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Abstract 
When polymer power cables were introduced into medium voltage applications 
in the late 1960s, the degradation phenomenon later referred to as water treeing 
was still unknown. However, this changed within a relatively short space of 
time. Just 5-10 years after these first polymer applications, faults began to 
appear that could be attributed to the new phenomenon—water treeing. Since 
then, cable manufacturers have been improving their designs gradually, and 
cables produced today are assumed to have much lower susceptibility to water 
trees. However, water treeing is still assumed to be the most important 
degradation process in these applications.  

There are huge amounts of polymer cable installations that are degraded by 
water trees. Since many of these cables are installed in the same grid nets, one 
cable fault often generates another. If two or more cables fail at the same time, 
the consequences can be extensive. A non-destructive diagnostic method makes 
it possible to assess cables and take action prior to failures. 

This thesis presents the results of research work on the development of a 
measurement technique and diagnostic method for the assessment of medium 
voltage XLPE cables in the field. The method used is called high voltage 
dielectric spectroscopy, and involves the measurement of capacitance and loss 
as a function of frequency at high voltages. The method is used in a short 
frequency range of approximately one decade in the low-frequency region 
(normally from 1 down to 0.1 Hz). The voltage levels used initially are all 
below the service-voltage level. If the cable is assessed to be free from water 
trees, a slightly increased voltage can be used.  

Based on dielectric-spectroscopy measurements, specific water-tree analysis 
and breakdown tests, a set of measurement procedures and criteria that take into 
account differences in cable designs has been proposed for the assessment of 
medium voltage XLPE cables. The characteristic responses of XLPE cables (in 
both non and water-tree-deteriorated cases) make it possible to separate the 
cable response from the influence of accessories. Field experience shows that 
water-tree-deteriorated cables with relatively low breakdown strengths can 
remain in service for many years. 

Keywords: dielectric spectroscopy, high voltage, variable frequency, 
diagnostics, non-destructive diagnostics, cables, medium voltage, polymer, 
XLPE, water trees, water treeing 
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1 Introduction 
1.1 Background 
When polymer power cables for medium voltage applications were first 
introduced in the late 1960s, the degradation phenomena later called water 
treeing was still unknown. However within a relatively short period of time 
(some 5-10 years), the first faults began to be attributed to what had been an 
unknown phenomenon—water treeing [42], [43]. Today, water treeing is the 
most important degradation process affecting medium voltage polymer-
insulated cables.  

Water trees are diffuse structures occurring in the polymer, resembling the 
shape of a tree or bush. Water trees can arise and grow in a polymer in the 
presence of water and an electric field. However, the presence of 
contaminations also plays an important role. Water trees, especially those 
growing from the insulation surface, lower the electrical withstand voltage of 
the insulation thereby increasing the probability of insulation failure. 

Cable manufacturers have been gradually improving their designs over the 
years. Cables produced today are assumed to have much lower susceptibility to 
water trees. However, water treeing is still understood to be the most important 
degradation process. 

1.2 The need for cable diagnostics 
An electrical installation is a large investment and knowing the ageing status of 
important components is of fundamental interest. The aim of efficient 
maintenance is to replace or repair an installed cable or other equipment before 
it fails. However, premature replacements are costly and should be avoided.  

One of the properties that influences the occurrence of faults is grid-net 
redundancy. The high-redundancy level of today with its alternative 
transformers and cable circuits is probably too expensive to sustain in the 
future. Additionally, the fact that an insulation fault combined with water-tree-
deteriorated cables in many cases generates additional insulation faults in the 
grid net, make even a redundant system vulnerable. 

The best solution is having a reliable diagnostic method. A reliable diagnostic 
method should be non-destructive and provide a true estimate of the remaining 
withstand voltage. By utilising knowledge about the ageing phenomena, an 
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estimate of the reduction of voltage withstand versus time can be done. 
Alternatives to diagnostics involve replacement by criteria such as age, design, 
fault or voltage testing. However, voltage testing is a pass-or-fail test and if a 
cable fails the test, it has to be repaired or replaced immediately. Therefore, it is 
impossible to optimise the replacement strategy by using voltage testing. 

The cost of a premature replacement can be exemplified by a simple analysis 
referring to the group of Swedish XLPE cables from 1965-75, which are quite 
susceptible to faults. Of a total installed length of 2,500 km, around 50% are 
still estimated to be in service. To replace these cables alone would cost SEK 
500 million [126]. Each additional year that a replacement of these cables could 
be delayed would save around SEK 50 million.  

1.3 The project 
This thesis presents the results from work done on the design of a measurement 
technique as well as a diagnostic method for the assessment of medium voltage 
(MV) XLPE cables in the field. The method used is called high voltage 
dielectric spectroscopy, which is the measurement of capacitance and loss as a 
function of frequency at high voltage (HV) levels.  

The first phase of the project was to design a laboratory system for investigating 
the relationship between the dielectric response obtained by dielectric 
spectroscopy and water treeing. The work was carried out by a research group 
consisting of the author, Dr. Dong Wu, two other PhD students—Peter 
Thärning (Tech. Lic.) and Björn Holmgren (Tech. Lic.), and the author’s 
research supervisor Professor Uno Gäfvert 

The second phase of the project was divided in three parts closely linked to one 
another. The author’s part in this phase was to design an instrument suitable for 
field measurements, and to identify and separate ageing properties from other 
parameters related to design, installation and operation. The two other parts in 
this phase were to develop and verify models on how water trees affect the 
dielectric response, and to find and verify relationships between property 
measurements and the remaining voltage withstand. These are presented in the 
theses of the other two students in the research team [130] and [131].  

During the project a number of conference articles and papers have been 
written. The author of this thesis has written or co-written the following: [123], 
[124], [125], [126], [127], [128], [129], [132], [133], [135], [136], [137] and 
[138]. Paper [138] is the latest and most complete article, however some 
sections appearing in this thesis (such as Section 9.7 “Influence of cable 
design”) are not included in the paper.  
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1.4 Description of the thesis 
Chapters 2 to 5 are review-like in character. They provide background about the 
medium voltage network, the fundamentals of dielectric polarisation, some 
basics of XLPE (the insulation material investigated) and an overview of the 
assessment methods used.  

Chapter 6 describes the measurement-system design and improvements during 
the project. Much time and effort was spent in improving system accuracy in 
measurements in the laboratory as well as in field conditions, and therefore this 
chapter is one of the main parts of this thesis. 

Chapter 7 describes how to prepare low-loss cable samples for accurate 
measurements, as well as how to measure a cable circuit in the field. Since 
XLPE is a very-low-loss material, this chapter is also an important part of the 
work. 

Chapter 8 describes the cable designs studied.  

Chapter 9 together with Chapter 6 constitutes the main part of this thesis, and 
describes how water-tree ageing affects the dielectric response of XLPE cables 
and variation between different XLPE cable designs. The results presented have 
been obtained gradually over the duration of the project and much of the work 
in the laboratory has been done in co-operation with Holmgren [131] and 
Thärning [130], and is also presented in their respective theses. 

Chapter 10 focuses on how accessories—especially cable terminations—
influence the dielectric response measured in a cable circuit. Since accessories 
limit the accuracy of a measurement of cable insulation, knowledge about their 
influence significantly improves the diagnostic method. This knowledge is 
gained through field measurements as well laboratory measurements. An 
especially important part of this work comes from Avellan Hampe [134], [137]. 

Chapter 11 presents the relationship between dielectric response and voltage 
withstand. Much of the work presented in this chapter was done together with 
Holmgren, and is presented in his licentiate thesis [131]. Section 11.2 
(Laboratory investigation 1), was performed with approximately equal division 
of labour, while Section 11.3 (Laboratory investigation 2), is mainly the work 
of Holmgren and is therefore the main subject of his thesis. The author’s 
contribution to Laboratory investigation 2 involved collecting the cable 
samples, assisting in planning, and the evaluation of the results. The author is 
fully responsible for Sections 11.4 (Very low frequency tests in the field) and 
11.5 (Cable failures in service). 
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Chapter 12 presents the diagnostic procedure and criteria for the general case, 
where no information about the cable design is known, and for specific cases 
where the designs treated in this thesis are being diagnosed. 

Chapter 13 presents two Case studies. These are also presented in [138]. 

Chapter 14 presents the Conclusions of the thesis and Chapter 15 ideas for 
Further work. 
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2 Medium voltage cable networks 
2.1 Introduction to the chapter 
This chapter presents some basic information about Swedish medium voltage 
(MV) power networks. The aim of the chapter is to present an overview of an 
MV network with their existing transients and over-voltages and finally 
introduce insulation diagnosis as a tool for optimising the grid network. 

In Section 2.2, the layout of a typical Swedish grid network is presented along 
with the earthing of the network and description of the cables. Section 2.3 
presents different types of over-voltages and protection devices, discussing 
some special situations related to cables in particular. In this section, the 
“required” voltage withstand of a new cable is presented as a reference. Section 
2.4 presents Swedish fault statistics related to water trees and XLPE cables.  

2.2 Medium voltage distribution networks 
Power-distribution networks consist of AC and DC overhead power lines and 
cables. DC to date has been restricted to HV DC links (mainly submersed DC 
cables in Sweden). AC cables are used for voltage levels up to 400 kV. 

A typical Swedish MV distribution network (design voltages of 12, 24 or 36 
kV) is normally fed from the HV grid net via one or more large power 
transformers (see Figure 2.1). Medium voltage is used in distribution of energy 
to industrial customers, and for feeding distribution transformers. These 
distribution transformers break down the voltage to 400 V for further 
distribution to low voltage customers.  

The MV grid net consists of a mixture of overhead power lines and cables with 
voltage levels around 6, 10.5, 21 and 32 kV. The most commonly used network 
voltages are 10.5 and 21 kV. The length of an MV cable is normally 300-1,500 
m, though some are much longer (up to 10 km). 

In the following description, it is assumed that a 21 kV network is fed from a 
135 kV network via a large power transformer (rated 145kV/24kV). The 
distribution transformer is ∆/Y-coupled, the primary 21 kV side ∆-coupled. The 
neutral at the 400 V secondary side is normally connected directly to earth. The 
145/24 kV transformer is normally Y/Y-coupled. The secondary 21 kV-side 
zero's tap is usually earthed via a Petersen coil in parallel with a resistance. 
Alternatives include letting the tap float or earthing it via a Peterson coil only. 
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In Sweden, the cable shield is normally connected to earth at both ends. 
However with short cables, usually within a substation, one end of the cable 
shield is left floating. 

 

Figure 2.1 An example of a small Swedish medium voltage network. The MV network is 
fed from the HV network via a large power transformer. The small distribution 
substations are fed from a cable or an overhead power line. In most cases, a 
distribution substation has at least two alternative feeding cables or power lines. 
However, in some cases a distribution substation has only one cable or power line 
feeding it. 

2.3 Over-voltages and protection of medium voltage 
networks 

2.3.1 Designs and devices 
In the MV network, as in all electrical networks, transient and over voltages of 
different kinds occur; therefore the network has to be designed to withstand 
these. Design must keep in mind voltage-withstand features—in equipment like 
cables—and protective features such as surge arresters and fault protection 
devices like circuit breakers. 

The equipment and cabling is designed to withstand voltage levels specified in 
terms of for example: DC-voltage levels, AC-voltage levels at power frequency, 
switching impulse levels, and lightning impulse levels. The equipment or cable 
is tested during design according to a type test. The type test is extensive and 
normally includes all of the above described voltage tests plus additional tests 
including partial discharge tests and mechanical tests. 
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Protective devices, like surge arrestors are put into networks to keep the voltage 
levels as low as possible and certainly within the designed voltage levels. If a 
fault occurs, protective devices like circuit breakers, disconnect the failing part 
of the network allowing the remaining network to continue uninterrupted. 

In the following subsections, some examples of increased voltage stress on 
XLPE cables are explained, and procedures for minimising the risk of failure 
are discussed. 

2.3.2 Test voltages for XLPE cables 
Cable manufacturers have to test cables prior to delivery to customers. The 
Swedish standard for cable testing (SS 424 14 17) specifies test voltages for 
MV cables and selected parts are presented in Table 2.1. 

Table 2.1 Selected test voltages for MV XLPE cables. Impulse voltages are peak 
values. All other voltages are sinusoidal voltages expressed as RMS values. 

Rated 
voltage 

Partial discharge 
Highest     Test 

Voltage test 
  Test      Time 

Dissipation 
factor voltage 

Withstand voltage 
Impulse     AC 

12 kV  14 kV 9 kV  30 kV 5 min 7 kV 75 kV  15 kV  
24 kV 28 kV 18 kV 50 kV 5 min 14 kV 125 kV  30 kV  
36 kV 42 kV  27 kV 60 kV 5 min 21 kV 170 kV  45 kV  

 
A cable with a rated voltage of 24 kV (which equals 14 kV phase to earth 
voltage) is tested by partial discharge measurements at 1.3 times the design 
voltage (18kV/14kV) without interruption after the cable has been stressed by 
twice the design voltage (28kV/14kV). The partial discharge level should be 
less than 5 pC. 

The voltage test (5 min) uses 3.5 times the design voltage (50 kV/14 kV) while 
the dissipation factor is measured at the design voltage. The dissipation factor is 
not allowed to exceed 1 x 10-3 at temperature (T) of 100-105°C. Observe that 
the test voltages are not a linear function of design voltage, for the voltage and 
the impulse tests.  

A DC or an alternative AC test is recommended after installation. The DC test 
voltage levels are 30 kV for 12 kV cables, 55 kV for 24 kV cables and 80 kV 
for 36 kV cables. However, it is stipulated that if the cable has been in service, 
the voltage level should be decreased, and the duration of application should be 
shorter. The significance of the DC-after-laying test is questioned by many 
authors [64], [65], [66], [73], [74], [75] and [76]. 

2.3.3 Lightning impulse protection 
An MV network is often a mixture of overhead power lines and cables. A 
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lightning impulse, normally generated on an overhead power line, is in most 
cases reduced by a surge arrestor prior to entering the cable network. However, 
the remaining impulse travels along the cable length to the other ends where it is 
reflected. Since the other end would normally be considered as open, the 
magnitude is doubled.  

A solution for reducing the impulse voltage stress used in some places in 
Norway, is to place a surge arrestor at both ends of the cable, which limits the 
voltage to the voltage limit of the surge arrestor [20]. This could be a way of 
keeping water-tree-degraded cables in service years more before replacement. 

2.3.4 Electric stress generated by a cable fault 
When a cable experiences one-phase failure, the faulty phase becomes earthed 
while the other two phases are stressed by line voltage, the square root of three 
times the phase voltage. In addition, transients generated by flashovers through 
the fault location are superimposed on the voltages described above. 

The stress remains until the circuit breaker disconnects a set of cables including 
the faulty cable. In Sweden, the circuit breaker has to disconnect the set of 
cables within a few seconds. In countries such as Germany, no obligation exists 
to disconnect the faulty cable, and in many cases, the cable remains in service at 
least for some hours. By allowing the faulty cable to remain in service, the risk 
of fire and damage in the other two phases or cable circuits increases 
significantly.  

Equipment is available that minimises the earth-fault current allowing the cable 
network to be run with an earth fault without the risk of it being damaging by 
the earth-fault current [14]. However where the network consists of many weak 
or weakened components, the risk of additional faults increases. 

In many cases the increased electrical stress related to a cable failure is enough 
to generate failures in other heavily degraded cables in the network. Power 
utilities with many aged cables talk about the “popcorn” effect, where one cable 
failure leads to another cable failure and so on. A “popcorn” fault could 
interrupt power supplies for a long period of time and become very expensive 
(utilities that have experienced such faults never wish to do so again.) 

2.3.5 Electric stress generated by disconnecting a cable 
In many instances, a cable has to be disconnected from the network. Reasons 
for this can include having to conduct work in the substation, or having to 
prepare the cable for off-line diagnostic measurement. The method used in this 
thesis—off-line dielectric spectroscopy—requires the cable to be disconnected 
and earthed prior to diagnostic measurement. Since many of the cables 
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disconnected for diagnostic measurements have significantly reduced voltage 
withstand, it is important to understand the voltage stress during disconnection 
and reconnection of an XLPE cable. 

The normal procedure for disconnecting an MV cable from the network is as 
follows: 

1. Disconnect the cable at one end (End 1). 
2. Disconnect the cable at the other end (End 2). 
3. Earth the cable. 

In Step 1, the load is interrupted with the disconnection of the cable. In most 
cases a load-disconnector or a circuit breaker, breaks the current close to current 
zero crossing and therefore the load break generates quite low transient voltages 
in the cable. 

Step 1 interrupts the load current. The current passing through to the remaining 
disconnector at End 2 is the cable insulation displacement current. The 
insulation displacement current is mainly capacitive, and since a load-
disconnector interrupts the current close to current zero crossing, the remaining 
voltage in the cable after Step 2, is a high positive or negative DC voltage.  

In for example a 21 kV network, where the cable insulation is stressed by a 
phase voltage of 12 kV, the remaining DC voltage could be as high as 17 kV, 
since the peak value of the phase voltage (12 kV x 2 ) is 17 kV. 

In most cases, the resistance to earth is very high, so the voltage remains until 
the cable is earthed. 

The earthing procedure is in most cases stiff, meaning that the cable conductor 
is forced to earth potential by low resistive metallic contact. Since the voltage 
change is fast, it can be modelled by a travelling wave of the same magnitude 
but opposite polarity to the previous DC voltage. When this wave reaches the 
opposite end (End 2), it is reflected by the open end, giving a resulting voltage 
the same as the first DC voltage level but minus. 

If the cable is very aged, this transient may be enough to start an electrical tree, 
which soon generates a failure in the cable. Therefore, a change of the 
procedure, putting in a high-impedance earthing stick before stiff earthing is 
motivated. The high-impedance earth-stick resistance should be high enough to 
avoid over-heating if the cable is energised. Too high a resistance increases the 
earthing time required. 

Additional switching transients stress the cable when the cable is put back into 
service. By connecting an earthed cable to the network, a transient that at its 
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maximum is twice the voltage applied could be generated. If the cable is 
reconnected with a remaining DC voltage present, the situation becomes much 
worse.  

2.4 Swedish fault statistics 
Water treeing is responsible for many cable faults in the Swedish MV power 
distribution networks. In Sweden, the cable insulation suffering from water 
treeing is XLPE cabling, and these cables were installed in the 1970s.  

An extensive study of XLPE cable failures in cables produced in Sweden 1965-
85 was done by the Association of Swedish Electric Utilities and published in 
1986 [4]. Table 2.2 shows cable fault rates due to water treeing per 100 km and 
year. The cables are divided into three groups relevant to the development of 
the cable design.  

Table 2.2 Fault rate per 100 km and year due to water treeing [4]. 
Year of cables manufacture Fault rate per 100 km and year 

1965 - 75 0.53 
1975 - 81 0.05  

1981 onwards  0.00  
 
After this study, eight major utilities representative of the Swedish distribution 
networks, have been followed up, which has confirmed the earlier results [5], 
[6]. On average 0.32 faults per 100 km and year were found to exist. Some 80% 
of the faults occurred in cables manufactured 1975 and earlier, and no fault 
occurred in cables manufactured 1981 and later. 

The groups presented above (1965-75, 1975-81, and 1981 onwards) are based 
on “average” design changes for Swedish manufacturers (until approximately 
1975, most cables produced had an insulation screen of tape, or graphite and 
tape, and in 1981, one cable manufacturer changed the extruded insulation 
screen material. In Section 8.2 a more specific description can be found). 
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3 Dielectric polarisation and loss 
3.1 Introduction to the chapter 
This chapter introduces dielectric polarisation and loss. The aim is both to 
outline basic theoretical background and shed light on how polarisation and loss 
influence dielectric-response measurements, in both time and frequency 
domains. 

In Section 3.2, a mathematical description of the polarisation process is 
provided. How the response can be transformed from a time domain to a 
frequency domain and vice versa, plus the Kramers-Kronig relation and the 
universal-response model are also shown. However, it ought to be remembered 
that this mathematical description requires a linear polarisation. 

Section 3.3, compares different measurement principles in time and frequency 
domains. The aim of this chapter is to provide a brief look at how the different 
methods used have their limitations. Finally, in Section 3.4, the non-linear 
dielectric response is discussed.  

3.2 Basic dielectric polarisability relationships 
3.2.1 Physical basis for dielectric polarisation 
The force an electric field has on an electric charge is: 

F = qE  (3:1) 

The force (F) tends to move the charge in the field direction. If the charge is 
free, it moves on average in the field direction. If the charge is constrained, the 
force displaces the charge generating an electrical dipole moment, which is 
dielectric polarisation. Since all movements in a material are disturbed by the 
thermal movement, the polarisation reaches an equilibrium state, which at 
moderate fields strengths, is in most cases linearly related to the field applied. 

