDR Fourier-transforms would
look as follows:

o1 1
TR S B B W
100 200 300 400 <00 600 200 800 900 1000
Dhstance /m

Figure 4.6: Fourier-transforms of the FDR results plotted in voltage against distance.
[48, S.5]

The peaks in the voltage-distance plot are very sharp, caused by the better sen-
sitivity and resolution. Compared to TDR, this increase in quality is paid for with

the more complex experimental setup and the expensive necessary equipment. |48,
S.4f]|[16, S.383f]
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4.1.3 Joint Time and Frequency Reflectometry (JTFDR)

JTFDR combines the previous two methods by an emitted signal in the form of a
frequency sweep with a Gaussian envelope. This signal can then be interpreted as
Gaussian pulse or as sinusoidal sweep. Therefore, the delay time as well as phase
shift of the signals can be evaluated, combining both principles. For the setup,
an Arbitrary Waveform Generator (AWG) is needed instead of a pulse generator.
Apart from that the equipment is the same as for the FDR-setup:

test object
AWG coupler (—m [ ] « IR |

Figure 4.7: Block diagram of a JTFDR experimental setup. |16, S.384]

digitizer

Regarding sensitivity and resolution, JTFDR combines the advantages of both
methods. Especially the weak reflected signals can be detected better and in a
sharp way like in FDR. A disadvantage in this method is the expensive AWG and
high effort, also types of faults or damages cannot be differentiated, because the
informationi of the amplitude of the reflected signal gets lost. Because of the high
frequency bandwith of the sweep, especially the higher frequencies are strongly
attenuated. This limits the application of JTFDR to detection and localization of
faults in short cables. The JTFDR-cross relation for the network topology shown
in figure is plotted in figure [4.8} [48| S.3f][16, S.384]
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Figure 4.8: Fourier-transforms of the JTFDR results plotted in voltage against distance.
[48, S.4]
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4.2 The Idea of Online Condition Monitoring via
PLC Signals

In the following section, a new and promising approach towards a real online condi-
tion monitoring system is introduced and the current state of research is explained.
Due to the increase of decentralized energy supply and renewable energies, the so-
called Smart Grid has become a concept of interest for the near future. Power
Line Communication, meaning data transmission carried out over the electrical
conductor via a modulated carrier signal, is one of the crucial technologies for
the communication and connection of the devices within the grid. In the last few
years, concepts and research for the use of these signals for condition monitoring
purposes as well have been presented e.g. [3] in 2016, [32] in 2017 or [65] in 2018.
The idea behind this concept, a possible technical realization, advantages and dis-
advantages shall be presented in the following section.

4.2.1 Power Line Communication

The basic idea and concept of PLC is already centuries old and quite simple:
electric wires and cables for energy transport with 50/60Hz are used to transport
modulated signals on high carrier frequencies for data transmission and commu-
nication. The existing infrastructure of energy cables and wires then fullfills the
additional use of communication. In former times, this technology was used for
simple applications like e.g. baby monitors in houses or already within cable grids
for telephoning over long distance overhead high-voltage lines. Since the increasing
use of the internet and connected electronic devices, the technology has regained
the interest of research and different applications have been developed or improved.
Numerous examples for the application of this technology and the implementation
in industrial automization, multimedia or automotive uses are explained in detail

in [35].

The developments within electrical power generation and energy distribution
brought this old PLC-technology to a possible new application within the grids as
well. Electrical energy grids face a lot of already mentioned challenges regarding
the increase of not or poorly adjustable and predictable renewable energy sources
or more flexible and difficult to plan electrical consumers like electric cars. For the
resulting increased necessity of automatized communication of consumers, power
generation and grid operators, PLC is a proper technology, as it uses existing
cables. Within HV-overhead power lines or partly MV-underground cables, fibre
optic links have been installed in many grids for data transmission. Especially for
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the “last mile” to the customers in electricity grids these installations would be
way to expensive.|35] S.509ff]