3.2.2 Polarisation in the time domain 
In free space, the relationship between the displacement field vector (D(t)) and 
the electric field vector (E(t)) is: 

)()( 0 tt ED ε=  (3:2) 

where the permittivity of free space constant (ε0) is 8.85 x 10
-12

 As/V. If the 
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electric field is applied to a dielectric material, a polarisation field vector (P(t)) 
is also added, and Equation 3:2 becomes: 

)()()( 0 ttt PED += ε  (3:3) 

Maxwell’s equation, presented below:  

t
ttt

∂
∂+= )()()( 0
DEJ σ  (3:4) 

defines the current density in terms of DC conductivity (σ0) and displacement 

current density, expressed by 
t
t

∂
∂ )(D .    

Polarisation (P(t)) depends on (E(t)) and its history. In order to conduct an 
analysis of the time dependence of polarisation, a dielectric-response function 
(f(t)) could be defined [36]. The function f(t) describes polarisation time 
dependence, assuming the material is linear and isotropic. The relationship 
between f(t) and P(t) can be described by the time dependence of polarisation 
under a delta-function: 

P(t) = ε0(E∆t)f(t) (3:5) 

The requirements on f(t) are the causality demand:  

f(t) ≡ 0 for t < 0, (3:6) 

where f(t) tends toward zero at infinite time, 

0)(lim =
∞→

tf
t

 (3:7) 

and where the integral function is limited, 

∞<∫
∞

− dtetf tj

0

)( ω  (3:8) 

Assuming that polarisation can be described by f(t) the time dependent 
polarisation can be expressed as: 

τττε dtft ∫
∞

−=
0

0 )()()( EP  (3:9) 
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3.2.3 Polarisation in the frequency domain 
In the frequency domain, the frequency-dependent susceptibility is defined as 
the Fourier transform of the response function f(t) expressed as: 

( ) ( ) ( )

( ) ( )dtttfjdtttf

dtetfj tj

∫∫

∫
∞∞

∞
−

−=

==−=

00

0

sin)(cos)(

)('''

ωω

ωχωχωχ ω

 (3:10) 

Since the susceptibility is a complex function, it provides information about 
both the amplitude and phase components of the polarisation. The real part 
χ'(ω) gives the amplitude of the polarisation, in phase with the harmonic driving 
field, and the imaginary part χ''(ω) gives the component in quadrature with the 
field. The real and imaginary parts of the complex susceptibility at zero 
frequency are: 

( ) dttf∫
∞

=
0

)(0'χ  (3:11) 

and 

( ) 00'' =χ  (3:12) 

The inverted Fourier transform can be used for getting f(t) when χ'(ω) or χ''(ω) 
is known: 

( ) ( ) ( ) ( ) ωωωχ
π

ωωωχ
π

dtdttf ∫∫
∞∞

==
00

sin''2cos'2)(  (3:13) 

When the Fourier transform is applied to Maxwell’s equation (Equation (3:4)), 
it becomes:  

J(ω) = σ0E(ω)+jωD(ω) (3:14) 

If the displacement field (D(ω)) is expressed in terms of χ'(ω) and χ''(ω), then 
Equation (3:14) can be expressed as: 

J(ω) = [σ0/ωε0+ χ''(ω)+j(1+ χ'(ω))]ωε0E(ω) (3:15) 



 

14 

where (σ0/ωε0+χ''(ω)) is in phase with the driving field and therefore generates 
power loss. However (1+ χ'(ω)) is in quadrature with the driving field and does 
not contribute to the loss. Since χ''(ω) refers to the polarisation loss, χ''(ω) is 
normally named the dielectric loss. 

Normally the material has several polarisation processes coexisting but not 
significantly interacting. Therefore the susceptibility could be divided up, with 
one susceptibility representing each process:  

( ) ( )∑=
i

i ωχωχ  (3:16) 

By definition:  

1+χ' = εr' (3:17) 

and  

χ'' = εr'' (3:18) 

where εr' is the real part of relative permittivity, and εr'' is the imaginary part of 
relative permittivity. Together they provide the complex permittivity (ε(ω)) of 
the material in the following expression: 

( ) ( ) ( ) ( ) ( )( )

( ) ( )






 −+

=−=−=

∑∑
i

i
i

i

rr

j

jj

ωχωχε

ωεωεεωεωεωε

'''1

''''''

0

0

 (3:19) 

The entity dissipation factor (Tanδ), can be expressed as: 

( )
)(

)(

'

''

0

ωε

ωε
ωε
σ

ωδ
r

r

Tan
+

=  (3:20) 

3.2.4 Kramers-Kronig relations 
Since χ(ω) is the Fourier transform of f(t) defined in Section 3.2.2, and f(t) can 
be calculated by the inverse Fourier transform of either χ'(ω) or χ''(ω), a 
relationship exists between χ'(ω) and χ''(ω) known as the Kramers-Kronig 
relation [36], expressed as: 
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( ) ( )dx
x
x
∫
∞

−
=

0
22

''2'
ω
ωχ

π
ωχ  (3:21) 

and 

( ) ( ) dx
x∫

∞

−
−=

0
22

'2''
ω
ωχ

π
ωωχ  (3:22) 

where 

( ) ( ) ( ) ( )xddx
x

ln''2''20'
00
∫∫
∞∞

== ωχ
π

ωχ
π

χ  (3:23) 

As a consequence of the Hilbert transform of a constant being zero, a constant 
χ'(ω) equal to k does not contribute to χ''(ω), and where χ''(ω) is equal to k/ω  
(e.g. σ/(ωε0)) this does not contribute to χ'(ω). An example is shown in Figure 
3.1 below. Both upper curves on the graph (representing χ'(ω) and χ'(ω)+k. 
respectively) are transformed to the χ''(ω) curve below. Both lower curves on 
the graph (representing χ''(ω) and χ''(ω)+σ/(ωε0)) are transformed to χ'(ω). 
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Figure 3.1 Kramers-Kronig relation used to transform the real part to the imaginary 
part and vice versa. 

In many cases, this property of the Kramers-Kronig transformation is used to 
separate a polarisation process from DC conduction [36], [78]. However, it is 
not an easy task to verify that the other process is DC conduction. In Figure 3.2 
below, a polarisation process is plotted alone and summed with a low-frequency 
dispersion (LFD) process (n = 0.03) [36]. As can be seen in the figure, the 
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visual changes in the real part start approximately three decades lower than the 
loss part. 
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Figure 3.2 Two polarisation processes added together. It is not an easy task to separate 
an LFD process (this graph) from a conduction process (with a term ( )ωεσ 0  as in 
Figure 3.1). 

3.2.5 The universal model 
One model used for analyses of dielectric responses of solid dielectric materials 
is the power-law model [36]. In the power-law model, the response function 
(f(t)) follows one, two or more power laws. These power laws in the time 
domain have power-law dependence in the frequency domain. In the power-law 
model, the permittivity of a dielectric material could be expressed as: 

( ) ( ) ( ) ( ) ( )ωχωωχωχεωε 3
1

2132
2 ++=++= −

∞
njBB  (3:24) 

where  

∞ε = 1+∑ iχ = B1 (3:25) 

which represents the free-space permittivity and polarisation processes at “high” 
frequencies, and where  

( ) 1
2

2 −njB ω  (3:26) 

which describes the low-frequency part, refereed to a “universal” capacitor [37], 
wherein ( ) ( ) 0,5>n if ,''' 222 ωχωχ >  and ( ) ( ) 0,5<n  ,''' 222 ifωχωχ > .  

Here ( )ωχ 3  describes a possible loss peak at medium frequencies, and 
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( )ωχ 3 , far below the loss peak, could be expressed as follows: 

( ) 3
313 '' mB ωωχ =  (3:27) 

( ) ( ) ( ) ( ) =−−= 2/cos/10'' 3
3

3
33

3 πωωχωχ n
m

n m
p  

( ) 3
323 0' mB ωχ −=  (3:28) 

where (0 < m3 <1) and (0 < n3 < 1), and n3 is the n in power law above the loss 
peak. 

3.3 Measurements in time versus frequency domain 
Assuming the polarisation is linear and isotropic, it can be described by a 
function f(t) in the time domain, with a corresponding function ε(ω) in the 
frequency domain. In the time domain, the dielectric sample is normally excited 
by a DC voltage, and the response is measured during or after voltage 
excitation, or both. In the frequency domain, a sinusoidal voltage or a sum of 
sinusoidals is applied, and the resulting current is measured in order to calculate 
ε(ω) at discrete frequencies in a frequency span.  

If one of the two functions (f(t) or ε(ω)), is known, the other can be calculated 
using Fourier transformation (see Equations (3:10) or (3:13)). However, using 
the Fourier transformation from f(t) requires knowledge about the function f at 
all values of t; and an inverse transformation from ε(ω) requires knowledge 
about ε at all frequencies. Since all measurements are restricted in time and 
frequency, only parts of the functions can be determined experimentally and 
therefore all transformations are based on assumptions and approximations. 
Other researchers [116], [117], [118], [119] and [120] have worked in this area, 
and therefore the two subsections below are very short, focusing mainly on 
XLPE cable diagnosis.  

3.3.1 Fast polarisation phenomena 
Most time-domain methods used for power-insulation diagnostics are quite slow 
(even though fast systems have been developed [117], [118]). Response times of 
less than 100 ms are seldom measured. In the frequency domain, frequencies 
low and close to power frequency (50 or 60 Hz) are used. However, for cables 
low frequencies, around 0.1 Hz, predominates. 

An important difference between time and frequency domain measurements is 
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how fast polarisation processes influence the measurements over long durations 
or low frequencies respectively. In frequency domain, the current at low 
frequencies is proportional to the permittivity, and therefore reflects all 
processes above the measured frequency.  

In the time domain, measurements over long durations do not reflect 
phenomena over shorter durations. By measuring the current flowing through 
the insulation during rising or decaying of the applied voltage, it is possible to 
detect fast polarisation processes in the time domain as well. However, this is 
not done by most of the diagnostic techniques currently in use. 

3.3.2 Slow polarisation phenomena 
Measuring slow polarisation processes are time consuming—in the frequency 
domain, measurements have to be made at low frequencies and in the time 
domain measurements have to be extended in time. Regarding time 
consumption, frequency domain measurements require slightly longer duration 
(see [116]). 

Another important fact, especially in time-domain measurements, is the 
influence of previously-applied voltage. Since the decay of f(t) is slow for most 
insulation materials, the time needed for the system to relax before the next 
measurement is taken is considerably long. 

An advantage in frequency-domain measurements at low frequencies, is being 
able to use a narrow band-pass filter around the measured frequency. Another 
important characteristic of frequency domain measurements is the possibility 
for attenuating chemically-generated DC drifts that could otherwise destroy 
measurements, especially under field conditions. 

3.4 Non-linear dielectric response 
The mathematical treatment described above is based on laws of superposition, 
and therefore requires linear response. However in some materials, like water-
tree-deteriorated XLPE cables, a non-linear response is also observed at 
moderate-voltage levels. 

Two well-known, non-linear phenomena in insulation materials are (i) the 
increase in the loss and capacitance due to partial discharges, and (ii) the 
opposite, non-linear decrease due to the Garton effect. Another insulation 
material showing a non-linear response is XLPE when deteriorated by water 
treeing (see Chapter 9). 

Since water treeing shows a non-linear response, a basic understanding of how 
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non-linear phenomena influence the dielectric response in both time and 
frequency domain, is of importance to this thesis. However, since non-linear 
theory is mathematically complicated, no mathematical treatment has been 
attempted, instead only two examples of how non-linear phenomena are 
reflected in different measurement methods are presented. 

3.4.1 Measurement procedures in time and frequency domains 
To make the analysis as simple as possible, define a measurement procedure in 
the time domain, and a measurement procedure in the frequency domain; then 
see how a specific polarisation phenomenon is reflected in the two methods. 

Time-domain procedure  
A DC voltage (U) of 1 kV has been applied to the sample for an infinite time. 
Short-circuit the sample at time zero (t1 = 0), and measure the current )0( 11 ≥tI . 
After this measurement, the sample is subjected to a voltage of 2 kV for an 
infinite time and the measurement is repeated (t2 = 0, )0( 22 ≥tI ). 

Frequency domain procedure 
The sinusoidal voltage of fixed frequency is applied and measured together with 
the current passing through the sample. By dividing the current by the voltage 
and comparing the phase difference, both the capacitance and the loss at the 
particular frequency and amplitude can be calculated. The procedure is applied 
to a number of frequencies at two selected voltage levels in order to obtain the 
frequency spectra. 

3.4.2 Non-linear response, Example 1 
In Example 1, the current flowing through the sample in the time domain 
procedure (see above) can be described by I(t,U) = a(t)b(U)UC0, where C0 is the 
sample’s geometrical capacitance. Then, let a(t) be a monotone decreasing 
function and b(U) a monotone increasing function. How does this function look 
in the time domain and the frequency domain? 

Assume first that the response is linear (b(U) = constant), so that the Fourier 
transformations can be used. However, it should be kept simple. If a(t) 
decreases faster than 1/t with increasing t, then the losses in the frequency 
domain decrease as frequency is lowered. If a(t) decreases slower than 1/t with 
increasing t, then losses in the frequency domain increase with decreasing 
frequency [36]. 

If b(U) increases as a function of voltage, the current in the time domain 
increases correspondingly. In the frequency domain, the current will also 
increase (a non-linear effect in I(t,U) = a(t)b(U)UC0 will change the response 
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measured in both time and frequency domains). 

3.4.3 Non-linear response, Example 2 
In Example 2, the polarisation process is a fast partial-discharge-like process. In 
the time domain, the partial discharges give rise to a very intense current pulse 
close to time zero (t1 = 0 and t2 = 0). Therefore, a response of this type is 
detected in the time domain only by measurement equipment measuring the 
current while the amplitude is altered. 

In the frequency domain, the current is measured during voltage application. 
Therefore the current of the partial discharge is included and leads to an 
increase in the loss as well as the capacitance. 
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4 XLPE as insulation material 
4.1 Introduction to the chapter 
This chapter deals with cross-linked polyethylene (XLPE) as insulation material 
in MV cables. The aim is to introduce XLPE as insulation material along with 
various related breakdown and degradation processes. The descriptions of water 
treeing, electrical treeing and partial discharges are more complete than other 
ageing processes since the research work in this thesis relates more to those 
processes. More complete descriptions can be found elsewhere [35]. 

Section 4.2 introduces XLPE as power-cable insulation. Section 4.3 starts with 
an introduction of degradation and breakdown phenomena in XLPE. The first 
subsections in Section 4.3 present a range of different breakdown and 
degradation mechanisms. After this very brief description of breakdown and 
degradation processes, follow three more subsections dealing with partial 
discharges, electrical treeing and water treeing in more detail. 

4.2 XLPE as power-cable insulation material 
The two most commonly-used, polymer cable-insulation materials are 
polyethylene (PE)—normally cross-linked (XLPE)—and ethylene propylene 
rubber (EPR).  

EPR is a low-density copolymer, based either on ethylene propylene or ethylene 
propylene terapolymer, both of which can be cross-linked. The dielectric loss in 
EPR is slightly higher than in XLPE. However good flexibility at low 
temperatures and its resistance to ozone, weather and light, have all given EPR 
cables widespread uses. 

PE cables were introduced in 1945, and XLPE in the early 1960s. The low 
dielectric loss is an important property for high-frequency applications. Since 
the users of power equipment tend to proceed conservatively (with good 
reason), it was not until the end of the 1960s that XLPE cables began to be 
installed.  

PE consists of ethylene monomers that are connected through polymerisation 
into long molecular chains (see Figure 4.1). There are several types of PE, 
usually classified according to their density into low (LDPE), medium (MDPE), 
and high-density (HDPE) PE. LDPE is most commonly used in power cables. 
PE has excellent electrical properties including high breakdown strength, and 
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since it contains no polar groups, a low dielectric constant and very low 
dissipation factor. The disadvantage of PE is that it starts to soften already at 
80-90°C and melts at 110-115°C. This limits the maximum operating 
temperature of power cables insulated with PE to approximately 70°C.  
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Figure 4.1 Formation of polyethylene (after Holmgren [131]). 

By cross-linking PE, its thermal and mechanical properties are improved, 
increasing the maximum working temperature to approximately 90°C, while the 
electrical properties remain more or less unchanged. Cross-linking implies that 
the long PE molecular chains are inter-connected by bonding between the 
carbon atoms. 

There are several methods for the cross-linking of PE. For power-cable 
applications, peroxide and silane cross-linking are generally used, though there 
are some exceptions, with the peroxide method being the most common.  

In the peroxide method, a dicumyl-peroxide curing agent is added to the 
polymer compound and is activated right after the extrusion in a special tube at 
high temperature and high pressure. Steam was previously used for achieving 
both pressure and heat, and therefore often referred to as “steam curing”. 
However it has been shown that the use of steam causes high water 
concentrations and void formation in the insulation. Therefore cable 
manufacturers have started to use what is called a “dry-curing” method.  

In the dry-curing method, the insulation is pressurised by nitrogen gas and 
heated by heat convection and radiation from the electrically-heated curing 
tube. The cooling process in the dry-curing method is performed by using gas or 
water. Therefore, dry curing can be divided into “dry-cured, dry-cooled” and 
“dry-cured, wet-cooled” methods [49].  

In the silane method, curing does not take place directly after extrusion, but in a 
separate production step. In the silane-curing process, a silane compound is 
grafted onto the PE chains during extrusion [49]. After the extrusion the cable is 
slowly cooled. Curing takes place afterwards by putting the extruded cable on a 
reel in a water tank at about 85°C [49]. 
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4.3 Degradation and breakdown of XLPE 
4.3.1 Introduction to the section 
Degradation and breakdown phenomena in polymerised insulating materials 
have been studied for several years, and many empirical correlations have been 
found. However, the basic understanding of the various physical phenomena 
involved is still the subject of ongoing research [35].  

As illustrated in Figure 4.2, there is not a clear distinction between breakdown 
and degradation. Especially degradation by partial discharges and electric-tree 
growth could also be referred as breakdown phenomena. 
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Figure 4.2 The times and electric fields when various electrical-breakdown 
mechanisms occur (after Dissado & Fothergill [35]). 

4.3.2 Breakdown mechanisms in XLPE 
The breakdown mechanisms in PE can be divided into, electric, thermal, 
electromechanical and partial discharge mechanisms [35].  

Electric or intrinsic breakdown can occur at very high electrical field strengths 
(approximately 500 kV/mm for PE). A free electron, accelerated by the field, 
initiates an electrode avalanche that causes the breakdown. In practice, the high 
field required for an intrinsic breakdown is never reached. Instead the 
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breakdown level is determined by imperfections. 

Thermal breakdown occurs when heat losses in the insulation cannot be 
balanced by heat transport in the material, usually in some localised area. The 
heat produced increases the electrical conductivity. Maintaining the electrical 
stress increases the current density in the area of higher temperature. This leads 
to further heating and increase in conductivity, and will ultimately cause 
thermal runaway (thermally-caused breakdown). 

Electromechanical breakdown can occur due to electrostatic forces attracting the 
electrodes and thereby decreasing the thickness of the insulation. The decrease 
in insulation thickness will increase the attraction if the electrical stress is 
maintained. The situation is made worse by heating and consequently softening 
of the insulation. However this breakdown mechanism is unlikely to occur in 
reality since polymers are seldom used above their softening temperature.  

Partial discharges occurring in gas-filled voids degrade the insulation, and under 
certain circumstances can initiate electrical trees. The electrical trees can 
continue propagating through the insulation by continued discharges and finally 
give rise to breakdown. Electrical-tree degradation is dealt with in more detail 
in Subsection 4.3.5. 

The breakdown mechanisms related to water tree deterioration are not treated 
here. More information will be found in [35], [58], [59] and [63]. 

4.3.3 Degradation mechanisms in XLPE 
Degradation mechanisms in PE can be divided into, physical, chemical, 
electrical, and combined mechanical and electrical mechanisms [35].  

Physical ageing (structural relaxation) means those physical changes occurring 
in the material over time, which lower the entropy or free volume. Other types 
of physical degradation include for example the diffusion of additives or 
absorption of foreign solvents causing swelling. The rate of these processes 
increases with increasing temperature.  

Chemical ageing usually proceeds via the formation of polymeric free radicals. 
Free radicals are very reactive chemically and lead to propagating chain scission 
or cross-linking network formation via chain reactions. For XLPE, the chain 
scission sequence is random in space with free-radical transfer between chains. 
The initiation step leading to this ageing may be internal-thermal or oxidative 
factors, or UV absorption, ionising radiation or mechanical factors.  

Internal-thermal factors include chemical reactions taking place within the 
material without interaction with the surroundings. Both cross-linking and 
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depolymerisation can occur when energy in the form of for instance heat or 
radiation is put in. Depolymerisation is essentially the reverse of chain 
polymerisation, breaking chemical bonds causing scissions. 

Oxidation caused by heat and oxygen is one of the most important forms of 
chemical degradation. The oxidation process involves free radical chain 
formation, and several ways of forming peroxide radicals are possible. The 
peroxide radicals then attack the C-H bonds, causing bond scissions. Thermal 
oxidation is autocatalytic (a self-accelerating process) causing large changes in 
mechanical and electrical properties. The autooxidation will continue until some 
termination reaction occurs. Additives in the form of antioxidants are normally 
used to break this accelerating process. 