The European Smart Metering Alliance (ESMA) defined automatic processing,
transfer, management and utilisation of metering data and 2-way data communi-
cation as two of the main features of smart metering.|[47, S.4] On the one hand
PLC can be an excellent technology for the smart metering, but on the other hand
it generates considerable amouts of PLC data traffic, for which PLC-modems are
necessary. Using modern broadband standards, the german market leading com-
pany devolo promises up to 200Mbit /s of traffic and up to 400m of possible distance
between the devices. [20] An example for such a network of smart meters, pow-
erline repeaters and headends, connected to fibre-connections, is shown in figure
4.9k

->
Intelligent measuring LTE/ glas: “’
wlth ntegrated BPL

Figure 4.9: Example of a PLC-network in a community using PLC modems and smart
meters. [20]

There are two basic classes of PLC for smart grids, based on their frequency
bands used:

e Narrowband (NB) PLC, working at frequencies between 3kHz and ~
500kHz. The signal reach of these systems is hundreds of meters to several
kilometers and the throughputs are up to hundreds of kbps.

e Broadband (BB) PLC, also called Broadband over Power Line (BPL)
with frequency bands from 1,8MHz to 250MHz. The signal reach here cov-
ers distances from hundreds of meters to several kilometers as well and the
throughputs reach from several Mbps up to hundreds of Mbps.|35], S.510]
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Due to the focus on MV and LV cable grid segments, the following sections are
usually focused on narrow-band protocols like G3 or PRIME. The principles an
basic approach is applicable to other protocols as well.|3, S.2]

4.2.2 Basic Principle and ldea

If PLC communication between different smart meters and other active parts is
implemented in a part of a grid, the basic idea now is to use this variety of sig-
nals for other means than just communication as well. The technical and physical
fundamentals for this idea are described in the previous section and are based on
reflectometric methods e.g. explained in good detail in [48] or [16]. The biggest
disadvantage of all diagnostic measurements so far is, that the cable segments
which should be measured have to be taken out of operation, which involves a
consiterable effort and time. If the continuous periodic signals of a PLC data
transfer within the grid could be used for reflectometric purposes - a continuous,
real time measurement of the whole grid would be possible. If a network of power
line modems exists, all the necessary hardware would be available, and only soft-
ware solutions for the evaluation and interpretation of the signals would be needed.
[3, S.1]

To use the TDR- and FRD-techniques presented in section [4.1] the periodic es-
timation of the system impulse(CIR) response by the modems is used. With this
signal sequence, the modems obtain the CIR or channel transfer function (CTR).
The diagnostic results are therefore carried out in course of the normal modem
operation, practically as a “by-product”.

An experimental setup for the described measurements is shown in figure [£.10}

cowpler \——[  J=— coupler
line end | power line cable ‘ line end
impedance impedance
PLC PLC

modem modem

Figure 4.10: Block diagram of a PLC-aided measurement setup. [3, S.3]

Two main difficulties arise with this usage of system impulse response signals:

e Firstly, as shown in the explanation of the PLC-standards, the available
bandwidth is limited due to the regulatory constraints and hardware used.
Therefore, swept sine signals cannot be executed over such a broad frequency
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band as it would be in classical FDR measurements. This can be compen-
sated by using multiple measurements to increase the resolution.

e A second difficulty can arise from the line end impedances. In this case
however, the cable impedances are usually very low compared to the receiver
impedances, so it behaves practically like an open line end with r close to
zero. |3, S.2]

In practical use, most modems use Orthogonal Frequency Division Multiplex
(OFDM) as modulation scheme. In [3|, for the CTF mesurement, a standard
OFDM scheme without any data, just pilot signals were used and calculated in a
model. The resulting measured CTF H(f) can then be mathematically represented
as a product (in frequency domain) or a convolution (in time domain) of a transfer
function Hpeqieny of the healthy cable, and a function Hyy,, for the degradation:

H(f) = Hhealthy(f) : Hdmg(f) (42)
h(t) = hhealthy(t) * hdmg<t> (43)

Thus, from a mathematical point of view, the degradation impulse response
in time domain Agny(t) from a new, healthy cable is a Dirac-0-distribution - the
neutral element of convolution. Therefore, in this case h(t) is equal to hpeqiiny ().
Ideally, if the modems are installed at the same time as the new cable, because
of the continuous measurements the status of the new cable can be assumed as
Rheatthy(t). If any change in the impulse response happens, the degradation func-
tion of the cable hgmy(t) can then be calculated via deconvolution.|3] S.3]

The enormous innovation of this method, if it would be used in full-coverage of a
power grid, would therefore be the possibility of a current, real-time condition mon-
itoring of the cable status. Newly arising degradations or discontinuities within
the grid then would lead to a change in hgn,(t), and with the described reflecto-
metric methods even the location could be assessed. Furthermore, the changes in
the CTF could be identificable long before a failure occurs. Consequently, degra-
dations and ageing of cable segments could be detected in very early stages and
appropriate measures can be taken.