PE is sensitive to ultraviolet light and radiation that can cause both chain 
scission and cross-linking.  

Electrical ageing requires an electrical field. The most common processes are 
water-tree ageing, electrical-tree ageing and partial-discharge ageing.  

Since diagnosis of water-tree-deteriorated XLPE cables is within the scope of 
this thesis, the ageing processes of water-tree-ageing and other processes 
closely related to breakdown, such as electrical treeing and partial-discharge 
ageing, are treated in separate subsections (see 4.3.4 to 4.3.6). 

4.3.4 Water-tree degradation 
When polymer power cables were first used in MV applications in the late 
1960s, the degradation phenomena water treeing was unknown. However 
within quite a short period of time after the first installations (5-10 years) the 
first faults began to be attributed to the previously unknown water-treeing 
phenomenon [42], [43]. Today, water treeing is the most important degradation 
process in MV power cables insulated by polymers.  

Water trees are a diffuse structure in the polymer resembling the shape of a tree 
or a bush (see Figure 4.3). A water tree can initiate and grow in a polymer in 
the presence of water (a relative humidity above approximately 70 % [60]) and 
an electric field. However, the presence of contaminants also plays an important 
role. Water trees, especially those growing from insulation surfaces “vented 
trees”, lower the electrical withstand of the insulation, increasing the probability 
of an isolation failure. 

The other type of water tree “bow-tie trees”, initiate within the insulation. In 
most cases, these are much shorter and therefore do not reduce withstand to 
dangerously low levels. 



 

26 

  a           b 

 
Figure 4.3 A section from an XLPE cable showing water trees stained in methylene 
blue. In this sample, vented trees can be seen growing from the insulation screen and a 
bow-tie tree growing from a point within the insulation material. 

4.3.4.1 The time dependence of water-tree growth 
a     b  

 

Figure 4.4 The growth of a vented water-tree, divided into rapid and slower growth 
regions (after Dissado & Fothergill [35]).  

Generally, two or possibly three stages are involved in water-tree growth [35]. 
The first stage is an initial inception stage, characterised by a rapid but 
decelerating growth. This is possibly followed by a second stage in which the 
growth rate reduces even more rapidly (see Figure 4.4). This pattern of 
behaviour is valid for both vented and bow-tie trees. However bow-tie growth 
differs from vented tree growth in as far as it appears to rapidly culminate in 
size.  

Since bow-tie trees generally do not grow more than a fraction of the insulation 
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thickness (see for example the bow-tie tree in Figure 4.3), they usually do not 
reduce withstand to dangerously low levels. 

The time it takes for a vented water-tree to grow right through the entire 
insulation layer during cable service varies considerably, from around 5 years 
upwards. Though the growth rate is accelerated in laboratory ageing tests, it still 
takes 1-3 years of ageing [53], [54], [55]. 

4.3.4.2 Proposed models of water-tree growth 
In the research into the mechanism of water-tree growth, several hypotheses 
have been discussed. Two recently publicised articles dealing with the inception 
and propagation mechanisms of water trees are Ross [44] and Crine [45]; along 
with another article from 1990 by Steennis and Kreuger [46]. In addition, water-
tree mechanisms are described by Dissado and Fothergill [35]. 

Probably many different physical and chemical processes act together in water-
tree propagation mechanisms. The most important of these depends on the 
ageing conditions. The processes during artificial ageing probably differ from 
the processes most important in in-service ageing [47].  

The hypotheses can be divided into three groups: electrical, chemical and 
mechanical [45]. The theoretical basis for the mechanical or electro-mechanical 
theory can be summarised in the following two statements [48]: 

1. Initiation and growth of water trees are the result of Maxwell forces 
sufficiently high to cause damage to the polymer. 

2. Thermodynamic considerations show that it is energetically more 
favourable for condensation to take place in areas with high electric field 
strength. A driving force for the transportation of dissolved water by 
diffusion towards the condensation sites in the high field area is thus 
established.  

The chemical or electro-chemical model [49] assumes water treeing is a result 
of chemical reactions that are strongly enhanced by electrical stress. The 
initiation process is caused by water entering the amorphous regions of the 
polymer. This is accomplished by different chemical reactions attaching polar 
groups to the polymer chains, or by the presence of impurities. Electrolysis 
reactions at the PE–water interface then lead to degradation of the PE. The 
degradation causes oxidation, with polar groups being created that enhance 
water diffusion, and further degradation can take place. 

The electrical or electro-physical model [50], [51] is based on the understanding 
that if an electric field is applied to an insulation layer with imperfections, then 
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the electric field is distorted around these defects. This distortion leads to the 
forces that this theory is based on. 

4.3.4.3 Dielectric properties of water trees 
Stucki and Schönenberger have measured the permittivity of single water trees 
[56]. The permittivity is significantly higher then for the un-treed material. The 
results of the relative permittivity (εr) measurements gave a value of εr of 3.6 in 
parallel with the water tree and 2.8 perpendicular to the tree. A theoretical 
model for the local permittivity in the water-tree region is presented by Chen 
and Filippini [57]. Furthermore, a more complete description of permittivity 
measurements in single water trees is given by Ross in [44].  

Since using dielectric measurements for recognising water-tree ageing in XLPE 
cables is the main scope of this thesis, Chapter 9 is devoted to the dielectric 
response in XLPE cable samples in relation to water-tree ageing. 

4.3.4.4 Voltage withstand of water trees 
Water trees reduce voltage level withstand in the cable insulation. However, 
even with water trees penetrating through the entire insulation layer, withstand 
voltage is significantly above service-level voltages [3], [111]. Water trees 
penetrating through the entire insulation layer continue to lower their voltage 
withstand [111]. 

Withstand voltage probably depends on the ageing condition. Ross stresses that 
the ageing condition, and especially artificial ageing influences the type of 
water treeing [47]. 

Much of the work included in this thesis has been involved in relating the 
voltage withstands to water-tree ageing (see Chapter 11). 

4.3.5 Electrical tree degradation 
Electrical treeing (see Figure 4.5 and Figure 4.6) was the degradation 
mechanism first experienced with polymer-insulated cables [51]. Like water 
trees, electrical trees can be divided into vented trees initiated from an electrode, 
and bow-tie trees generated in the body of the insulation. An electrical tree is 
composed of inter-connected hollow tubules with a channel at the base, forming 
a vent for vented trees. The channel walls are normally only partly carbonised 
and because of that, some electrical trees can bridge the entire insulation layer 
without a short-circuit occurring. 
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             a                                            b 

 
  
Figure 4.5 Electrical trees initiated by needles; a a bush-type tree, and b a branch-type 
tree (after Dissado & Fothergill [35]). 

An electrical tree is usually initiated from an imperfection, such as a conductive 
contaminant or by a needle tip as in Figure 4.5. The imperfection can cause 
local field enhancements up to several hundreds of kV/mm, even with an 
average field of 10-20 kV/mm.  

 
Figure 4.6 An electrical tree within a water tree. The cable was VLF tested (using a 0.1 
Hz cosine trapezoidal- shaped voltage) 2-3 years prior to the sample being removed. 

The local field enhancement may give rise to electrons with energies of a 
number of eV. Electrons with this high energy are able to cleave bonds directly 
or excite polymer molecules. An excited molecule will emit photons when 
returning to an earth level. This radiation can then cleave bonds or excite new 
molecules. This bond cleavage could lead to void formations or electrical tree 
initiation, especially in combination with oxidation (see [35]). 
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Growth of an electrical tree can be divided into the inception, the propagation 
and finally the runaway stage [35] (see Figure 4.7).  

 
Figure 4.7 The growth of an electrical tree, divided into inception, propagation and 
runaway stages (after Dissado & Fothergill [35]).  

To avoid electrical tree inception, smooth insulation surfaces and clean 
materials are of the utmost importance. However, an additive like CableCure or 
residual products like acetophenone also play an important role. Electrical-tree 
propagation proceeds by sporadic bursts of partial discharges, and varies 
significantly over time. It is dependent on voltage level, shape and frequency, 
and of course the insulation material. Different types of electrical tree shapes 
also play an important role.  

4.3.6 Partial discharge degradation 
Due to the difference in permittivity, gas filled voids in solid insulating material 
have a higher electric field than the surrounding material. If the gas cannot stand 
the void voltage, a local discharge appears—a partial discharge. These 
discharges will degrade the walls of the void by highly energetic electrons that 
can cause bond cleavage [35]. 
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5 Methods for assessing water-treed 
XLPE cables 
5.1 Introduction to the chapter 
This chapter gives an overview of methods used for the assessment of MV 
XLPE cable insulation, deteriorated by water treeing. The aim is mainly to 
provide a broad overview rather than discussing the effectiveness of different 
methods. (The effectiveness of different methods are evaluated by Plath and 
Kalkner [80] and Hvidsten [81]). 

Section 5.2 describes different destructive methods used to assess XLPE cables. 
Two examples of destructive methods are voltage tests and optical water-tree 
analysis. 

Sections 5.3 and 5.4 describe different non-destructive methods. An example of 
a non-destructive method is the method that the thesis is based on, that is 
dielectric spectroscopy. Dielectric spectroscopy is discussed further in later 
chapters. 

5.2 Destructive methods 
Destructive diagnostics may result in damaging the cable insulation through the 
removal of a cable sample, or by damage inflicted during an electrical withstand 
or breakdown test. In an electrical withstand test in the field, the cable either 
passes the test, or has to be repaired or even replaced at once. 

5.2.1 Material-characterisation tests 
Most of the material-characterisation methods require a sample to be removed 
from the cable. The length required varies depending on the investigation. In 
most cases, only a few centimetres are needed. However for optical water-tree 
analysis, especially on newer cables with extruded insulation screens, a longer 
length is needed. 

A number of methods are used to characterise XLPE insulation [1] including 
light microscopy, electron microscopy including TEM and SEM, spectroscopic 
methods including FTIR and ATR, thermal analysis and physical testing. 
However only two of the methods are discussed further, being the most widely-
used method—optical water-tree analysis, and the method for measuring 
thermo-stimulated currents. 
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5.2.1.1 Optical water-tree analysis 
Most vented water trees are visible when the insulation screen or conductor 
screen, or both are removed. They appear as white dots on the insulation 
surface. However, the dots disappear when the cable sample dries out and some 
types of trees are not visible. Therefore it is a common procedure to stain 
microtomed sections of the cable for analysis under a microscope [1]. 

Usually the longest (vented) tree length observed or estimated [1], [52] is used 
to judge the cable status. However, the lengths of the water trees are not always 
proportional to voltage withstands and in many cases, it is not easy to estimate 
the longest tree, especially when the tree density is very low. As an example, 
KEMA suggest that a cable should be replaced once the insulation contains 
trees that exceed 30% of the insulation thickness [79].  

For MV cables installed in Sweden in the 1970s, two different strategies are 
used depending on the cable design [3]. If the cable has an extruded strippable 
insulation screen, it is usually possible to detect the larger white dots visually if 
a part of insulation screen is removed. If necessary, some of these dots are then 
microtome sectioned and stained for further investigation under a microscope. 
The visual inspection should be done on a cable length of at least 0.5 m. If the 
cable has graphite paint and tape screen, or only a tape insulation screen, then a 
cable piece of approximately 1-2 cm is microtomed and stained for 
investigation. For cables with very few trees, a longer length of the cable has to 
be investigated. 

5.2.1.2 Thermo-stimulated currents 
One method that can be classified as destructive, since it is usually performed 
on small samples removed from the real object, involves measuring the 
dielectric properties of insulation material while varying temperature, and 
measuring thermo-stimulated currents. A sample is polarised and then cooled 
down. The current is then measured while varying the sample temperature. The 
method is called the thermo-stimulated (discharge) current method (TSC or 
TSDC) and is described elsewhere in the literature [37], [100].  

Gubanski, Bamji and co-researchers [101], [102] were able to correlated water-
tree ageing in artificially aged XLPE specimens with measured currents with 
good correlation.  

5.2.2 Voltage tests 
An accepted method for evaluating XLPE cable samples in the laboratory is the 
AC breakdown test (ACBD test). The ACBD test is normally performed as a 
step test where the voltage is increased in steps until breakdown occurs. A less 
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often used AC test is to increase the test RMS voltage continuously. However, 
there are no standards to rely on, so the time measured at each step (the step 
voltage), and if a continuously-increased voltage is used, then the rise time are 
important for comparing different tests. Impulse tests can also be used, and 
there seems to be a good correlation between the results obtained with the 
different methods [71], [131]. 

Breakdown tests are assumed to correlate with the remaining cables’ “lives”. 
However, this is not always the case [67]. One example is that breakdown tests 
do not detect DC voltage pre-stress [68], [69], [70] although it is assumed that 
DC stress shortens cable life [67]. For example, a cable failed in service and 
was then repaired, however the part of the cable stressed with DC voltage failed 
before the part of the cable that was not DC stressed at the time of repair [67], 
[72]. 

In the field, withstand tests could be performed by applying a voltage and if the 
cable withstands the voltage it passes the test. Different voltage shapes are used 
and are under investigation, including DC stress, VLF sinusoidal, VLF cos-
trapezoidal, oscillating wave and resonant (close to) line frequency tests [73].  

A DC test may harm the insulation permanently and is insensitive to defects. In 
other words it may destroy the insulation while not generating any breakdown 
in weak spots. An ACBD test in the field requires heavy and expensive 
equipment, and therefore a lot of research is put into evaluating VLF test 
techniques [64], [65], [66], [73], [74], [75], [76]. Some VLF tests have been 
made on cables included in this thesis (see Section 11.4).  

5.3 Non-destructive off-line methods 
Non-destructive off-line methods are non-destructive methods performed on the 
cable while it is taken out of service. The most often used ones are 
measurements of partial discharges (fast discharge current pulses) and 
measurements of polarisation processes, usually slow polarisation processes.  

The voltage applied when measuring partial discharges is usually a 
sinusoidally-shaped line frequency (50/60 Hz) in the laboratory and a sinusoidal 
VLF (around 0.1 Hz) in the field. However, other voltage shapes are also used, 
especially in the field, such as oscillating-shaped and step voltages. 

Measurements of dielectric polarisation provide information about changes in 
the insulating material. The measurements can be performed in either the time 
domain or the frequency domain. In the time domain, the polarisation process is 
measured as a function of time, and in the frequency domain as a function of 
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frequency. Usually different kinds of step voltages are used in the time domain, 
and sinusoidally-shaped voltages in the frequency domain. However when 
measuring linear materials, a voltage shape consisting of a sum of some 
sinusoidally-shaped voltages can also be used [122]. 

5.3.1 Partial-discharge measurements 
Local weak points in cables and cable accessories can be detected and located 
by partial-discharge measurements [82], [83], [84], [85]. The method is based 
on a partial discharge within the insulation giving rises to a voltage dip, which 
propagates along the cable. By measuring this pulse and the reflections from it, 
it is possible to estimate the discharge magnitude and the location of the 
discharge site. 

Dorris and co-researchers have developed a very sensitive device for partial 
discharge detection and have found that partial discharges are present in water 
trees, however with magnitudes in the femto-coulomb level [86], [87]. It is 
reported that water trees also could be detected non-destructively, by partial 
discharge measurements around 2.5-3 U0 [82].  

5.3.2 Frequency-domain spectroscopy 
Measurements in the frequency domain are measurements at a frequency or 
many frequencies, assuming that the measured signal has a periodic shape.  

5.3.2.1 Dielectric spectroscopy 
Dielectric spectroscopy in the frequency domain is the method mostly used in 
this thesis. This method is a general method used in a wide range of situations 
for material characterisation and for cable diagnostics [90], [91].  

Work within and related to this thesis shows that water trees will increase the 
loss and the capacitance of the sample [113], [114], [115], [116], [117], [122], 
[123], [124], [125], [126], [127], [128], [129], [130], [131], [132], [133], [134], 
[135], [136], [137], [138], [139]. These two parameters are voltage dependent. 
When the water tree penetrates the entire insulation and reaches a specific 
aging, a leakage current could contribute to the response. Since water trees 
exhibit voltage dependence in loss and capacitance, they also lead to a non-
linear dissipation factor. This non-linear effect also contributes to the harmonic 
content of the measured current. More information is presented later in this 
thesis and in the papers mentioned above. 

5.3.2.2 VLF dissipation factor 
Since 0.1 Hz is a frequency included in dielectric spectroscopy, a lot of the 
work presented in this thesis is similar to results found at a VLF of 0.1 Hz. The 
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major difference between the work performed in Germany and Austria [88], 
[89] and Sweden is the application of high voltages up to 2U0, even where the 
cable already shows high losses at low voltage. The diagnostic technique used 
here is to first apply voltages up to U0 and if the cable seems to be good, 
possibly then applying higher voltage levels (1.25 and 1.5 times U0). The 
recommendation presented by Gnerlich [66] in the USA is in agreement with 
this approach. 

5.3.3 Time-domain spectroscopy 
Time-domain measurements are measurements of voltage and current as a 
function of time. Time-domain methods used are at both low and high voltage.  

5.3.3.1 DC resistance 
When the water tree penetrates the entire insulation layer and reaches a specific 
age, a leakage current could contribute to the response. In this thesis, results are 
presented showing that cables with water trees penetrating the whole insulation 
layer do in some cases exhibit contribution of leakage currents (see Chapter 9). 

The success of using a method detecting water trees very late in their 
development, depends on the insulation stress. Since the stress is relatively low 
in the Japanese 6.6 kV grid networks, the method is used mostly in Japan.  

However, also in Canada, a method for measuring leakage called the LIpATest 
(Leakage Current (I) picoAmmeter test) is used [79]. The LIpATest involves 
applying negative step-voltages of up to 50% of the normal DC hipot (high 
potential) level to a cable, and then measuring the currents. The “final” leakage 
current is measured at different voltage levels. In addition, the polarisation and 
depolarisation currents can be monitored. 

5.3.3.2 Polarisation or depolarisation currents or both 
Polarisation and depolarisation currents are basically measured as follows. 
Firstly apply a DC voltage and then measure the polarisation current as a 
function of time. After applying the DC voltage for a long period of time, short-
circuit the sample and measure the depolarisation current as function of time. If 
the system is linear, the depolarisation current is directly proportional to the 
response function f(t) [36]. 

Regarding the diagnosis of XLPE cables, many authors have worked with these 
currents at both high and low voltages [95], [96], [97]. Heizmann [94], [95] has 
worked with depolarisation currents at high voltages and has shown good 
correlation between a non-linear depolarisation current and water-tree ageing. 
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5.3.3.3 Return-voltage measurements 
Return (or recovery) voltage measurement (RVM) was introduced as a tool for 
the diagnosis of power transformers [104]. The method is very closely-related to 
measurements of depolarisation currents. A DC voltage is applied to the sample 
for a period of time. The sample is then short-circuited for a period of time, 
followed up by opening the circuit while measuring the return (or recovery) 
voltage as a function of time. 

The major difference compared to the measurements of depolarisation currents, 
is that the RVM voltage polarises the material and that the RVM voltage makes 
the sample conductivity influence the measurements. With some assumptions, it 
is possible to calculate the RVM voltage from a depolarisation current 
measurement [105] and vice versa [106]. 

RVM measurements have been used for diagnosis of XLPE cables [127], [97], 
[98], and a commercial instrument for measuring RVM at high voltages is 
readily available [99]. 

5.3.3.4 Complex discharge analysing method 
The complex discharge analysing (CDA) method applies both partial-discharge 
detection for identification of local defects, and polarisation-spectrum analysis 
for assessment of the ageing processes in the insulation volume [107]. The wave 
shape used is characterised by a front time in the order of seconds, and a tail 
time in the order of milliseconds. The partial-discharge detection is made at the 
tail, and the dielectric-polarisation spectrum uses intervals of time after the 
maximum voltage is applied. 

The polarisation spectrum is obtained by a technique similar to the return-
voltage technique. Different parameters are obtained by applying the voltage 
shape up to a nominal value of twice the service-level voltage [107], then 
discharging the sample and measuring the return-voltage.  

However, an important difference, especially with respect to the diagnosis of 
water-tree-deteriorated XLPE cables, is that the sample capacitance is 
measured. This is obtained by discharging the stored capacity in a large 
capacitor and measuring the voltage over that capacitor. 

5.3.3.5 Isothermal relaxation current analysis method 
The isothermal relaxation current analysis (IRC analysis) method measures 
depolarisation currents after application of a DC voltage of approximately 10% 
of the service-level voltage, and then making a mathematical analysis of the 
results [108]. The analysis is based on a curve fitted to the current 
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measurements (multiplied by the time) of three polarisation effects: one at short, 
one at medium and one at long intervals of time.  

The system produces an ageing parameter (A) from the mathematical analysis. 
Especially for longer intervals of time (above 100 s), it has been found that 
ageing increases the depolarisation current.  