Within a real grid, of course there is a considerable influence of noise on the
measurements. The effect of the noise can be minimized by using multiple mea-
surements and average of the signals. Since the noise is incorrelated and random,
but the CTF is not, the signal increases with averaging for each measurement.
Also the restricted bandwith due to regulatory reasons is a problem. In |3, S.3]
therefore not only the narrow-band bandwidth but the maximum capable band-
with of the modem (5kHz up to 5MHz) was used. In 32| a broadband bandwidth
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from 100kHz to 35MHz, in [65] from 2-30MHZ. Whether narrow band-bandwidths
are sufficient for applicable results is unclear. Another considerable variable is
the number of equidistant sub-carriers in OFDM N.. The available bandwidth is
divided into V. sub-carriers and each of those set to unit amplitude.

4.2.3 Current Research Results

The research in diagnostic possibilities of PLC technology is a rather young field.
As exemplaric results for the issue of this thesis the recent results of |3] are shown,
where a simple single wire model is used. [32] The tests are expanded over a
physical model for water trees, and [65]|, where a machine learning framework for
a continuous monitoring system is proposed.

In [3], a proof of concept for the method was done via modelling experiments of
a transmission line model, as shown in section[4.I] A model of a 1000m single cable
line was simulated with a degraded part of 1m length after 150m. The resistance
of the cable was set to 12, and the conductance at the degraded cable part was
increased by a factor of 5.

A perfect knowledge of the CTF regarding hpeqitny Was assumed, as explained
in the previous section with an initial A(¢) = hpeatny(t) and a known propagation
velocity v.

h‘lllll\.‘.(d/l”)

U 1 L 1
0 100 200 300 400 500

d [m]

Figure 4.11: Deconvolution of Agy4(d/v) for the simple 1000m single line model with a
degradation at 150. The disturbance in hgp,g at 300m (due to the reflection
2x the way) is clearly visible. |3|

Different other measurements for this simple one-line-model are published in
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[3] e.g. for multiple measurements to minimize noise or other influences. Two
interesting basic insights were mentionable: Firstly the usable bandwidth has a
significant effect on the accuracy of the measurements, as shown in figure [4.12]
Secondly, the location of the degradation and especially the distance to the end
of the power line also influences the signals as shown in [£.13] Due to noise and
other influences, the signal is less accurate and significant when the degradation
is located close to the centre.
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Figure 4.12 Figure 4.13
Deconvolution of hg,,, with a fault Deconvolution of Agy,gfor the same
at 200m for different measurement degradation fault at different

bandwidths.|3] locations. 3|

The measurements shown in [3]| are of course only done on an unrealistically
simple model. Many influences like different cables, junctions or ambient condi-
tions were excluded, which could cause false positives for degradation or faults.

In [32], additionally a model for water treeing effects in XLPE-insulation of
MV-cables was considered, the cable was modelled as part of a network with
varying load and the varying CFR responses were accomplished automatically with
a support vector machine. The effect of water trees on the dielectric properties
was simulated with a model of either water trees with two characteristics: Either
rather small and fully embedded within the XLPE-insulation, or fully grown and
bridging the insulation. In the first case, the capacitances of the PE-insulation
and the water tree can be considered in series, in the second case the capacitances
are in a parallel circuit. This is illustrated in figure the parameter 0 < w <1
describes the severity of the water tree:
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Figure 4.14: Water trees bridging the entire insulation (above) and locally contained
water trees (below) and their circuit diagrams. [32]

Based on recently published models, the effective dielectric permittivity ey,
for the water treed segments are then calculated in the model as follows:
case i:

1
CWTi= ———— 4.4
WT, w + 1—w ( )
EWT EPE
case 1i:
ewri = wewr + (1 —w)epp (4.5)

Where ey 1 is the dielectric permittivity of the water tree degraded XLPE, and
epg is the dielectric permittivity of the healthy XLPE. The calculations were done
based on a three-core N2SXEY XLPE-MV cable with usual practical parameters.
In simulations of a simple one-line models it was shown, that between an intact and
a water treed cable a phase shift of the CFR-~frequencies occurs, which increases
with frequency. This effect is due to the changes in capacitance of the water treed-
insulation. Furthermore tests on a more realistic network shown in figure [4.15]

were done:
@ 100 m R 100 m @

50 m

Figure 4.15: Scheme of the network used in the experiments with transmitter (TX),
receiver (RX) and branch endpoint (BE). 32]

For this simple network, the four following scenarios were modelled:

1. RX and BE terminated with 50€2, all wires intact
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2. RX and BE terminated with 50 €2, a section of 60m on side of RX is water
treed

3. RX and BE terminated with 20 €2, all wires intact

4. RX and BE terminated with 20 €2, a section of 60m on side of RX is water
treed

The resulting CFR-frequency plots also showed frequency shifts. These were
nevertheless quite hardly relatable, despite 60% of the right cable branch towards
RX being water treed. Therefore, the measurements were rendered with a reference
function to make the shift-effects better Vis.ible.4

g g
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Figure 4.16 Figure 4.17
Magnitude CFR plotted against Normalized CFR plotted against
frequency for the setup in .15 and frequency for the setup in and
the four test scenarios. the four test scenarios.

Especially in the normalized plot the effect of the different ageing-conditions and
load situations on the PLC-signals is clearly visible at the peaks. Nevertheless,
already for this simple network and four clearly different scenarios, a classification
or assignment of the effects is not easy. The slight shift towards lower frequencies
is clearly visible for 4 in comparison to 3, but not for 2 in comparison to 1. Espe-
cially the different load conditions differ from measurements 1-2 to 3-4 clearly. The
proposed method in the paper to classify these variations and differ variations due
to load conditions from ageing is a support vector machine (SVM) classifying the
data, which is also shown on simple examples. Nevertheless, it is also emphasized
by the authors, that this binary SVM is no suitable solution for long time ageing
effects, but only a first step.[32, S.4ff]

In [65], another step is described by further development of the methods and

adding a machine learning (ML) based framework for automatic condition monitor-
ing. This is also implemented only via software changes on regular PLC-modems
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which can be updated as often as required via online-firmware-updates. Also, the
simulations in this paper were done with water tree-affected cable segments with
a model similar to the one used in [32]. For the network topology a T-network
with three PLMs and distances of 500m of the PLMs to the branch point (BP).
Behind the PLMs after another 500m of cable further branch extensions (BEs)
are simulated. For the simulation of a realistic network, the BEs were modelled
with ramdom load impedances, the same N2SXEY XLPE-MV cables as in [32] are
considered. This network scheme is shown in figure 4.18}

Considered
Network

BE1 BE2

BE3

Figure 4.18: Scheme of a part of the distribution network used in [65].

The ML algorithm is then tested with different scenarios like an arbitrary degra-
dation between two distances, which came to similiar results as in the previous
presented papers. A multistep-assessment process is proposed where firstly the
homogenity of the cable profile is tested. If inhomogenities are found, first the
location is assessed, and then - executed by the two PLMs closest to the loca-
tion - the severity and exact position is determined. Behind every process-step
or ML-task, separate machines are trained. The whole process is shown in figure
4. 19k
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Figure 4.19: Process scheme of the ML-supported PLC-diagnostics process proposed in

65).

After testing the machines with simulated water tree-degradation of cables, they
were tested with realworld degradation measurements taken from a PHD-thesis.
These were fed into the model and the results are shown in figure [4.20}
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Figure 4.20: Results from the evaluation of real life water treed cable data fed into the
ML-setup from [65]. The comparison of predicted and actual age of the
cables (in years of degradation) is shown on the left, the location of the
degradations are shown on the right.

These results show, that the proposed setup is not only capable of evaluating
simulated data, but also with real-life data it shows promising results. The results
of the age of the cables are not as exact as in before done simulations, the results
are satisfying nevertheless. Especially the locations are very accurate with real
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life data, because of the simple measurement mode of measuring peak locations
within the cable.