5.4 Non-destructive online methods 
Non-destructive online methods are performed without taking the cable out of 
service. The basis of online methods is the same as for off-line methods (see 
Section 5.3—measurements of partial discharges and polarisation phenomena). 

Partial-discharge detection often uses acoustic techniques, especially for 
accessories like terminations and joints. Furthermore, techniques monitoring the 
temperature are a form of online diagnostic technique. 

Since this thesis focuses on the diagnostics of water-tree ageing, only online 
techniques measuring polarisation and conduction phenomena are included in 
the sections that follow. 

5.4.1 Online dissipation factor and harmonic content 
Water-tree degradation gives rise to voltage-dependent loss and capacitance. 
Therefore one possible method is to measure the dissipation factor while being 
online [92]. Since accessories have less influence at higher frequencies (see 
Chapter 10), the method has additional advantages compared with the off-line 
methods at low frequencies. 

An alternative technique, based on the fact that voltage dependence distorts the 
curve shape and therefore gives rise to harmonics, is to analyse the curve shape 
of the loss current or its harmonic content [93].  

5.4.2 DC resistance 
As described in Subsection 5.3.3.1 above, DC resistance can be used for water-
tree diagnosis when the water trees fully penetrate the insulation layer [111]. 
Since it is possible to separate the concentric neutral from the earth in the 
Japanese 6.6 kV net, a DC voltage can be superimposed and the current is 
measured via the neutral while online [109], [110], [111], [112]. Furthermore, 
work has been done with the aim of comparing online and off-line DC leakage 
current methods [111].  
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6 The measurement system 
6.1 Introduction to the chapter 
This chapter describes the design of the measurement system and its 
improvement during the project. Much time and effort were put into improving 
the system for making accurate measurements in the laboratory as well as in the 
field condition, and therefore this chapter is one of the main parts of the thesis. 

The measurement technique was inherited from ABB Corporate Research in 
Västerås, Sweden. The early developments were made together with Peter 
Thärning [130] and to a lesser extent by Björn Holmgren [131] with a lot of 
support and ideas from the project’s academic supervisor Uno Gäfvert, and also 
Kenneth Johansson [23]. In the latter part—developing the system for field 
applications, much of the efforts were made together with Björn Bengtsson 
[32]. Today a commercial instrument is available based on this work. 

Section 6.2 presents the motives for selecting high voltage dielectric 
spectroscopy as a method for water-tree diagnosis in MV XLPE cables. Section 
6.3 presents and specifies the three different stages of measurement-system 
design. 

Section 6.4 presents the measurement system set-up, and Section 6.5 deals with 
safety concerns such as earthing, and personal and instrument protection in 
different situations. 

Section 6.6 presents a typical measurement procedure. The aim here is to give 
the reader an idea of how a typical measurement is performed. In Section 6.7 
measurement accuracy is discussed, and in Section 6.8 the system components 
are dealt with individually. In the final section, Section 6.9 the chapter is 
summarised. 

6.2 Choice of measurement method 
The goal of the project was to find a diagnosis method for diagnosing MV 
XLPE cables with respect to water trees. The method ought to be applicable to 
XLPE cables in the field, and be non-destructive. Since no commercial 
instrument existed, for methods adequate enough for supporting a measurement 
system had to be designed and built. 

The method of dielectric spectroscopy (that is measuring the capacitance and 
loss as a function of frequency) at high voltages in the low-frequency region 
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seemed to be a promising method. This is an AC method, and it is known that 
XLPE cables are sensitive to high DC voltages [67]. It also seemed to be 
possible to obtain high enough accuracy using this method. This method had 
also shown good results in characterising various different insulating materials 
[122] including XLPE [22]. 

6.3 Measurement system specification 
The measurement system has to be capable of measuring polarisation losses in 
XLPE. Since XLPE has very low losses—in the range of 1x10-4—the system 
should be able to measure losses in that range. To get as much information as 
possible, but also limiting the size of the equipment, the frequency range of the 
system ought to be wide with special attention paid to the low-frequency region.  

The development of equipment was divided in three parts. Firstly an low 
voltage (LV) set-up for laboratory measurements was developed, followed 
secondly by the development of an high voltage (HV) set-up for laboratory 
measurements, and thirdly by the development of an HV set-up, capable of 
measuring earthed as well as non-earthed cables in the field. The HV field set-
up is a generalised, re-designed version of the two earlier stages of 
development.  

The frequency range of the LV set-up was chosen to be 0.0001-1000 Hz. The 
LV set-up specifications are as follows: 

Specification: Low voltage (LV) laboratory system 
Amplitude range:   0-10 V 
Frequency range:   0.0001-1000 Hz 
Accuracy:    Resolve losses of 1 x 10-4 
Guard electrode:  Yes 
Specimen configuration  Non-earthed 
Sample size:    Up to 1 nF 

The HV laboratory system is based on the LV set-up with an increased 
maximum voltage level. Due to the output current limit of the HV amplifier 
chosen, and difficulties in designing an HV divider, the upper frequency range 
was limited to 100 Hz. The HV set-up specifications are as follows: 

Specification: High voltage (HV) laboratory system 
Amplitude range:   0-14 kV (20 kV Peak) 
Frequency range:   0.0001-100 Hz 
Accuracy:    Resolve losses of 1 x 10-4 

Guard electrode:  Yes 
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Specimen configuration  Non-earthed 
Samples size:    Up to 1 nF 

The HV field system is based on the HV laboratory system. The specifications 
are modified to be able to measure cables in the field. The system should be 
capable of measuring long cables, with a large capacitance, and it should be 
capable of measuring cables, both earthed and non-earthed. Since a cable in the 
field normally has large capacitance, the upper frequency used is usually limited 
by the HV amplifier current limit. The HV field system specifications are as 
follows: 

Specification: High voltage (HV) field system 
Amplitude range:   0-14 kV (20 kV Peak) 
Frequency range:   0,0001-100 Hz* (current limited) 
Accuracy:    Resolve losses of 1 x 10-4 
Guard electrode:  Yes 
Specimen configuration  Earthed or non-earthed 
Sample size:    Up to 250 nF 
* Upper frequency is dependent on sample size. 

6.4 The measurement system set-up 
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Figure 6.1 Drawing showing the principles behind the measurement system. 

Figure 6.1 shows the principles behind the measurement system, valid for all 
three systems specified in Section 6.3 above. The frequency-response analyser 
(FRA) puts out a sinusoidal voltage, that if necessary is filtered in a low pass 
filter. When using low voltages, the output voltage is applied to the sample and 
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measured directly on Channel 0 of the FRA. When using high voltages, the 
output voltage is amplified in an HV amplifier and is measured via an HV 
divider. 

The voltage or the divided down high voltage being applied, is fed into the 
balancing arm that consists of an adjustable inverter and a balancing capacitor. 
The voltage is inverted, and the level adjusted and applied over a balancing 
capacitor, thereby reducing the major part of the sample displacement current. 
The sum of the currents from the sample and the balancing capacitor, is then 
measured on Channel 1 of the FRA via an electrometer. For each frequency 
chosen across the frequency spectrum analysed, the measured signals are used 
to calculate loss and permittivity. 

The aim of the balancing arm is to reduce the current entering the electrometer, 
thereby enabling measurement of small changes in loss and permittivity. The 
set-up is balanced only once, at the start frequency, and the out-of-balance 
current is measured at each frequency. 

An isolation transformer is used to separate true earth from measurement-
system-signal earth. If the sample is non-earthed, the measurement system’s 
signal earth is connected to true earth. If the sample is earthed, the electrometer 
input (the ammeter) is earthed and the system-signal earth is left floating (see 
Figure 6.1, Figure 6.4 and Figure 6.5).  

An important, and time-consuming part of system development was to design 
the system so it was insensitive to noise and hum. The set-up is connected to 
true earth at one single point, and the lead loop areas are kept as small as 
possible.  

6.5 Personal and equipment safety 
6.5.1 Instrument power supply 
The instruments are powered by standard mains voltages (110-120 V, 60 Hz; or 
220-240 V, 50 Hz). By introducing an isolation transformer, this means that in 
some cases they are not directly earthed. By using a special isolation 
transformer (see Section 6.8.8) this can be done without breaking Swedish 
safety regulations. 

6.5.2 High voltage output termination 
HV output termination is powered by a TREK 20/20A. A TREK 20/20A is 
capable of supplying 20 mA peak and 10 mA DC currents. Unfortunately it 
doesn’t turn off the HV output when there is a short-circuit, and therefore HV 
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termination is a life-threatening danger. 

Connecting a sample-lead and a sample to the HV output, adds additional 
energy stored by the system and the sample. This energy is proportional to the 
capacitance, and the total energy can be expressed as follows: 

22 )(
2
1

2
1 UCCEUCE SampleSystemTot +===  (6:1) 

6.5.3 Energy distribution during short-circuiting 
6.5.3.1 Short-circuit: high voltage electrode to measurement electrode 
Within the measurement system, the occurrence of a short-circuit across the HV 
electrode and the measurement electrode is impossible because the guard 
electrode shields the measurement electrode. Short-circuiting across the HV 
electrode and the measurement electrode must therefore take place at the 
sample-lead termination points, due to either connection error or sample failure. 

Where a short-circuit occurs across the HV electrode and the measurement 
electrode, a transient voltage with a certain energy has to be lowered by the 
electrometer. The total energy stored (see Equation (6:1)) can be divided into 
two parts, (i) the energy stored within the system, including sample leads, 
represented by CSystem, and (ii) the energy stored in the sample, represented by 
CSample. The energy stored in the system, mainly in the sample-lead capacitance, 
is fed into the electrometer. However, the energy stored in the sample makes its 
own circuit and is not fed into the electrometer, which means that the energy 
going into the system is independent of the sample capacitance. 

Where a short-circuit occurs across the HV electrode and the measurement 
electrode, and the measurement electrode is true-earthed, a transient voltage will 
be added to the system’s guard electrode. Since the guard electrode is connected 
to the casing, a short transient voltage arises on the casing. However the energy 
of this transient is limited by the system energy, and is not likely to cause any 
harm or personal injury. 

6.5.3.2 Short-circuit: high voltage electrode to guard electrode 
A short-circuit across the HV electrode and the guard electrode could arise if 
the system breaks down, and is most likely to occur at sample termination.  

If a short-circuit appears between the HV electrode and the true earthed guard 
electrode, the energy will possibly raise the guard and casing potential locally, 
but nothing exceptional is expected to happen. 

Where a short-circuit occurs across the HV electrode and the guard electrode, 
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and the measurement electrode is true-earthed, a transient voltage will be added 
to the system’s guard electrode. Since the energy stored in the sample in this 
case has to be led from the guard electrode and casing to earth via the 
electrometer or an external protection circuit, this is the worst short-circuiting 
case with respect to the risk to personal and equipment safety. 

Since the system, when measuring earthed objects, is earthed via the object and 
most of the energy is stored in the sample (long cable), an external protective 
device is put close to the sample. This device is designed to avoid most of the 
external energy entering the system leads. In addition to this external protective 
device, the electrometer has an input protection circuit to sink quite high energy 
levels without risk any instrument or person injury.  

6.6 A typical measurement procedure 
6.6.1 Introduction to the section 
The aim of this section is to give the reader a working idea of how a typical 
measurement is performed. Even though many parameters can be varied (such 
as the integration time at a measurement point), most of the measurements 
presented in this thesis were obtained in a similar manner to the typical 
measurement procedure described below (see also Sections 12.1, Appendix 1 
and Appendix 2). 

6.6.2 Entering control parameters 
A measurement event starts by entering data and control parameters in the 
control file (C File). Examples of data and control parameters in the C File are 
described below. 

Sample data:  geometrical capacitance or if the geometrical 
capacitance is unknown and a good estimate can 
be made, then the high frequency relative 
permittivity (εr). 

 
Control parameters: applied voltage levels, frequencies, electrometer 

control variables, to name a few examples. 
 
The interval of time for making measurements at each measurement point (at a 
specific frequency and voltage level) is normally quite short. In most of the 
measurements, the frequency response analyser (FRA) integration time is 2 s (at 
least 1 cycle). However, all measurements at a new measurement point start 
with an interval of voltage application before the measurement is started. This 
waiting time is usually 1 s (at least one cycle). 
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Because one typical response in XLPE cables is transition to leakage currents 
(TLC-type response), (see Section 9.4.1), and response is easy to detect using 
two consecutive measurements, then two consecutive measurements are usually 
performed at the same amplitude and frequency. 

6.6.3 Measuring sample capacitance 
The measurement event starts with a measurement of sample capacitance, 
(CSample). Csample capacitance can be expressed as: 

)1Re(
Sample

Sample

U
I

ωj
CSample =  (6:2) 

where ISample is the current trough the sample, USample is the voltage across the 
sample, and ω is the angular frequency.  

Csample is used to choose a suitable balancing capacitor. In cases where the 
geometrical capacitance (C0) is left unknown while the high frequency 
permittivity (εr) is known and set, C0 can be calculated using: 

 0
r

SampleC
C

ε
=  (6:3) 

If neither εr nor C0 is known, nor could be estimated, an alternative is to set εr to 
1 and use the entities ε'/εr and ε''/εr . Another alternative is to set C0 to 1, and use 
the entities c' and c''. In the following, it is assumed that ε' and ε'' are used as 
presentation variables. 

6.6.4 Balancing the set-up 
If balancing is performed, it is normally performed at the same frequency and 
voltage as used for measuring the sample capacitance (CSample). By choosing an 
appropriate balancing capacitor (CBal), and adjusting the inverter gain, the 
electrometer input current (IElectrometer) is minimised. The balancing current 
(IBal), at this voltage and frequency, is calculated as follows: 

reElectrometSampleBal III -=  (6:4) 

The calculated balancing current (IBal) at that frequency and voltage is then used 
to set a value for the inverter gain that is used to model IBal during the 
measurement. Observe that the inverter gain, which is a scalar, is set by the 
complex IBal, by using the amplitude of IBal. Otherwise, the accuracy in a 
balanced measurement is limited by the accuracy obtained in the measurement 
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of ISample without balancing. By only setting the inverter gain, the accuracy in a 
balanced measurement could be increased by accurate modelling of the 
balancing current.  

6.6.5 Performing the measurement sweeps 
The measurement sweeps entered in the C File are then performed, and the 
complex permittivity calculated. If the measurement is performed without 
balancing, the permittivity can be expressed as: 
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If the set-up is balanced, then the permittivity is expressed as: 
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6.6.6 Data presentation and storage 
Data are presented continuously during measurement. The improvement of data 
presentation during the project is not dealt with in the thesis. 

Data are stored in a data file (D File). The D File consists of the C File being 
used and the data measured. Data are stored continuously and are written to the 
hard drive at each measured point. This is to avoid losing data in the event that 
the computer ceases to function correctly. 

6.7 Measurement system considerations 
6.7.1 Introduction to the section 
The measurement system set-up described in Section 6.4 consists of numerous 
components. These components have non-ideal behaviours and need modelling 
to achieve an improvement in measuring accuracy. However, not all 
components are of equal importance depending on whether or not the set-up is 
used with or without balancing. 

6.7.2 Calculation of complex ε from measured entities 
From the voltage across the sample (USample), and the current through the sample 
(ISample), the complex permittivity can be calculated using Equations (6:5) or 
(6:6). The sample current (ISample) has to be determined accurately in order to 
achieve a high level of accuracy in calculating the complex permittivity. 
Depending on whether the balancing arm is used or not, IBal is added to the 
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electrometer input current (IElectrometer) as follows: 

ISample = IElectrometer + IBal (6:7) 

A possible current generated by finite electrometer-input-voltage combined with 
stray capacitances is neglected in this work. IElectrometer is calculated from the 
FRA measurements of the electrometer output voltage and the electrometer 
modelling. IBal is calculated using the balancing arm model with parameters set 
in the balancing procedure performed earlier. For more details about modelling 
the electrometer and balancing arm, see Subsections 6.8.7 and 6.8.6 
respectively. 

The sample voltage (USample) also has to be determined accurately in order to 
obtain a high level of accuracy in calculating the complex permittivity. The 
sample voltage is related to the measurement of the voltage applied (UApplied), 
the electrometer input voltage (UInEmeter), the measurement of the total 
resistance of the leads (RLeads), and the sample current (ISample) as follows: 

USample = UApplied - UInEmeter - RLeads x ISample (6:8) 

UApplied is measured by the FRA directly or by the FRA via an HV divider. 
UInEmeter is calculated from the FRA measurements of the electrometer output 
voltage and the electrometer modelling. The last term (RLeads x ISample,) is 
calculated using the total lead resistances and the sample current in Equation 
(6:7). For more details about modelling the HV divider and the electrometer, see 
Subsections 6.8.5 and 6.8.7 respectively. 

6.7.3 Straight or balanced measurements 
In a straight measurement (without balancing), the errors in the FRA and the 
electrometer will directly influence the measurement. For example if the 
electrometer has an unmodelled phase error of 10-4, the dissipation factor of the 
measured material will be 10-4 too high or too low (assuming dissipation factor 
small). 

By introducing the balancing arm, the term IBal/USample is added to Equation 
(6:5), leading to Equation (6:6). Since IBal/USample for XLPE insulation is 
usually 100-1000 times larger than IElectrometer/USample, plus the fact that 
IBal/USample is not dependent on either the FRA nor the electrometer output 
(however the electrometer-input-voltage burden (UInEmeter) is important), then 
the demands on the FRA and the electrometer become much lower for a 
balanced measurement compared to a straight measurement. For example, let 
IBal/USample equal (99 x IElectrometer/USample), and add a phase error of 0.001 rad to 
IElectrometer/USample. The error of the sum of (IElectrometer/USample + IBal/USample) 
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becomes 10-5 (0.001/100), which is an acceptable error. 

However, a balanced measurement places a very high demand on the balancing 
arm and the modelling of the electrometer-input-voltage burden (UInEmeter). The 
reason that the electrometer-input-voltage-burden is more important for a 
balanced measurement compared to a straight measurement, is that the voltage 
over the balancing capacitors is lower than the voltage applied to the sample. 
For a more detailed description of the FRA, the electrometer and the balancing 
arm, see Subsections 6.8.3, 6.8.7 and 6.8.6 respectively. 

For a straight measurement, it is not possible to fulfil the demands on accuracy 
with an electrometer feedback—consisting of a resistor and a capacitor in 
parallel—if the impedances of the resistor and capacitor are in same order of 
magnitude. The errors caused by a resistor and a capacitor in parallel can be 
divided into two parts, (i) the initial transient that is not taken into account in 
modelling and (ii) small errors in the R and C component values give rise to a 
phase error (see Figure 6.2). 

(i): Equation (6:9) expresses the electrometer output voltage as function of time 
with a sinusoidal shaped input current starting at time zero. If using mainly 
resistive feedback ( CRω>>1 ), the second term in the equation will dominate 
and the last term will decay fast compare to the period time. If using mainly 
capacitive feedback ( CRω<<1 ), the first term in the equation will dominate 
and the last term will decay very slowly compare to the period time (a constant 
will not add any error). However, if using mixed feedback the last term will 
considerably influence the electrometer output voltage and introduce an error.  
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(ii): Equation (6:11) expresses the phase error caused by small errors in 
capacitance (C) and resistance (R). If using mainly resistive feedback 
( )(11 CRω<< ) or using mainly capacitive feedback ( CRω<<1 ) the 
denominator is large and the phase error gets small. The phase error gets large 
when the denominator is small and that take place when using mixed feedback. 
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Figure 6.2 Iin is calculated by using Uout and the feedback component values (R and C). 
The resulting electrometer in-current (Iin) has error due to errors in the values of R and 
C and that the initial transient is not taken into account in modelling. If the magnitude 
of Ir and Ic are of the same order, the error is much larger than if Ir or Ic dominates the 
other. 

In a straight measurement, the electrometer therefore needs to be run with a 
feedback impedance that is almost purely resistive or almost purely capacitive. 
That is where the impedance ratio—the capacitor impedance divided by the 
resistor impedance—needs to be lower than 0.01, or higher than 100 (see also 
Subsection 6.8.7). 

In a balanced measurement, the demand on the electrometer-output-voltage 
phase response is much less. This makes it possible to use the electrometer-
feedback resistors and capacitors more freely. High hum or noise may require a 
rather large capacitance in the feedback, and a DC current may require a 
resistance. By using a combination of a resistor and a capacitor together with 
component values producing impedances in the same order of magnitude, then a 
combination of hum and DC currents can be suppressed without lowering the 
accuracy. 

However, a main source of error is the balancing arm itself. Due to non-linear 
effects of the balancing capacitors, the voltage is kept low and therefore small 
variations in the series resistance in the balancing arm give rather large errors, 
especially at high output currents. 

Straight measurements below 100 Hz allow the FRA, the HV divider and the 
electrometer to be modelled very accurately. However, measurements seem to 
be more sensitive to hum and noise, and due to electrometer settings, are not as 
repetitive and linear as in the balanced case. 

Balanced measurements are linear and reproducible, however the balancing arm 
introduces errors, especially at higher frequencies, or more correctly at higher 
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currents.  

Balanced measurements have been performed in the research work done here. 
The reasons for this are that the set-up can detect extremely small changes 
(down to 10-5) in the loss when varying the voltage.  

6.7.4 Non-earthed or earthed samples 
The field version of the measurement system is designed to measure earthed as 
well as non-earthed samples. In principle, if the sample is guarded and well 
shielded, a measurement of an earthed and a non-earthed object should be the 
same. This was verified by a measurement on a 100 m cable with guarded and 
shielded ends (see Figure 6.3). 

10-4

10-3

0,01 0,1 1 10

Non-earthed
Earthed

Tan

Frequency (Hz)

δ

  
Figure 6.3 A 27 nF, 100 m long, 24 kV XLPE cable with earthed or non-earthed cable 
shield measured in the laboratory. The measurements are performed at 6 kV and the 
cable ends are guarded and shielded. 

If the sample is not perfectly guarded and shielded, a difference in 
measurements will occur. The reason for this is that in the earthed sample, all 
coupling to earth will be included in the measurement. 

One other difference is found in how interference currents influence the 
measurements of earthed and non-earthed samples. For example, assume that 
interference currents are injected into the voltage electrode. In the case of a non-
earthed sample (see Figure 6.4), the interference currents do not pass the 
electrometer (the ammeter), however, in the case of an earthed sample (see 
Figure 6.5), the current passes the electrometer and is therefore measured.  
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Figure 6.4 Measurement of a non-earthed (non-grounded) sample or cable. 
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Figure 6.5 Measurement of an earthed (grounded) sample or cable. 

6.7.5 Benchmark measurements 
It is not an easy task to calibrate the measurement system. One reason it that it 
is impossible to find reference capacitors specified for low frequencies. 
However, by modelling all components and performing tests on different 
reference capacitors, an estimate of the instrument accuracy was obtained.  

In graph a in Figure 6.6, two different balanced measurements can be seen. The 
first one is in a vacuum capacitor with a negative loss around 6 x 10-5 at high 
and medium frequencies and an increase in negative losses at lower frequencies 
[123]. The other one is in an air capacitor with a very low negative loss except 
at the highest frequency, where the losses are slightly positive. The difference in 
the level of loss at medium frequencies is most certainly due to a difference in 
the level of loss in the balancing capacitor. By replacing the type of balancing 
capacitor used early in the project by another, the negative losses decreased 
significantly [125]. 

The other difference observed was the increase in negative losses at lower 
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frequencies. The origin of this effect was initially searched for in the balancing 
arm, as a positive loss in the balancing arm equals a negative loss in the sample. 
However, finally it was concluded that the negative losses originates from the 
vacuum capacitor, most probably due to capacitive coupling from creep current 
paths similar to what has been observed on other samples [125], [77] (see 
Section 7.4). 

The negative loss at low frequencies phenomenon was also found using the 
standard HV SF6 capacitor available at the KTH laboratory. 
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Figure 6.6 a Measurements from a vacuum capacitor and an air capacitor using two 
different types of balancing capacitor; and b two consecutive sweeps of a 96 pF air-
filled reference capacitor. The balancing capacitors are liquid-nitrogen cooled. 

Graph a in Figure 6.6 shows consecutive sweeps of a 96 pF air-filled reference 
capacitor, using the system with the first resistive HV divider consisting of 
nitrogen-cooled polypropylene (PP) capacitors of Type 2, and the PC-based 
frequency-response analyser with anti-alising filters (see Section 6.8). Note that 
the scale used in graph b is different from the scale used in graph a. 

Figure 6.7 and Figure 6.8 show two measurements on the 96 pF air capacitor, 
featuring long sweeps in Figure 6.7 and short sweeps in Figure 6.8. The system 
used has a capacitive divider and balancing capacitor at ambient temperatures. 
The losses do not vary with voltage, and are in the range of 1 x 10-4. The system 
is linear, however it does show a slight to high level of loss (the losses should 
be zero or in the 10-5 range). This is due to improper modelling of the capacitive 
divider.   
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Figure 6.7 Measurements of long sweeps along the 96 pF air capacitor. The system 
(IDA#1) has a capacitive divider and balancing capacitor at ambient temperature. 

The capacitance part shows a change as a function of time due to temperature 
variations. This is shown in Figure 6.8, where the capacitance increases in 
equal steps between consecutive measurements. Note that the last 7 kV 
measurement sweep shows equally higher increases in capacitance over the 14 
kV sweep, as the 14 kV sweep does over the previous 10.5 kV sweep. This 
means that the capacitance does not depend on the voltage level, and the system 
is linear. 
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Figure 6.8 Measurements by short sweeps over the 96 pF air capacitor. The system 
(IDA#1) has a capacitive divider and balancing capacitor at ambient temperatures. 
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6.8 Instrument modules 
This section consists of a description of instrument modules and common 
components in the set-up used in Figure 6.1. Each instrument module’s 
influence on the total accuracy is evaluated, and the modelling used is described 
together with a short description of modifications and changes made to it during 
the project. 

6.8.1 The computer 
A computer is used to control the instruments as well as to collect and present 
the data. Real-time computations are made in the FRA, either in the Solartron 
1250A or in a PC card (see Subsection 6.8.3). The modelling of all components 
is of course done in the computer program, however the computer itself does 
not affect measurement accuracy. 

The first two system configurations—the LV and the HV laboratory systems—
are based on an HP 9000 computer with a UNIX operating system. The 
instruments are controlled via HPIB and the program is written in Pascal. Data 
analyses are performed using an external graphing program called Xgraph. Data 
can be exported to a Macintosh or PC. 

The initial HV field system is based on an IBM-compatible PC equipped with 
plug-in cards—a data acquisition card, a digital I/O card and an Etherlink card 
for communication with other computers. The measurement programs are 
written in Borland's Turbo Pascal for Windows 1.5 in a Windows 3.11 
operating system, and the presentation of graphs is done using Ide Data's Graph-
in-the-Box 3.0. A later version of the field system is also PC based. The 
program is now written in Borland Delphi and all presentation of data is 
handled by the same software. 

6.8.2 Modelling capacitors 
Capacitors are used in the instrument modules, such as the balancing capacitor 
and the HV divider. As these capacitors often directly influence the 
measurement accuracy, it is therefore important to understand their behaviour, 
and to model them as well as possible. 

A capacitor has a finite lead-resistance and an insulation system. The inductance 
can be ignored at the measurement system's low frequencies. The lead 
resistance is modelled by a resistor, whose temperature dependence is small and 
is therefore neglected.  

The insulation system’s loss and permittivity as well as frequency 
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characteristics are modelled as described below in Subsection 6.8.2.1. 
Unfortunately, the temperature dependence of polymer capacitors is rather 
large. For example typical values for polypropylene (PP) capacitors are 100-200 
ppm/°C, which is (1-2 x 10-4/°C). The unmodelled temperature dependence of 
capacitors in the system is one of the main factors limiting the accuracy. 

In the laboratory system, the balancing capacitors were placed in liquid-
nitrogen-cooled copper containers that kept the temperature low and stable. At 
liquid nitrogen’s boiling temperature, the losses were in the range of 2 x 10-5. In 
this system, the losses and the low dispersion in permittivity were ignored in 
modelling. 

In the system’s field configuration, balancing capacitors were used at ambient 
temperatures. The losses, which are now approximately 8 x 10-5, and the 
dispersion in permittivity need to be modelled (see Subsection 6.8.2.1). The 
weak part in the modelling is that the effect of temperature changes is not taken 
into account. However, since the absolute value of the capacitance is of minor 
importance, it is only those changes occurring during measurement that affect 
the results. 

6.8.2.1 Insulation model 
The capacitor model used to model the dielectric material in capacitors within 
the system is based on the theory of a universal capacitor (Subsection 3.2.5 and 
[36]). The model used for polypropylene (PP) capacitor insulation at ambient 
(non-liquid-nitrogen-cooled) temperatures is described by Equation (6:12) (see 
also Subsection 3.2.5), and where 0''3 =χ . 

( ) ( ) ( ) ( ) ( )ωχωωχωχεωε 3
1

2132
2 ++=++= −
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Since the relative permittivity of PP is approximately 2.24 [39], the parameter 
B1 was given the value of 2.23, which gives an approximate permittivity of 2.24 
at 1000 Hz. In order to estimate the values of B2 and n2, measurements were 
performed with the measurement system on a standard air capacitor. By using a 
balanced set-up with a PP capacitor and the resistive HV divider, the parameters 
B2 and n2 could be estimated. Only frequencies below 1 Hz were used. The best 
fit was obtained with a parameter set as shown in Table 6.1. Graph a in Figure 
6.9 shows the frequency response of a PP capacitor according to the model 
described. 

A triply-extruded piece of 24 kV XLPE cable is used as an HV capacitor in the 
capacitive HV divider used in some systems. The XLPE cable insulation system 
shows a slight greater loss than PP at high frequencies that has to be taken into 
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account in the model. This is taken care of using the extra term ( )ωχ 3  (see 
Equation (6:12), and Subsection 3.2.5). By fitting parameters using frequencies 
up to 100 Hz, a best fit was accomplished with a parameter set shown in Table 
6.1. Graph b in Figure 6.9 shows the frequency response of an XLPE cable 
capacitor according to the model described. Note that the model is used only up 
to 100 Hz. 

Table 6.1 Capacitor model parameters used in the measurement system. 
Model parameters Insulation 

material B1 B2 n2 B31 χ3'(0) B32 m3 
Polypropylene 2.23 1.3 x 10-2 0.99 0 0 0 - 
XLPE cable 2.30 5.0 x 10-4 0.92 2.8 x 10-5 0 2.8 x 10-5 0.30 
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Figure 6.9 The permittivity model of polypropylene (PP) capacitors and the XLPE 
cable capacitor used in the system. 

6.8.3 The frequency response analyser 
The FRA puts out a sinusoidal voltage at a selected frequency and measures the 
input voltages, amplitude and phase, on two input channels (see Figure 6.10).  

Since the voltage is measured on Channel 0 of the FRA—for example via an 
HV divider—and the current on Channel 1 of the FRA via the electrometer, 
then the absolute phase is not important, only the phase difference between 
Channels 0 and 1. The accuracy of the voltages measured on Channels 0 and 1, 
influences the accuracy of the measurement system. However the accuracy is 
not very critical, and the accuracies specified for the FRAs are adequate enough. 

The FRA uses the sine correlation technique. This means that the input voltages 
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are multiplied by a sine and a cosine, and are then averaged over an integer 
multiple (N) of the interval of time (T). The sine, cosine and the voltage applied 
have exactly the same angular frequency (ω) (see Equations (6:13), (6:14) and 
Figure 6.10).  
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Figure 6.10 Schematic representation of a sine correlation technique. 

 
Figure 6.11 Sine-correlation-technique rejection curves (after www.solartron.com). 

Since the signals on the two input channels are treated in the same way, the 
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phase resolution between these two channels becomes very high. The rejection 
of DC offset and harmonics—referred to as the applied voltage—are in theory 
infinite. By increasing the integration cycles, the rejection increasingly 
improves (see Figure 6.11). 

The FRA used in the first two systems, the LV and the HV laboratory systems, 
is a Solartron 1250A. In the HV field system, a 16-bit PC card (DAP 2416/e6) 
from Microstar Laboratories was programmed to act like the FRA. Later on, a 
12-bit PC card from Microstar Laboratories was also used, and finally a 16-bit 
DSP card from Loughborough Sound Images was used.  

6.8.3.1 The FRA input anti-alising filters 
All the FRAs use analogue to digital converters (A/D converters) on the channel 
inputs. Since all A/D converters have a finite sampling frequency, alising occurs 
when a frequency above half the sampling rate is present. Therefore analogue 
low-pass filters must be in place before the A/D converters. 

Anti-alising filters were already present on the Solartron 1250A. On the PC 
card, the anti-alising filters had to be designed and made. When designing the 
PC card anti-alising filters, great effort was made to make the two filters as 
equal as possible, and to reduce the relative phase and amplitude errors that can 
influence the set-up accuracy. With the help of Mossberg [16], a fourth order 
Bessel filter with a cut-off frequency of 10 kHz was selected (see Figure 6.12). 
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Figure 6.12 Anti-alising filter circuit diagram. 

The components used here were two operational-amplifier (OP) chips, four OPs 
from one of the chips to the filters, and two OPs from the other chip to the input 
buffers, some metal-film resistors and PP capacitors (see Table 6.2). The 
capacitors and resistors were matched to make the two filters as equal as 
possible (see Figure 6.13 and Figure 6.14). 
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Table 6.2 Component list for the anti-alising filters used. 
Protection diodes: P1, P2 OP Resistor Capacitance 

P1: 10V, VBZW06-10B/GI 
P2: 6V, BZW06-6V4B 

OP470FY 10.0 kΩ C1: 14.7 nF (10 + 4.7) 
C2: 17.2 nF (15 + 2.2) 
C2: 6.09 nF (4 x 1.5) 
C2: 41.6 nF (33 + 6.8 + 1.5) 
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Figure 6.13 a Amplitude and b phase responses of the filters, and the difference 
between the filters, measured with a Solartron 1250A. 
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Figure 6.14 The difference between a amplitude and b phase responses of the filters, 
measured with a Solartron 1250A. 

Below 10 Hz the difference between the filters is very low and no modelling is 
needed, regardless of the type of measuring—straight or balanced. However at 
100 Hz, the difference ranges in the order of tens down to minus five. 
Importantly though, at these high frequencies the system was always in the 
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balanced configuration, and therefore no modelling was implemented. 

For the last DSP card used—the 16-bit DSP card from Loughborough Sound 
Images—a new filter was designed by Björn Bengtsson. Since this DSP card 
has another type of A/D-converter (Σ/∆ conversion), it was possible to design 
the filter to be less sensitive to component variations. 

6.8.3.2 The FRA output buffer and filter 
The output of the Solartron 1250A consists of a 12-bit digital-to-analogue 
(D/A) converter, most probably buffered with a relatively fast buffer. Using the 
output directly on capacitive samples in a low-frequency regime, led to the 
occurrence of spikes in the current measurements.  

A staircase-shaped output voltage generates current spikes when applied over a 
capacitive sample (see c in Figure 6.15). These current spikes could saturate an 
electrometer with resistive feedback if the electrometer is "fast" compared with 
the time interval between the voltage levels, which is normally the case at lower 
frequencies. 

The other FRAs used exhibit the same problem, however, since they have 16-bit 
resolution—compared to the Solartron 1250A’s 12-bit resolution—the problem 
was less pronounced. 

a  b  c 

U I

t t

 

Figure 6.15 Discrete output voltage levels generate current peaks when applied over a 
capacitance.  

One way of solving these problems is to low-pass-filter the staircase-shaped 
output. In order to filter the Solartron 1250A output, a special low-pass filter 
was designed. This was based on second order Bessel filters placed in series, 
and has a variable computer-controlled cut-off frequency from 1000 Hz down to 
0.001 Hz, in steps of one decade each. 

One solution for avoiding electrometer saturation is to use a more capacitive 
feedback in the electrometer. Then the electrometer can filter these fast current 
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spikes and avoid saturation.  

6.8.4 The high voltage amplifier 
The HV amplifiers—TREK 20/20 and 20/20A—amplify the output voltage 
2000 times, and have a maximum output voltage of 20 kV. The maximum 
output current is 20 mA AC peak, and 10 mA DC (10 mA if more than one 
second).  

This amplifier allows a test voltage of 14 kV ( 20214 ≈× ), which is enough 
for measuring 12 and 24 kV cables up to the service-voltage level. The 
maximum currents supplied limit the highest frequency used, especially for 
large capacitances. A 24 kV cable with a 185 mm2 conductance area, has a 
capacitance (phase-earth) of approximately 270 nF/km. When a 600 m length of 
185 mm2 cable is measured at 12 kV, the maximum allowed frequency is 1.1 
Hz. 

The amplifier consists of two 20 kV DC power supplies, plus a stack of 
MOSFET transistors for regulating the output voltage. The output is quite 
noisy, with the switched DC supplies generating a hum of 50 kHz, and the 
amplifier generating internal partial discharges when used above approximately 
10 kV. 

The high-frequency hum leads to saturation of the Keithley 428 current 
amplifier used, especially at low frequencies. This is due to a resistive feedback 
combined with a fast amplifier. Unfortunately it is not possible to filter the input 
signal as the Keithley 428 has only output filters. Changing the electrometer 
feedback impedance to a more capacitive one (see Subsection 6.8.7) reduces 
this problem. 

Another problem encountered was a self-oscillating current output when the 
TREK 20/20 was loaded with a large capacitive load—above approximately 
500 nF. This was solved by putting an external output filter, consisting of a 10 
kΩ resistance in combination with two inductances, in series with the sample.  

The internal TREK 20/20 HV divider is located before the filter while the 
measurement system divider is connected after the output filter. After 
discussions with TREK [18], it was found that the TREK could be adjusted in a 
way that allows high capacitive loads to be used without any external filters. 
However, this solution was never implemented. 

6.8.5 The high voltage divider 
The HV divider is used to divide down the voltage applied to a level that allows 
it to be measured with the FRA and fed to the inverter in the balancing arm. The 
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divider output range chosen was a 0-10 V peak. This gives a divider ratio of 
2000 or more to one, enabling the TREK 20/20 to be used up to 14 kV (20 kV 
peak).  

In order to stabilise stray capacitances and achieve an adequate level of safety, a 
shielded divider and measurement lead was preferred. The load of the 
measurement lead and sample capacitance set the limit of the highest frequency, 
and therefore the maximum frequency set to 100 Hz (20 kV peak, 20 mA peak 
and 100 Hz, which gives a Cmax of 1.6 nF, e.g. a 6 m length of cable of 270 
pF/m). 

The accuracy of the HV divider is very important, regardless of whether or not 
the measurements are performed with or without balancing. An unmodelled 
error will influence the measurement result directly, for example an unmodelled 
phase error of 1 x 10-4 will give rise to an error of 1 x 10-4 in the dissipation 
factor (Tanδ). 
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Figure 6.16 a Phase response for the internal TREK 20/20 HV divider, b phase 
response for the first-designed HV divider (note the different scales used). 

The divider should have good amplitude and frequency characteristics, and 
deviations should not stray from the ideal response to allow modelling. The 
divider should be linear with voltage. Furthermore, the influence of temperature 
variation should be as small as possible. It is important to point out that absolute 
division is much less important than changes occurring during the 
measurements and the phase response. Temperature dependence is much more 
dangerous if the divider changes temperature during measurements, especially if 
the temperature change is due to self-heating. 

The TREK 20/20 and 20/20A have internal voltage dividers. However, the 
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frequency responses of these do not fulfil the requirements of low phase shifts 
and therefore were not investigated more in detail. The phase response of the 
internal divider in the TREK 20/20 is represented in graph a in Figure 6.16. 

6.8.5.1 The first high voltage divider design 
The first HV divider designed for used in the HV laboratory system (see Figure 
6.17) consisted of two aluminium toroids, an HV resistor, and an LV resistor all 
mounted inside a casing. The casing acts as a personal-safety device and keeps 
the stray capacitances constant, allowing adjustment of the frequency response 
with an LV capacitor. The divider output voltage, which is buffered to make the 
divider insensitive to loading, divided down the voltage applied by 
approximately 3600 times. The phase and amplitude responses were measured 
by a Solartron 1250A, and the phase response is presented in graph b in Figure 
6.16. 

Low voltage resistor (and 
compensation capacitor)Buffer

Ground toroidHigh voltage resistor

High voltage toroid

High voltage connection

Steel barrel  
Figure 6.17 Diagrammatic representation of the first HV divider design (after 
Holmgren [131]).  

As can be seen in b in Figure 6.16, the phase shift is very low up to 100 Hz. At 
lower frequencies, the phase response was very good, as the device is a resistive 
divider. However it is difficult to measure the response with a high degree of 
accuracy at the lowest frequencies, and therefore the response was only 
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measured down to 1 Hz.  

The divider was linear, with voltage dependence less than 1 x 10-5 of full scale, 
right up to the highest voltages, however this design also has its drawbacks. For 
example the divider is large, and the casing is made of standard steel barrel. 
Furthermore, the 50 MΩ HV resistor heated itself up. This combined with 
temperature dependence in the resistor gave a total change of approximately 4 x 
10-4 by applying 12 kV [131]. The temperature change took approximately 15 
minutes. 

6.8.5.2 The second high voltage divider design 
At the beginning, the HV field system used a divider designed like the first HV 
divider, but with the division factor of approximately 2200. Before the problem 
with self-heating saw realised, a more compact divider was designed based on 
the first design.  

The division factor for the second HV divider design is 2200. This divider 
obtained almost the same phase response as the first divider, however the 
temperature effect became slightly worse, and the divider had slight voltage 
dependence (2-4 x 10-4 of full scale) in the division ratio (but no voltage 
dependence in the phase response). 