4.2.4 Advantages and Disadvantages

+

+

No measurement hardware is needed, only additional software for the PLC-
modems, which can be periodically updated via online-updates.

PLC-aided diagnostics can be done during normal operation. The cables do
not need to be taken out of service for measurement. This is on the one hand
an enormous reduction in efforts for diagnostic measurements and allows on
the other hand a huge increase in data, which can be gathered from the grid.

Real-time condition monitoring can be conducted because of the constant
PLC-signals within the grid. If ageing effects or degradation occurs, the
affected cables can be repaired or replaced even before faults or damages
happen.

The PLC-signals have a large noise impairment, averaging over multiple
measurements has to be done to gather results even for small and simple
networks.

Especially for NB-applications strictly limited bandwidth, when it is unclear
if the signals can even show significant values.

No commercial implementation at the moment, only field of research.

At the moment the method is only modelled for rather simple network topolo-
gies. In real grids different disturbance factors such as different cable types,
already aged or degrated cables etc. can cause problems.

No field experience regarding more complex topologies.

The degradations in the simulations, which were already carried out were
always simulated very straight forward with changes in ¢, of the insulation
as main characteristic. The effects of more complex degradation and ageing
on real-life cables, like small mechanical damages or problems at junctions
are not clear.
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5 Final Discussion and
Conclusion

The physics of power cables have been explained and the complex processes and
effects of ageing during lifetime have been shown. For a deeper understanding
of the current status of underground cables, a lot of vital information for ageing
processes like temperature, humidity or local defects is simply not available in
normal operation. Different models for ageing effects and lifetime estimation have
been introduced, a reflection towards the situation in an actual real grid is always
complicated due to these lack of information.

Diagnostics are an important tool for the condition assessment of the cables and
gathering of information about their actual status. Current diagnostic methods
such as the tand-measurement of cables or measurements of partial discharges are
on the one hand quite simple and proven with tens of years of experience and
empirical values, they nevertheless show several serious weaknesses:

e Cable sections, on which PD- or tand-measurements shall be done, have
to be taken out of service for the measurements, which can only be done
on-site. This leads to a high effort in time and limits the possible measure-
ments taken per year. As shown, the cable grid of Kérnten Netz has nearly
3000km of cable, with these conventional methods it takes several years to
do measurements to determine the status of the whole grid.

e There are no clear thresholds for dissipation-factor values or a number of
tolerable PDs in a cable, only empirical values for the different cable types.
A scheme consisting of four grades for tand values from very good to unfit
for operation was created, based on these empirical limit values. A deeper
analysis of the measurement results nevertheless was not possible. The mea-
surements therefore can mainly be used for the confirmation of the absence
of PDs and an integral permissible tand-value.

e tand measurements can only give integral results for the measured cable
sections. A localization of spots with elevated dissipation factors e.g. due
to water trees is not possible. PDs can be localized, but as shown, they
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can be caused by junctions as well. So a localization or register of installed
junctions is necessary to interpret these results correctly.

Concluding, these weaknesses and disadvantages of possible measurements and
data are getting even worse because of new developments such as renewable energy
sources or electric vehicles. There are currently no solutions for a real online-
monitoring of cable conditions on the market, but the demonstrated method using
PLC-signals has very promising aspects. This method nevertheless is currently
only a subject of research and far away from market-ready applications. For an
implementation in a real grid, a lot of research needs to be done and solutions for
some basic problems need to be found:

e For a practical use, PLC modems need to be installed in full coverage of the
grid.

e Most of the experiments and simulations were done with the whole bandwith
the modems were capable of. Especially for NB-applications, the applicabil-
ity in general needs to be verified.

e Most of the experiments and simulations were done with quite simple network
topologies. The effect of more complex networks and the large amount of
data gathered in them is not fully clear at the moment. As shown, machine-
learning applications would be needed in any case to process the data.

e Especially when the PLC-signals are installed with new cables, slow and
creeping ageing compared to the new, healthy cable status can be noticed.
It is unclear how much influence the installation in an existing grid with
already aged or degraded sections has and how the diagnostic system can
deal with these initial conditions.
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