The two resistive dividers had almost constant amplitude responses and very 
low phase shifts. Self-heating is very difficult to model, though it is possible to 
model the non-linear effect in the divider of the second design. However, no 
modelling of the divider in the first or second designs was implemented in the 
software 

6.8.5.3 The third high voltage divider design 
Analysing the behaviour of the second divider revealed how difficult it was to 
design a small resistive divider without any phase shift, self-heating or voltage 
dependence. Since a non-aged XLPE cable is linear, even at relatively high 
voltages, it was decided to design a capacitive divider based on a piece of XLPE 
cable and an electrometer with capacitive feedback. 

The HV divider based on capacitors—called the third HV divider design—
consisted of a properly guarded XLPE cable sample of approximately 100 pF, 
and an electrometer with a guarded PP capacitor of 2.2 nF. Both the XLPE 
cable and electrometer were modelled in the software. The XLPE cable and the 
electrometer-feedback capacitor are modelled according to a universal capacitor 
(see Subsection 6.8.2). The HV divider electrometer is modelled in the same 
manner as the electrometer (see Subsection 6.8.7). 
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The divider in the third design is small, has good phase and amplitude 
responses, and is almost perfectly linear (see a in Figure 6.8). However, since 
polymer capacitors have rather high temperature coefficients—approximately 
100 ppm/°C or 1 x 10-4/°C—the temperature drift is quite high (see b in Figure 
6.8). By thermally-isolating the cable, the effect was reduced, however this 
effect still limits the accuracy of the permittivity measurements.  

Furthermore, since the HV capacitor consists of an XLPE cable sample of finite 
loss, a temperature change slightly influences the loss values. Another problem 
is that it is difficult to model a capacitive divider accurately enough at low 
frequencies. 

6.8.6 The balancing arm 
The balancing arm consists of an inverter, a cable running from the inverter to 
the balancing capacitor, the balancing capacitor and finally the cable from the 
balancing capacitor to the electrometer. There may be contact resistances 
between the cables and the instruments, and relay contact resistances in the 
instruments that may also be varying (see Figure 6.1).  

The aim of the balancing current is to reduce the current flowing into the 
electrometer. By balancing out the major part of the sample displacement 
current, the electrometer gain could be increased and a higher resolution 
achieved. The balancing arm should ideally generate a current equal in 
amplitude but 180 degrees out of phase with the sample current, at a specific 
amplitude and frequency. At other frequencies and amplitudes, the current 
should be adjusted according a pure, loss-free and linear capacitor. 

Errors in the balancing arm influence the measurement results directly. These 
put very high demands on the components and the modelling of the components 
in this arm. Parameters less sensitive to errors include the absolute value of the 
balancing capacitor, and the absolute value of the inverter input divider. 
However, these parameters need to be kept constant, as a function of the 
frequency and voltage. 

The modelling of the balancing arm can be divided into three parts: (i) 
modelling the inverter (see Subsection 6.8.6.1), (ii) modelling the balancing 
capacitor (see Subsection 6.8.6.2), and (iii) modelling the cables and possible 
relays with series resistances.  

The modelling of the balancing current is based simply on the electrometer 
input voltage (UInEmeter), the inverter output voltage (UInverter) and the 
admittance of the balancing capacitors including cables and any possible relays 
(Ybalancing). The balancing current can be expressed as: 
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and the capacitance (Cbal) is the capacitance of the PP capacitors and a complex 
function of frequency (see Subsection 6.8.2.1). Rseries is the sum or series 
resistances of cables and any possible relays. 

6.8.6.1 The inverter 
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Figure 6.18 Diagram of a simplified inverter circuit. 

The inverter consists of an input divider, an inverter circuit and a possible 
buffer. The divider is computer controlled, and is used to adjust the inverter 
output voltage. The buffer function is there to support high output currents. 

Four different designs of input dividers have been used. The first design had 
manually-adjusted potentiometers. The second and third designs had computer-
controlled potentiometers, and the fourth design (designed by Björn Bengtsson), 
has an active divider based on metal-film resistors.  

The inverter coupling in the first two designs was based on two operational 
amplifiers monolithically matched, coupled to cancel out the first-order phase 
shift [121] (see Figure 6.18). When first introducing large balancing capacitors 
(required for HV measurements on cables), a high frequency buffer was added 
to increase the output-current capability (third design).  

Figure 6.19 shows the phase response for the inverter used in the third design. 
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This inverter was used in most of the field measurements. The slight phase-shift 
at higher frequencies was modelled in the software.  
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Figure 6.19 Phase response of the inverterused in the third design 3. 

6.8.6.2 The balancing capacitors 
The balancing capacitors—guarded as shown in Figure 6.20—are made of PP, 
which has low loss in the frequency range used. By putting the capacitor in a 
copper tube and then putting the copper tube into liquid nitrogen, the PP losses 
are reduced even more. In addition, the absolute capacitance value is kept 
stable, which otherwise varies as a function of temperature. 

Copper wire and
silver paint  

Figure 6.20 Guarded PP balancing capacitor 

Unfortunately, different capacitor values have to be chosen depending on 
sample size, and liquid-nitrogen cooling is complicated under field conditions. 
Therefore balancing capacitors of different sizes were put into a box at room 
temperature. A balancing capacitor suitable for the measurement was then 
selected by the computer. 

At ambient temperatures, the loss of the balancing capacitors increases slightly. 
The changes in loss and permittivity as a function of frequency are modelled in 
the software according to the theory described in Subsection 6.8.2.1. A major 
disadvantage using balancing capacitors at ambient temperatures is the 
limitation of the accuracy of the real part of permittivity. This is due to 
temperature changes, especially when measuring for long intervals of time.  
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6.8.7 The electrometer 
In the initial LV laboratory set-up, a Keithley 428 current amplifier was used. 
When high voltages were introduced—generated by a TREK 20/20—a 50 kHz 
hum was added from the switched HV DC supplies within the TREK 20/20. In 
addition, the 50 Hz hums and the noise level was increased. Since the Keithley 
428 does not have any input filters—only output filters, the current amplifier 
was saturated. 

The Keithley 428 was therefore replaced by a Keithley 617 with capacitive 
feedback. Only the Keithley 617 preamplifier was used, and with fixed external 
feedback capacitors. Measurements based on a Keithley 617 were made in both 
the laboratory and the field. However, on some occasions—especially in the 
field, the electrometer drift rose to high levels, introducing error and possibly 
saturation of the electrometer.  

In the presence of a DC current, a pure capacitive feedback introduces errors. If 
the DC current is large, the electrometer is saturated. The error introduced by a 
constant DC current integrated into electrometer feedback capacitance can, 
when the electrometer is not saturated and when α in Equations (6:13) and 
(6:14) is known, be cancelled when the actual DC current is measured (or 
known) [115]. This is therefore possible with the PC card FRAs, but not with 
the Solartron 1250 [130] (note that this procedure for correcting errors was not 
implemented in the software). 

Another solution for solving the problem with the error introduced by the DC 
current and possibly the saturation of the electrometer, is to use mixed feedback 
from a resistor and a capacitor in parallel. One disadvantage with using mixed 
feedback is that a small change in component values introduces a phase error. 
However, if the electrometer is used in a balanced set-up, the phase error could 
be acceptable (see Subsection 6.7). 

In order to solve the error introduced by the DC current, an electrometer with 
both capacitive and resistive feedback components was developed. The new 
electrometer makes it possible to utilise mixed feedback. In addition, the 
electrometer was made to operate faster, with the stray capacitances in the 
feedback arm being minimised. Modelling was implemented in the software 
resulting in better performance, especially at higher frequencies. This 
electrometer design has been used with only minor changes since 1995. 

In the electrometer model, the input current and input voltage are modelled as a 
function of the output voltage measured, plus the feedback components, the 
internal resistances, the operational amplifier gain and frequency. The feedback 
components are metal-film resistors and guarded PP capacitors. The resistors 
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are modelled by a resistor and capacitors according to the model described in 
Subsection 6.8.2. 

An important change was made 1996, which was to modify the design to allow 
partial discharges within the sample without introducing measurement errors. 
The improvement consisted of adding an input filter and an output buffer 
capable of buffering a few amperes during very short intervals of time. 

6.8.8 The isolating transformer 
When measuring earthed objects, true earth has to be separated from system 
earth (see Figure 6.1). System earth is separated from true earth by introducing 
an isolation transformer (see Figure 6.21). The primary winding shield is 
connected to the earth, and the secondary winding shield to the centre tap and 
system earth. This arrangement minimises the hum current introduced into the 
circuit measuring the earthed object.  

The effect of the introduced hum is most easily measured by the set-up shown 
in b in Figure 6:21 [32], and is in the nA range for a well-shielded isolation 
transformer. 

a   b 

 

Figure 6.21 The Fiskars NTP 2300 isolating transformer used in the measurement 
system. 

6.9 Summary: The measurement system 
An HV dielectric-spectroscopy measurement system was developed for 
diagnostic measurements of MV XLPE cables in the field. The system is 
capable of measuring non-earthed as well as earthed samples of different 
capacitances, along with small samples of less than 100 pF and long cables with 
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capacitance of several hundred nF, in both the laboratory and the field. A 
commercial instrument based on this work, is currently available. 

A balanced set-up has been used in the work done here. In straight 
measurements—where the balancing arm not is used—all instruments and 
components except for the HV amplifier and the output filter, are crucial and 
have to be very accurate. The voltage needs to be measured very accurately, 
which places high demands on the HV divider and the FRA. The current also 
needs to be measured very accurately, which places high demands on the 
electrometer and again the FRA. Furthermore, the resistance in the sample 
leads, especially when measure at low voltages, also have to be considered.  

In a balanced measurement, a balancing current is added to the sample current, 
thereby reducing the current flowing into the electrometer. Therefore the 
influence of error is different in balanced and straight measurements. An error 
in the electrometer or the FRA is less important in a balanced measurement than 
a straight, whereas the other components have the same influence in both types 
of measurements. In addition, an error in the balancing arm, especially 
variations in series resistances, adds directly to the total error. 
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7 Measuring low-loss cable insulation 
7.1 Introduction to the chapter 
This chapter describes how to measure low-loss cable insulation. This is an 
important part of the work in developing a good method for diagnosis of XLPE 
cables. Even when the measurement equipment used is working properly, it is 
not easy to make correct measurements. In the laboratory, the cable sample has 
to be set-up properly, and in the field, knowledge about the influence of any 
connected accessories is necessary. 

In Subsection 7.2, simple mathematical calculations verify that a lumped 
capacitor model is adequate enough for modelling the XLPE cables. In 
Subsection 7.3, various aspects concerning the influence of temperature on 
measuring dielectric materials is discussed, in respect to both the laboratory and 
the field. 

Subsection 7.4 deals with the guarding procedures for XLPE cable samples in 
the laboratory. This focuses on how to measure a low-loss material accurately 
without introducing errors by using improper guarding or shielding techniques. 

Subsection 7.5 deals with how to connect the cable sample, and the most 
important parts of the chapter summarised in Subsection 7.6. 

7.2 Lumped-capacitor or transmission-line model 
In this thesis, the cables have been modelled by capacitance and not by the 
transmission line. Furthermore, the resistance of the cable conductor and the 
shield is neglected. But how valid are these assumptions? 

The impedance seen at the end of a cable of a finite cable of length l, with a 
characteristic impedance of Z0, and a propagation constant of γ, terminated with 
a load impedance of ZL can be expressed by Equation (7:1) [38]:  
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The load impedance (ZL) is very high as the cable is disconnected at the 
opposite end. For frequencies of and below the power frequency, the resistance 
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is dominated by the DC resistance. By adding the resistance of the conductor 
and the shield, the resistance for a typical MV XLPE cable is found to be in the 
vicinity of 1 mΩ/m [17].  

The capacitance of an MV XLPE cable is in the vicinity of 300 pF/m and the 
inductance about 0.5 µH/m. By assuming no losses in the XLPE (G = 0) and a 
cable length of 1000 m, a dissipation factor of approximately 1 x 10-5 at 50 Hz 
has been calculated. As long as the loss tangent is small, the loss tangent 
increases proportionally with increasing frequency, and proportionally with 
increasing resistance.  

A lumped-circuit model is therefore a good approximation, in most cases 
including low-loss materials such as XLPE. In cases where the resistance (in the 
shield) is significantly higher, the characteristic loss tangent increases with 
increasing frequency. This makes it possible to separate out the resistance losses 
from the insulation losses.  

7.3 Temperature control 
To perform accurate dielectric measurements on both low and high-loss 
samples, the sample temperature has to be kept under control. Furthermore as 
the temperature changes, so to do both the insulation permittivity and the 
geometrical dimensions of the sample. For a low-loss material like XLPE, 
where the change in permittivity is less than in a high-loss material, 
measurement of the real part of the permittivity is more sensitive to temperature 
changes than the loss part. 

The need to hold the temperature constant depends on the type of measurement 
and its demand on resolution. If the measurement includes very low 
frequencies—and therefore takes a considerable time—then the need to keep the 
temperature stable is even greater. 

The measurement procedure can also be modified so that slight temperature 
drifts in the sample or the measurement system itself, influences the results of 
the measurements as little as possible. For example, assuming that the change of 
the real part of permittivity between 6 and 12 kV is the most important 
parameter change, and that this parameter is to be investigated in the frequency 
range 10-0.1 Hz, then it is better to use the measurement sequence (10Hz at 
6kV, 10Hz at 12kV, 5Hz at 6kV, 5Hz at 12kV…) rather than (10Hz at 6kV, 
5Hz at 6kV…plus 10Hz at 12kV, 5Hz at 12kV….). This is because it minimises 
the time interval between two measurements at two different voltage levels at 
the same frequency. 
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7.3.1 In the laboratory 
In the laboratory, the ability to control the temperature is relatively high. For 
diagnosing XLPE cables for water treeing, the cable temperature is stable 
enough when the cable is placed in a room with a constant temperature. 
However, the cable should be placed in the room one day prior to the 
commencement of measurements to let the temperature of the cable stabilise. 

In order to be able to control and vary the temperature of small samples of 
cable, a temperature-controlled cable tube was designed. This makes it possible 
to control the temperature in a range of -10 to 80°C. 

7.3.2 In the field 
In the field, it is generally impossibly to control the temperature. Even if it is 
possible to raise the temperature by current heating, this is not a practical 
solution.  

The temperature of a buried cable is dependent on the soil and the current load. 
Since the measurement method requires a disconnected cable, the cable 
temperature then falls during measurement. The effort put into keeping the 
temperature constant has to be considered in comparison to the influences of 
other physical considerations such as the voltage application, and practical 
limitations such as time requirements.  

There are several alternatives for how to disconnect the cable prior to a field 
measurement. One alternative is to disconnect the cable one day prior to 
measurement and let the cable temperature fall to the temperature of the soil. 
Another alternative is to disconnect one of the cable ends and let the voltage, 
but not the load current, remain in the cable. A third alternative is to disconnect 
the cable immediately before the measurement and accept a temperature drop 
during measurement. 

Mostly based on practical considerations, the third alternative was chosen. 
Measurements were made as soon as possible after disconnection and the 
temperature drop during measurements was accepted. 

However investigations have shown that the dielectric response of a water-tree-
affected cable is very sensitive to the humidity in the cable, while the water-tree 
response remains at low temperatures (see Chapter 9). Therefore, the second 
alternative—maintaining the service-level voltage while the cable temperature 
drops to the soil temperature—can be a better option. 
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7.4 Guarding the cable sample 
In order to perform accurate measurements, the measurement electrode has to be 
protected from edge effects, which could otherwise contribute to the response 
measurements.  

Observe that since a low-loss material acts like a pure capacitor, stray capacitive 
couplings do not decrease in importance at lower frequencies.  

An example illustrating the influence of various terminations on XLPE samples 
in the laboratory is shown in Figure 7.1. 
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Figure 7.1 An approximately 10 m long sample of XLPE cable (2.1 nF) with two short 
pieces of Raychem SCTM shrinking tubing used as cable terminations, measured with 
and without protective guarding.  

The protective guard is made from conducting materials and is given the same 
potential as the measurement electrode. When the measurement electrode is 
earthed, the guard electrode potential is kept as near to earth potential as 
possible. (If the measurement electrode has a potential, the guard electrode 
should be kept as close to this potential as possible.) 

The guard electrode to measurement electrode interface is usually called the 
guard path, and is a very important part of the guarding. If this interface is 
prepared incorrectly, the guard doesn’t work properly. The next subsection 
deals with how to make a proper guard path on a low-loss XLPE cable. 

7.4.1 The guard path in the cable samples 
In an MV or HV cable, a guard path is made by cutting through the insulation 
screen. The guard path should secure high impedance between the guard 
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electrode and the measurement electrode. However, this should also control the 
electrical field in the path. 

Ekvipotential lines

Insulation
screen

Open guard path Insulation screen
(of conducting tape)

Conductor

XLPE insulation
 

Figure 7.2 If the guard path is arranged as seen in the figure, the electric field along 
the guard path becomes very high. 

Figure 7.2 illustrates that a high electric field stresses the guard path when the 
guard path is left open. Field calculations show that in order to avoid this 
influence, the guard path has to be made much shorter than the thickness of the 
insulation. Since the thickness of the insulation layer is a few millimetres, this is 
not a practical solution. 

When the guard path is made as it is in Figure 7.2, the field strength in the 
guard path becomes so high that surface partial discharges are generated below 
the cable design voltage. In measurements presented early on [123], the voltage 
applied was limited to 2.8 kV in order to avoid such partial discharges. 

However, also at lower voltages when the field strength is not high enough to 
generate surface discharges, an open guard path usually influences the response 
measurements. To illustrate this, an open guard path is modelled by a 
capacitance (C) in series with surface resistances (R) in Figure 7.3. 

An ordinary MV XLPE cable has a capacitance of approximately 300 pF/m. A 
guard path of 5 mm at each end gives a total C of 3 pF. In series with surface 
resistance, this capacitance adds a loss peak to the response measurements. The 
frequency of the loss-peak maximum (ω = 1/RC) depends on the resistance (R). 

On small samples, the loss from this effect can be quite large. The loss current 
from an RC circuit at its maximum is  21 times the capacitive current without 
a resistor. Therefore, the loss from a 1.5 pF capacitor (half the guard path) 
added to a 5 m cable (300 pF/m x 5 m = 1500 pF) gives an additional loss of = 7 
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x 10-4 (1.5/(  2 x 1500)). An error in the dissipation factor in the range 7 x 10-4 
is of major importance since the XLPE itself has a loss in the range 1-4 x 10-4. 

Cable insulation

Conductor

Measuring 
electrode

Guard 
electrode

R

C

R

 
Figure 7.3 An open guard path modelled by a simple RC circuit. 

A solution to the problem with an open guard path described above, is to let the 
guard electrode overlap the measurement electrode [93]. Then the electric stress 
is kept within a solid material and surface currents are avoided. Most of the 
cable samples measured in laboratory after autumn 1992, have a guard 
arrangement with an overlapping guard electrode. Though the procedures to 
make the guard paths differ, the principle is still the same. 

Insulation 
screen PTFE tape

Conductor

XLPE insulation

Conducting tape

 
Figure 7.4 An example of an overlapping guard-path arrangement. The insulation 
material within the guard path should have similar dielectric properties to the sample 
insulation (PTFE was chosen for XLPE cables). 

Figure 7.4 presents an example of an overlapping guard-path arrangement used 
in the study. The insulation screen is removed from the end of the cable 
exposing the underlying XLPE insulation. A layer of low-loss PTFE tape is 
then wound around the remaining insulation screen and down onto the exposed 
XLPE surface, then up again over the insulation screen. Conducting tape is then 
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wound from the cable termination and back again so it covers the PTFE tape. 
The conducting tape and the insulation screen overlap slightly but do not make 
contact, due to the insulating PTFE tape. In order to make contact with the 
guard electrode, a metallic tape and copper wire are wound over the conducting 
tape. 

7.4.2 Shielding 
In Subsection 7.4.1 above, it was described how important a proper guard path 
is for accurate measurements of low-loss insulation material. However, a proper 
guard should also shield the sample from electric fields. 
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Figure 7.5 Graph of dissipation factors from a 3.5 m long sample of guarded XLPE 
cable measured with and without the cable ends shielded (the dissipation factor levels 
should be increased in the order of a few times 10-5 due to the use of a balanced set-up 
without software modelling). 

Since the measurement system applies a sinusoidal voltage at a certain 
frequency and filters the signal measurements around this frequency, stray 
couplings from the voltage applied are the most dangerous. Stray couplings 
change the dissipation factor, either increasing or decreasing it. In fact, the 
effect was first observed when a spurious negative loss appeared in a 
measurement (see Figure 7.5). 

In Figure 7.5, the loss value on the non-shielded cable is less than zero. 
Intuitively, a negative loss could not arise from the sample. However, a current 
through the XLPE to the guard electrode via a resistive surface can generate 
such phenomena. These phenomena can be described by a simple equivalent 
circuit of a cable end with a guard (see Figure 7.6). 
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Figure 7.6 A simple equivalent circuit for a cable termination with a protective guard. 

I (CXlpe, RSurface circuit) is the current flowing through the XLPE insulation via the 
XLPE surface to the guard electrode. This current is a lossy current, which 
means that the current vector lies somewhere in the first quadrant (see b in 
Figure 7.6). Since the surface impedance is mainly resistive, the surface 
potential (labelled U (RSurface) is out of phase with the voltage applied. 

When the surface potential has a capacitive coupling to the measurement 
electrode (CCoupling), an error current (I (CCoupling)) is added to the measurement. 
If the loss angle of the sample is very low, it is possible that the current 
measured has a negative loss angle. 

The influence of this effect is quite weak though. However, shielding is 
important when measuring short lengths of low-loss cables, and it could have an 
influence on the loss of reference capacitors at low frequencies (and bushing 
measurements [77]). When measuring earthed objects, the coupling from lossy 
paths is more pronounced than when measuring non-earthed objects. 

Shielding could be achieved by shielding the measurement electrode. However, 
it is usually easier to shield the cable ends. An example of a proper guarding 
arrangement on an XLPE cable is shown in Figure 7.7. 

Applied high voltage
Guards separating teminations 
from measuring electrode

Measuring electrode

Metallic sheilds  

Figure 7.7 An example of a proper guarding arrangement on a short cable sample. 
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7.5 Cable sample connections 
7.5.1 Introduction to the section 
A Swedish-manufactured MV XLPE cable has an outer jacket of PE or 
polyvinyl chloride (PVC) insulating material. Just inside this jacket is a metallic 
shield, which is in contact with the insulating screen. In most cases this shield is 
used as the measurement electrode.  

In the laboratory, the cable shield is separated from the earth, while in the field 
it is normally connected to the earth. In Sweden, the shield is connected to the 
earth at both ends, except on some short cables where one end is non-earthed 
(see also Sections 2.2 and 8.2). 

When the shield is disconnected from the earth at both ends, the cable screen is 
disconnected from the earth, thereby making it is possible to measure the cable 
under non-earthed conditions. When it is not possible to disconnect the cable 
shield, or more typically when the outer jacket is damaged, the impedance 
between the measurement electrode and the earth is not high enough to measure 
the non-earthed cable. In these cases, the cable is earthed properly and system 
earth is disconnected from true earth. 

The normal procedure in the field is to conduct measurements on earthed 
cables, since it normally requires less work to prepare the cables prior for 
making the measurements. 

7.5.2 The measurement system 
By introducing an isolation transformer, the measurement system is a floating 
one (see Chapter 6). The system has two coaxial cable measurement leads. One 
supplies the voltage (labelled “Sample Voltage”) and the other one returns the 
current (labelled “Sample Current”). The two cable shields are connected 
together on the sample side, constituting a third lead (labelled “System Earth”). 

7.5.3 In the laboratory 
Cable samples in the laboratory are usually non-earthed, that is the cable shield 
is floating. Here the sample-voltage lead is connected to the conductor, and the 
sample-current lead is connected to the shield. The system earth lead is 
connected to true earth and possibly to any guard electrode. 

If the sample is earthed, the only change made is that the system-earth lead is 
left floating. Note that the guard termination should still be connected to the 
system-earth electrode. 



 

80 

7.5.4 In the field 
Cable samples in the field are basically connected in the same way as in 
laboratory (see 7.5.3 above). 

However, since the diagnostic measurements are performed off-line, the cable 
has to be taken out of service prior to making measurements. Once this is done, 
the cable is measured and finally put back into service. Appendix 1 presents a 
suggestion for a procedure for taking the cable out of service and putting it back 
in service again. 

When the cable is prepared according to Appendix 1 the cable is left with both 
cable ends disconnected and the termination cleaned. The cable phases are 
earthed at the measurement end. The earth is then left remaining in two phases 
while it is taken away in a third. The sample-voltage lead is connected to the 
conductor. The sample-current lead is connected to the cable shield (or earth), 
while the system-earth lead is left floating. Appendix 2 presents a suggestion for 
the Suggested instrument handling procedure 

7.5.5 Earthed or non-earthed measurement electrode 
The measurement electrode is either earthed or non-earthed. This section 
discusses how the choice influences the measurement results. 

7.5.5.1 50/60 Hz hum and noise 
The hum and noise levels are in general much lower when the measurement 
electrode is floating (see Subsection 6.7.4). However for large samples like 
cables in the field, the levels are low enough, regardless of whether or not the 
cable is measured with an earthed or non-earthed shield. 

7.5.5.2 The influence of accessories 
When the cable shield is floating, the earth acts as a guard. When the shield is 
earthed, the earth acts as a measurement electrode.  

In the case where the earth acts as a measurement electrode, the measurement 
includes all accessories energised by the voltage applied, for example the 
support insulators and current transformers attached to it. Therefore, the usual 
procedure for avoiding the influence of the substation when measuring an 
earthed cable, is to disconnect the cable conductors. 

In the case where the shield is left floating, the earth acts as a guard, and 
disconnection is not necessary. However, if some kind of voltage or power 
transformer is connected, it has to be disconnected, since a transformer winding 
short-circuits a low-frequency signal. 
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7.6 Summary: Measuring low-loss cable insulation 
The temperature of the sample impacts on the sample’s geometric dimensions, 
and the permittivity and conductivity of the material. Therefore it is important 
to keep the temperature stable during a measurement of the dielectric properties. 
However for water-tree affected XLPE cables, other parameters such as sample 
humidity and voltage application, play a more important role than the absolute 
temperature. 

Measurement of low-loss materials places high demands on guarding the 
sample against edge effects. A proper guard should stop all stray currents from 
reaching the measurement electrode. Without a proper guard, cable accessories 
will influence the response measurements. 

Since a low-loss material acts like a pure capacitor, stray capacitive couplings 
do not decrease in importance at lower frequencies.  

The two most important differences between measuring earthed and non-earthed 
cable samples, are how the creep currents on accessories are coupled to the 
measurement electrode, and instrument sensitivity to 50 Hz hum. 





 

83 

8 Cable designs studied 
8.1 Introduction to the chapter 
This chapter describes the designs of the cables investigated in the study. Since 
different cable designs have different tree densities, different tree structures and 
different dielectric responses, a more complete description of contemporary 
1970’s cable designs has been presented. More comprehensive descriptions of 
cable designs can be found elsewhere in the literature (see [33] and [34]). 

8.2 MV cables designs 
The insulation materials used in Swedish MV cables are mass-impregnated 
paper, PVC, EPR (ethylene propylene rubber) and XLPE (cross-linked PE). 
Paper and XLPE insulation are most widespread, with paper insulation mostly 
used in older cables and XLPE in newer cables (XLPE was introduced in 
Sweden around 1965).  

The early designs for XLPE cables had a tendency to develop water trees, 
leading to poor reliability. Changes in cable design—especially in relation to 
the insulation screen, using cleaner insulation materials, and alternative 
vulcanisation procedures—have contributed to an increase in the quality of the 
cable, and as a result the fault rate due to water treeing has dropped 
substantially. 

The total lengths of XLPE cables designed for voltages of 12 and 24 kV that 
had been installed and were in operation in Sweden at the end of 1993 were 
14,000 km and 3,000 km respectively [126]. Of the total 17,000 km, 
approximately 9,000 km were installed before 1985 [4]. In addition to 12 and 24 
kV cables, the Stockholm region also has a 30 kV network installed with 36 kV 
cables. 

8.2.1 Design voltage, operating voltage and insulation stress 
A cable is mostly designated by its design voltage. The design voltage is 
defined as the maximum operating voltage between phases. Since all MV 
polymeric cables have an insulation screen (see Figure 8.1), the insulation is 
stressed by phase to earth voltage of 0.58 ( 58,03/1 ≈ ) times the operating 
voltage.  

Furthermore, the normal operating voltage is usually 10-20% lower than the 
design voltage (see Chapter 2), therefore the usual voltage stressing the 
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insulation is approximately half the design voltage level. For example a 24 kV 
cable installed in a power-supply network being operated at 21 kV has a phase 
voltage of 12 kV ( 123/21 ≈ kV = 24/2). 

8.2.2 Basic design of a polymer-insulated cable 

ConductorInsulation

Conductor 
screen

Insulation 
screen

Filler

Metallic shield

Conducting 
layer

Jacket

 
Figure 8.1 Basic design of a polymer-insulated cable (ABB Cables [10]). 

The basic design of a polymer-insulated cable is shown in Figure 8.1. The 
conductors are made of copper or aluminium, and can be solid or stranded, 
concentric or sector-shaped, depending on the current capacity, dimensions and 
price. Most of the cables investigated in this thesis had concentric, stranded, 
aluminium conductors. Some of the cables also had sector-shaped, solid or 
stranded, aluminium conductors. A few samples sent to the laboratory had 
stranded, concentric, copper conductors. 

The insulation material used in the cables investigated in this thesis was XLPE. 
Other materials used in polymeric cables include non cross-linked PE, PVC and 
EPR (ethylene propylene rubber). The cross-linking of PE can be achieved by 
different methods. The method used by the three Swedish cable manufacturers 
(Liljeholmens kabelfabrik, Iko kabel and Sieverts kabelverk) at the time the 
cables were investigated initially involved using peroxide and the “wet” 
method, wherein the cable is treated with superheated steam. Later they 
converted to the “dry” curing method, using high-pressurised nitrogen instead 
of steam. Today one of the manufacturers, ABB (formerly Liljeholmen) uses 
silane cross-linking. One cable included here comes from KWO, a German 
cable manufacturer. The insulation in the KWO cable is cross-linked by 
radiation. The insulation thickness is 3.4 mm for 12 kV cables and 5.5 mm 
(minimum 4.85, average 5.5 mm) for 24 kV cables.  

On both sides of the insulation layer, there are semiconducting screens. On the 
conductor side there is a conductor screen and on the insulation outside there is 
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an insulation screen. Their function is to act as an interface between the 
conducting and insulating materials, in other words to facilitate an even 
electrical field in the insulation layer (and in the insulation layer only). Today, 
they normally consist of an extruded polymer compound that is made 
conductive by adding carbon black. 

The conductor screen used in cables installed in Sweden is extruded and 
bounded to the insulation. The designs of the insulation screens are different for 
different cables. They can consist of tape only, or tape combined with graphite 
paint or extruded polymer. The extruded polymer can be extruded in a second 
step, or extruded together with the insulation and conductor screen. If the 
insulation screen is extruded together with the insulation, it could be either 
bound or strippable. 

The filler material is used as support for the shield and jacket in many 
concentric cable designs. In some cable designs, the conductors are sector-
shaped which makes the fillers redundant. 

The metallic shield consists of copper wires or aluminium foil, or even in some 
cases a lead sheet. Most cables in Sweden have a cable shield made of copper 
wires. 

The cable jacket is made of PVC or PE (high or low density). Its flame 
resistance and flexibility are just two advantages of PVC. However, the high 
permeation of water through PVC jackets compared with PE, makes PE jackets 
increasingly preferred. The old cables investigated in this thesis all have a PVC 
jacket, and most of the newer cables have PE jackets. 

8.3 Design of Swedish MV cables  
8.3.1 Labelling of Swedish MV cables  
Using a labelling system makes it possible to separate different cable designs 
from one another. Unfortunately design issues such as insulation-screen design 
and cross-linking processes, are omitted from the Swedish system, and there are 
different systems in different countries around the world. The Swedish system is 
described in Swedish standard SS 424 17 01 [2].  

The Swedish system is based on a series of characters, where the first character 
represents the conductor (for example A is aluminium and F is stranded 
copper). The second character represents the insulating material (for example X 
is XLPE). The third represents the jacket or other related design details (for 
example K is a PVC jacket, A is an Aluminium tape shield). The fourth and 
fifth characters indicate cable use or related design details (for example J means 
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the cable is designed to be dug down).  

Most of the cables investigated are of the type AXKJ, where A stands for 
aluminium conductor, X for XLPE insulation, K for PVC jacket and J 
indicating that it is designed to be buried. The designed voltage levels are 12, 24 
and 36 kV. The 12 kV cables are used in the 6 kV and 10 kV grid net; the 24 
kV cables are used in the 20 kV grid net, and the 36 kV cables are used in the 
30 kV grid net (see chapter 2). 

Table 8.1 XLPE cable designs investigated in the study, installed in Sweden in the late 
1960s and early 1970s. 
Manufact. Design 

voltage 
Year of 

manufact. 
XLPE 
insulat. 

Insulation screen Investigation 
status 

#1 Liljeh.  12 kV -1974  Tape No* 
#2 Liljeh.  24 kV -1974  Graphite & tape Field & lab. 
#3 Siev.  12 kV 1964-66 Black  Tape No* 
#4 Siev.  12 kV 1966-74  Tape Field & lab. 
#5 Siev.  12 kV 1968-74  Graphite & tape No* 
#6 Siev.  12 kV 1974-79  Extruded Lab 
#7 Siev.  24 kV 1968-74  Neoprene tube Field  
#8 Siev.  24 kV 1970s  Graphite & tape Field & lab. 
#9 Siev.  24 kV 1974-79  Extruded Field & lab.  
#10 Iko 12 kV -1974 P 622 Graphite & tape No* 
#11 Iko 12 kV -1976 B 4201 Graphite & tape Field & lab. 
#12 Iko 24 kV -1974 P 622 Graphite & tape Field & lab.  
#13 Iko 24 kV 1974-76 B 4201 Graphite & tape Field 
#14 Kwo 24 kV ? "X-ray" Graphite & tape Lab 
* Not investigated with certainty and therefore not included. 

8.3.2 Liljeholmens Kabelfabriks (ABB) MV cable designs 
8.3.2.1 Introduction to Liljeholmens (ABB) 
One of the cable manufacturers producing MV cables for the Swedish market in 
the 1970s was Liljeholmens Kabelfabrik (Liljeholmens Cableworks in English). 
In 1976, Liljeholmens Kabelfabrik was bought by ASEA. In 1988, ASEA 
merged with BBC and changed its name to ABB. The name was changed again 
in 1992 to ABB Kabel (the division that produces the MV cables). Much of the 
information contained in the following subsections comes from Dellby [25] 

8.3.2.2 Cable designs 
Cables with design voltage of 12 kV had up until 1974, an insulation screen 
made of nylon-butyl tape. No graphite paint was used. At the end of 1974, a 
change was made, replacing this with an extruded, strippable, insulation screen. 
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Cables with design voltage of 24 kV had up until 1974, an insulation screen 
consisting of graphite paint in combination with a plain tape. At the end of 
1974, an extruded, strippable, insulation screen replaced these. 

Cables rated 36 kV have been produced to separate specifications. Cables 
featuring triple extrusion with a bounded insulation screen were introduced in 
1971, and used with a design voltage of 36 kV and higher. A few 36 kV cables 
produced before the triple extrusion was introduced have an insulation screen of 
graphite paint and tape. 

8.3.2.3 Cable labelling and recognition 
Labelling cables with production dates started quite late at what is now called 
ABB. For example, no cables with an insulation screen of tape, or tape and 
graphite, are labelled with production dates. Cables without production date 
labelled on the jacket are made before and after 1974. 

A 24 kV cable from the former Liljeholmens, produced with an insulation 
screen of graphite paint combined with a tape can be recognised by looking at 
the insulation screen. The insulation screen consists of a tape labelled with a 
string of paint, red on one phase, white on another and another unlabeled. 
Another way to find out the design type is to find the jacket label, for example 
“Liljeholmens Kabelfabrik”, and combine it with knowledge about the 
production year. 

8.3.2.4 Cables investigated from Liljeholmens Kabelfabrik (ABB) 
On the basis of information from power-supply utilities and the author’s own 
knowledge, the cable design denoted by #2 in Table 8.1 is the only one of 
Liljeholmens older cable designs to be measured. However, some newer 12 kV 
cable samples, both peroxide and silane cross-linked, from what is now ABB, 
are also included in the thesis. 

8.3.3 Sieverts Kabelverk’s (Ericsson) MV cable designs 
8.3.3.1 Introduction to Sieverts (Ericsson) 
Another cable manufacturer producing MV cables for the Swedish market in the 
1970s was Sieverts Kabelverk (Sieverts Cableworks). Ericsson bought Sieverts 
Kabelverk in 1985 and changed its name to Ericsson Cables AB. Much of the 
information in the following subsections comes from Rasmusson [26] and 
Efraimsson [27]. 

8.3.3.2 Cable designs 
Sieverts Kabelverk started producing 12 kV MV cables with polymeric 
insulation in 1964. Initially a black XLPE combined with a taped insulation 
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screen (no graphite paint) was used. A light coloured XLPE was used during the 
years 1966-1968, and cables rated 24 kV were introduced in 1968. 

Cables rated 12 kV had until 1973-74 an insulation screen made of either 
graphite paint combined with a tape, or tape only. In 1974 the insulation screen 
was changed to an extruded and strippable one, based on hypalon. This 
insulation screen was used until the end of 1979, when a new material was 
introduced into the insulation screen in 1980. 

From the introduction of XLPE as an insulation material for 24 kV cables in 
1968 up until 1973-74, neoprene was used as an insulation screen. The 
neoprene insulation screen was extruded in a second step and was not bound to 
the insulation. In 1974, the insulation screen was changed to an extruded and 
strippable one, based on hypalon. This insulation screen was also used until the 
end of 1979, when it was replaced by a new material in the insulation screen in 
1980.  

In the 1970s some cables were made with an insulation screen made of graphite 
paint combined with a tape. One cable of this type is included in the thesis. 

No information has been received regarding the cables rated 36 kV, and no 
cables from Sieverts or Ericsson rated 36 kV are included in the material this 
thesis is based on. 

Sieverts gradually changed from the wet-curing process to the dry-curing 
process at the end of the 1970s, starting with the cables designed for HV levels. 
All power lines were manufactured using the dry-curing process in 1980-1981. 
The manufacturer of the insulation material was Unitas and Neste (Borealis). 

The outer jacket material is made of PVC or PE. PE has been the mostly 
commonly used material in single-phase cables since 1973, and for three-phase 
cables since 1984. In 1995, approximately 97% of all MV cables produced by 
Ericsson had a PE jacket. 

8.3.3.3 Cable labelling and recognition 
Since 1986, the Ericsson cables have been labelled with production dates (at 
least the year). Sieverts cables can be recognised by the labelling on the 
insulation screen. These are marked in yellow paint with ‘yttre ledande lager, se 
monteringsanvisning’ (insulation screen, refer to the installation manual) plus a 
phase number.  

8.3.3.4 Cables from Sieverts Kabelverk included in this study 
On the basis of information from power-supply utilities and the author’s own 
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knowledge, older 24 kV cables from Sieverts—both those with strippable 
insulation screens, and tape and graphite paint—have been measured. 
Furthermore, 12 kV cable samples from Sieverts are also included in thesis (see 
Table 8.1). 

8.3.4 IKO Kabel’s (IKO/Alcatel) MV cable designs 
8.3.4.1 Introduction to IKO (IKO/Alcatel) 
Another manufacturer of MV cables for the Swedish market in the 1970s was 
Iko Kabel (Iko Cables). Today the company's name is Iko/Alcatel. Much 
information in the following subsections comes from Thunwall [28] and 
Persson [29]. 

8.3.4.2 Cable designs 
Iko Kabel first introduced XLPE as their insulating material for MV cables in 
1969. In the first generation of cables, the conductor screen was extruded 
together with the insulation (fully bound) and graphite paint together with 
carbon-black-filled textile tape was used as an insulation screen. Some of the 36 
kV cables had an extruded fully-bounded insulation screen. 

In the latter half of 1976, the insulation screen was changed to an extruded, 
strippable, carbon-black filled insulation screen, though Iko continued to 
produce cables with graphite-and-tape insulation screens for export due to 
customer demand until 1980. The manufacturer of the insulation-screen material 
was Horda Compounds. 

Up until 1976, 12 kV rated cables had an insulation screen made of graphite 
paint together with carbon-black-filled textile tape. At the end of 1976, this 
method was replaced by an extruded, strippable insulation screen. The main 
insulation material used was Unifos-Neste-Borealis 4201. Up until 1974, some 
cables contained Polycure 622 (yellow in colour) as a raw material in the 
screen. 

Up until 1976, 24 kV rated cables had an insulation screen made of graphite 
paint together with carbon-black-filled textile tape. At the end of 1976, this 
method was replaced by an extruded, strippable insulation screen. Up until 
1974, the insulation raw material used was Polycure 622. After 1974, this was 
replaced in the manufacturing process by Unifos-Neste-Borealis 4201, for all 
voltage levels. 

Cables rated 36 kV had the same construction as the 24 kV cables, except that a 
few cables had a fully-bounded insulation screen. 
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8.3.4.3 Cable labelling and identification 
Labelling the cables with the date of production (year and month) started with 
the cables with extruded, strippable insulation screens. All MV cables labelled 
with a production date have an extruded insulation screen, but it is not 
necessarily true that all undated cables have a graphite-and-tape insulation 
screen. 

8.3.4.4 Cables from Iko Kabel included in this investigation 
On basis of information provided by the power-supply utilities and the author’s 
own knowledge, Iko cables of different designs are included in the investigation 
(see Table 8.1). In addition, a few cables of later design have been measured in 
the field. The dielectric responses from those cables were all similar to the 
responses in a non-aged cable (see Section 9.3). 

8.3.5 KWO’s MV cable designs 
One of the investigated cables—a 24 kV cable—is manufactured by KWO. This 
cable has an insulation screen made of graphite paint combined with a tape. 
This cable had many bow-tie trees but exhibited only localised, very long, 
vented water-trees from the insulation screen. The cross-linking of the 
insulation on this cable was done by radiation (see Table 8.1). 
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9 Dielectric response in XLPE cables 
with water trees 
9.1 Introduction to the chapter 
This chapter together with instrument development, constitutes the main part of 
the thesis, and describes how water-tree ageing affects the dielectric response in 
XLPE cables. The results presented have been obtained gradually during the 
project, and much of the laboratory work has been done in co-operation with 
Björn Holmgren and Peter Thärning. Therefore, some of the results seen here 
are also presented elsewhere [138], [131] and [130]. 

Section 9.2 defines the parameters used to describe the dielectric response. 
These parameters are then used in the subsequent sections. Section 9.3, presents 
typical dielectric responses from aged and non-aged cable samples without 
water treeing.  

Section 9.4, presents typical dielectric responses in XLPE cable samples 
deteriorated by water treeing. Sections 9.5 and 9.6 present the influences of the 
important factors, humidity and temperature, respectively. 

Section 9.7 presents the results of the dielectric measurements, along with 
water-tree structure and density, the breakdown test and some other features, by 
those cable designs found in Sweden.  

9.2 Parameters used 
A parameter suitable for presenting the cable capacitance, independent of the 
geometrical dimension of the cable, is the relative permittivity denoted by εr 
(see Chapter 3). By turning εr, into a complex function, where the capacitance is 
described by the real part (εr') and the loss by the imaginary part (εr''), both the 
capacitance and the loss can be expressed. The traditional dissipation factor, 
tanδ is equal to the loss divided by the capacitance (εr''/ εr'). From here on in the 
thesis, εr is called ε. 

Since in most cases ε' is much larger than ε'', a parameter called apparent 
permittivity, denoted by ∆ε', is also defined by the expression (∆ε' = ε'-K). K is 
a constant, set to a value putting the values of ∆ε' into the same order of 
magnitude as ε''. Two additional parameters used for analysis of non-linear 
effects (∆ε'nonlin and ∆ε''nonlin) are defined as the difference in ε' and ε'', between 
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two voltage levels, normally U0 and U0/2, where U0 is defined as the service 
phase to earth voltage.  

All the voltages applied are sinusoidally shaped, and all levels are expressed as 
RMS levels. For example, if the voltage applied is 12 kV, then a sinusoidal 
voltage with an RMS value of 12 kV equalling a peak value of 17 kV 
( 17212 ≈× kV) is used. 

9.3 Response in samples without water trees 
9.3.1 Introduction to the section 
XLPE is a non-polar, low loss, insulation material. The relative permittivity of 
XLPE is approximately 2.3, and dissipation factor is in the vicinity of 10-4 at 50 
Hz [39]. The fact that the loss also remains low at low frequencies puts very 
high demands on the measurement system and the guarding technique. 

When measuring an XLPE cable sample, prepared with a guard as described in 
Section 7.4, the edge effects are reduced as much as possible. However, the 
sample measurements consist not only of the XLPE insulation, but also of 
different materials in series, including: the cable conductor, the conductor 
screen, the insulation, the insulation screen, possibly an additional conducting 
layer, and the metallic shield. In three-phase cables, the additional conductive 
layer and the metallic screen are usually placed around all three phases (see 
Figure 8.1). 

As described in Section 7.2, the cables investigated in this study are modelled 
by a lumped capacitor. The metallic conductor and the metallic shield are 
modelled by zero resistance. However, it is reported mainly from cables without 
jackets, that a corroded metallic shield could give rise to an increased series 
resistance in the cable sample measured [15]. 

The conductor and insulation screens could give rise to an increased loss, 
especially at higher frequencies, due to finite conductivity. For MV XLPE 
cables, the AEIC (ICEA S66-524) specifications specify the highest allowed 
resistivity (ρ) to be 1,000 Ωm for the conductor screen (at 90°C) and 500 Ωm 
(at 90°C) for the insulation screen [41]. A rough estimate of the influence of 
conductive screens at 50 Hz can be made assuming a 2 mm conductive screen 
connected in series to a 4 mm XLPE layer, where tanδ approximately equals 
ωRC, and by substitution into ωρεoεr(0.002/0.004), equals 2π50 x 1000 x 8.85 x 
10

-12 
x 2.3 x 0.5, yielding 3x10

-6
. This is negligible, since tanδ for XLPE is in 

the range of 10
-4

. However, ageing of these semi-conductive screens could 
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increase the resistivity. Some service-aged cable samples, measured in the 
project had frequency-dependent loss (seen in almost proportional increases of 
loss to frequency), indicating high resistivity in the insulation or conductor 
screens. 
 
Therefore, a measurement of the XLPE cable response is not necessarily the 
same as the response of the XLPE insulation itself. However the typical 
voltage-dependent response of water trees shown in Section 9.4 is also shown in 
small samples without semi-conductive screens [130]. 

9.3.2 Typical response in XLPE cables without water trees 
In Figure 9.1, the dielectric loss (ε'') and the apparent permittivity (∆ε'), are 
plotted against frequency for a non-aged XLPE cable sample. The losses are 
low and decrease with decreasing frequency. Other cable samples, especially 
aged ones, could have an increased loss at the lowest frequencies. 
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Figure 9.1 A non-aged 12 kV XLPE cable sample, measured at 2 kV. The sample is 
triple extruded with a strippable insulation screen. 

In Figure 9.2, the dielectric loss (ε'') and the changes in apparent permittivity 
(∆ε') are plotted against frequency, at several voltage levels, for another non-
aged 12 kV XLPE cable sample. The highest voltage level used was 6 kV, 
which is equal to the service phase voltage level (Uo), normally used for the 
cable in question. 

The insulation material is linear, meaning that the current flowing through the 
insulation material is proportional to the voltage applied, and the material shows 
no voltage dependence in loss or permittivity. Note that the losses (ε'') from the 
cable sample in Figure 9.2 are higher than for the cable sample used in Figure 
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9.1. 
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Figure 9.2 A non-aged 12 kV XLPE cable sample measured at 1.5, 3, 4.5, 6 and 3 kV 
respectively. The 6 kV voltage equals the service-phase voltage (Uo) for the cable 
installed in a 10.5 kV grid net. 
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Figure 9.3 A non-aged (new) 12 kV XLPE cable sample measured at 3, 6, 9, 12 and 6 
kV respectively. The 12 kV voltage equals twice the service-phase voltage for the cable 
installed in a 10.5 kV net. The measurement sweeps are chronologically listed in the 
legend, from top to bottom. A filled marker means that the sweep is made after the 
highest voltage is applied, in this case after the 12 kV sweep. 

In Figure 9.3, the same non-aged cable sample presented in Figure 9.2 is 
measured up to a voltage level of 12 kV, which equals twice the service-voltage 
level (Uo). At 12 kV both the loss and the permittivity are slightly increased 
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compared to the lower voltage levels used. The material is non-linear at higher 
voltage levels.  

One possible explanation for a voltage dependence in measured loss and 
permittivity may be geometrical contraction due to electrical forces. Assuming 
there to be homogenous material and a parallel plate capacitor, then simple 
calculations can be done that exclude their influence on the measurement of 
non-aged XLPE cables. The calculations that follow are based on variations in 
electrical energy (We) by varying the distance (x) between the plates. From the 
electric force (F), the relationship between pressure (P) and electrical field 
strength (E) is derived (see Equations (9:1) and (9:2)). 
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By using a relative permittivity of 2.3 and an electrical field strength of 3 
MV/m, the average pressure at peak voltage for a 24 kV cable at service-level 
voltage can be calculated. The pressure equals approximately 100 N/m2 or 1 x 
10-4 N/mm2. Since the typical elasticity modulus for PE (εmodulus) is in the range 
250-1,250 N/mm2 [13], the effect of mechanical compression is assumed to be 
negligible (see Equation (9:3). 

47
4

mod
101104

250
101 −−

−

×<<×=×≤=∆

ulus

P
x
x

ε
 (9:3) 

The measurement system set-up used for measurements presented in Figure 9.3 
and Figure 9.4 uses a capacitive HV divider and balancing capacitors, both at 
ambient temperature (see Chapter 6). Since polymer capacitors—used in the HV 
divider and as well as the balancing capacitors—have relatively high 
temperature dependence (100-200 ppm/°C), a small drift in permittivity over 
time is observed. The drift is the result of drift in the temperature of the 
measurement system. However, since the drift is rather constant with time, the 
consecutive measurements can be used to evaluate possible non-linear effects 
(see Figure 9.3 and Figure 9.4). 

In Figure 9.4, the measurement presented in Figure 9.3 is plotted in a linear 
scale. The voltage dependence in ε'' is clearly visible. The loss (ε'') is slightly 
higher at 12 kV than at the lower voltage levels. The voltage dependence in the 
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permittivity (ε' or ∆ε') is more difficult to observe. However, if looking at the 
three first sweeps (3, 6 and 9 kV) the distance between these sweeps is equal, 
therefore indicating a constant increase in measured permittivity as a function of 
time. Between the 9 and 12 kV sweeps, the step is larger. Furthermore, the 12 
and the (last) 6 kV sweeps are at the same level. It can therefore be concluded 
that the permittivity is slightly increased at 12 kV.  
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Figure 9.4 The measurement in Figure 9.3, this time presented with a linear ε’’ and 
∆ε’ axis. The measurement sweeps are chronologically listed in the legend (from top to 
bottom). A filled marker means that the sweep is made after the highest voltage is 
applied, in this case after the 12 kV sweep. 

Thus far, only measurements performed on newly produced cables (from 
months to years old without any thermal pre-treatment in this study) have been 
presented. A non-aged cable, represented by samples Gl21 and Gl22 in Table 
11.5, produced in the early 1970s was included in Laboratory investigation 2. 
Figure 9.5 shows the measurements of Gl22 in Phase 2, up to twice the normal 
service-voltage (Uo). The losses are low, and the sample is linear up to 9 kV. At 
12 kV (twice the normal service-voltage), a very small voltage effect is visible. 
The response seen in this cable looks very similar to the responses seen in 
cables produced today. 

Another sample from Laboratory investigation 2 is designated Tb1. Both Tb1 
and Tb2 are from same cable (see Table 11.5). In Tb1, there were no water trees 
found, and in Tb2 there were lots found. As can be seen in Figure 9.6, the 
response of Tb1 in Phase 3, looks very similar to the response seen in new cable 
samples (note that 12 kV is the service phase voltage for this cable). 
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Figure 9.5 The non-aged 12 kV XLPE cable sample (Gl22), in Phase2, (see 
Table 11.5), measured at voltage levels up to 12 kV (2Uo). 
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Figure 9.6 The aged 24 kV XLPE cable Tb1, in Phase 3 (see Table 11.5). 

During the project, new, non-aged and aged cable samples without water trees 
have been measured. Generally, it can be concluded that the losses (ε'') are low, 
about 1-8 x 10-4, and the material is linear (no detectable voltage dependence) at 
least up to the service-voltage level. At higher voltage levels—up to twice the 
service-level voltage—a small non-linear effect can be found, manifest in a 
change in ε'' and ∆ε'' of less than 3 x 10-4. However, most non-aged cables are 
linear up to twice the service-level voltage as well. 
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9.3.3 Influence of humidity on non-aged XLPE cables 
All the cable samples in Laboratory investigation 2 (see Chapters 11.3 and 
[131]) were stored in tap water for at least 6 months prior to the investigation. 
Cable samples, aged as well as non-aged, without water trees showed low loss 
and no voltage dependency in loss or permittivity. Additionally, one cable 
sample was found where water trees were present only on a part of the cable. 
On the part where no water trees were found (see Figure 9.6), the loss was low 
and showed no voltage dependency in loss or permittivity. 

A simple experiment, later confirmed by Laboratory investigation 2 (as 
described above), was performed early on in the project. A non-aged cable 
sample was divided into two pieces. One piece was placed in a tube with water 
for a long period of time prior to conducting the measurements (many months). 
As can be seen in b in Figure 9.7, the loss for the “wet” sample is low, and does 
not depend on voltage level. The “dry” sample, seen in a, also has low loss. The 
small voltage dependency seen in the loss (in the order of few times 10-5) at the 
lowest frequency is too small to draw any conclusions from. 

a   b 

10-5

10-4

10-3

10-2

0,001 0,01 0,1 1 10

2 kV
8 kV

Frequency (Hz)

ε" "Dry" cable sample

10-5

10-4

10-3

10-2

0,001 0,01 0,1 1 10

2 kV
8 kV

Frequency (Hz)

ε" "Wet" cable sample

 

Figure 9.7 Frequency versus loss in a, a “wet” and b a “dry” sample from a non-aged 
12 kV XLPE cable. 

Measurements performed within the project demonstrate that “wet”, not 
supersaturated cable samples, without water trees, have low loss and a 
permittivity that does not depend on the voltage level applied, below the 
service-level voltage. The loss is in the same range as the “dry” cable. 

9.3.4 Influence of voltage pre-stress on non-aged XLPE cables 
The measurements on non-aged XLPE cable samples are reproducible. The 
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permittivity does not change with time, or the time elapsing after voltage 
application. Since this is not the case for water-tree-deteriorated XLPE cables 
(see Subsection 9.4.2), a non-aged 12 kV XLPE cable was investigated more 
carefully (see also [131]). 

Initially the system was balanced, and the permittivity was measured at 6 kV 
and 1 Hz. The service-level voltage (6 kV at 50 Hz) was then applied until the 
next short 1 Hz measurement. The procedure was continued for 12 hours (see 
Figure 9.8). No detectable changes in loss or permittivity could be detected. 
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Figure 9.8 Graph of ε’’ and ∆ε’ measured at 6 kV and 1 Hz, at discrete times during 
the application of the service-level voltage (6 kV, 50 Hz) on a non-aged 12 kV XLPE 
cable sample (data after Holmgren [131]). 

9.3.5 Influence of temperature on non-aged XLPE cables 
The permittivity of a dielectric material depends on temperature. However for 
most dielectric materials, the frequency response does not change drastically 
with temperature. The shape of the spectra is preserved when the temperature is 
changed, and is basically shifted along the frequency axis according to Equation 
(9:4) [36], [78]: 
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where A(T) is a temperature-dependent amplitude factor, F(x) is a spectral shape 
function and ωc(T) is a characteristic frequency. Figure 9.9 shows ∆ε’ and ε’’ as 
functions of frequency, measured at 22°C and 50°C on a non-aged 12 kV XLPE 
cable. Both ∆ε’ and ε’’ frequency spectra are shifted to higher frequencies at 
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elevated temperatures. 
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Figure 9.9 A non-aged 12 kV XLPE cable sample measured at 22°C and 50°C. The loss 
and permittivity curves are shifted to higher frequencies at higher temperatures. 
Observe that the levels of apparent permittivity (∆ε’) in b are arbitrary. 

9.3.6 Summary of response in samples without water trees 
Non-aged XLPE cable samples have low losses (ε'' ~ 1-8 x 10-4) and at 
moderate voltage levels, their loss and permittivity do not depend on the voltage 
applied, which means that the insulation material is linear. At voltage levels 
above the design voltage, small non-linear effects such as changes in ε'' and ∆ε'' 
of less than 3 x 10-4 have been detected. However, most non-aged cable samples 
are also linear at twice the design voltage. 

Measurements of loss and permittivity on a non-aged XLPE cable are 
reproducible—the repeated measurements gave the same results within the 
ability of the measuring equipment to maintain reproducibility and the ability to 
keep the temperature constant and in line with the first measurement. Moisture 
in a non-aged or an aged cable without water trees does not significantly 
influence the loss or the frequency dependency of the permittivity. As expected, 
the loss and permittivity depend on temperature. The curves are shifted to 
higher frequencies by increasing the sample temperature.  
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9.4 Typical responses in XLPE cables with water 
trees 
9.4.1 The three types of response of water trees 
Based on numerous measurements performed in both the laboratory and the 
field, it was found that the dielectric response that adds to an XLPE cable 
response by water trees (see Section 9.3), could be divided into the three types 
described below. Note that the response of type TLC is superimposed on the 
VDP type response, and that the LC response is superimposed on the VDP and 
TLC response. 

VDP Voltage Dependent Permittivity is a voltage dependent increase in loss 
and permittivity. The voltage dependence is almost independent of 
frequency. Both the loss and permittivity show hysteresis. The loss and 
permittivity levels from a second measurement sweep (at the same 
voltage level) are higher than those in the previous sweep. The 
hysteretic effect is more pronounced when a higher voltage is applied 
between the sweeps at the same voltage level (see Figure 9.10).  

TLC Transition to Leakage Currents is a VDP response at initial low voltage 
levels. At a higher voltage level, the response changes characteristics, 
and a leakage current is added to the response (see Figure 9.11). 

LC Leakage Currents through water trees are evident already at low voltage 
levels (see Figure 9.12). Note that the hysteretic effect in losses is 
usually quite large in the LC response. The losses after applying the 
highest voltage used are usually higher than the losses in a sweep made 
before the highest voltage was applied.  

Figure 9.10 shows the dielectric response for a water-tree-deteriorated 24 kV 
XLPE cable with a typical VDP type response. In a in Figure 9:10, the loss 
(ε''), and in b the apparent permittivity (∆ε') are both plotted. Both ε'' and ∆ε' are 
plotted as a function of frequency for different voltage levels up to the service-
level voltage (U0 = 12 kV). The measurement sweeps are chronologically listed 
in the legend, from top to bottom. A filled marker means that the sweep is made 
after the highest voltage is applied, in this case after the 12 kV sweep.  

An XLPE cable without water trees has, at moderate voltage levels, a linear and 
reproducible response. The loss and permittivity do not change as a function of 
voltage or time (see Section 9.3). However, as can be seen in Figure 9.10, water 
trees contribute with an increased voltage-dependent loss, expressed by ε'', and 
an increased voltage-dependent permittivity, expressed by ∆ε'. The increase in 
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both loss and permittivity are almost independent of frequency. 
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Figure 9.10 The loss (ε''), and apparent permittivity (∆ε') as functions of voltage and 
frequency for a water-tree-deteriorated 24 kV XLPE cable (Bot_20, phase2). The 
response is of VDP type. 
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Figure 9.11 The loss (ε'') and apparent permittivity (∆ε') as functions of voltage and 
frequency for a water-tree-deteriorated 12 kV XLPE cable (Lyby by, phase red, 
Installed in a 6 kV net). The response is of a TLC type. 

Figure 9.11 presents measurements on a cable with TLC response. In the initial 
part of measurement procedure, the response looks like a response of a VDP 
type (see Figure 9.10). However, at 6 kV the response changes characteristics, 
and leakage currents are added to the loss part. In the last 3 kV sweep, the losses 
are much higher than in the first 3 kV sweep. A slope close to -1 in the last 3 kV 
sweep, indicates that leakage currents are added. Note that the permittivity still 
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looks like a VDP response. 

If leakage currents are already present at the first measurement sweep (see 
Figure 9.12), the response is of an LC type. The loss increases with decreasing 
frequency with a slope close to -1. Note that the permittivity still has the voltage 
dependence of a VDP type (see Figure 9.10). The measurement was interrupted 
at 9 kV since higher voltage was not needed to assess the cable as being in very 
bad condition. 
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Figure 9.12 The loss (ε'') and apparent permittivity (∆ε'), as functions of voltage and 
frequency for a water-tree-deteriorated 24 kV XLPE cable (Bot20, phase1). The 
response is an LC type. 

The very strong VDP type response seen in the cable phase in Figure 9.10, and 
the LC type response in Figure 9.12, are two different phases of the same cable 
circuit. However, looking at the voltage dependence in the permittivity up to 9 
kV, the responses are in the same range. But since leakage currents contribute in 
Phase 1, it is in worse condition. The cable circuit was energised and remained 
in service until it was replaced a few months later. 

Sometimes response levels (also those from the heavy water-tree-deteriorated 
cables), are much less than in the examples presented above. More information 
about actual cases and levels is presented in Chapter 9.5. 

9.4.2 Influence of voltage pre-stressing 
As shown earlier, when the temperature is kept constant, the measurements of 
non-aged XLPE cables without water trees, are reproducible, which means that 
voltage pre-stressing has no influence (see also Section 9.3.4). The typical 
responses for a water-tree-deteriorated cable (see Subsection 9.4.1) are divided 
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into three types. Though all three types show hysteretic effects, the losses and 
the capacitance are usually higher in a second sweep at the same voltage level. 

However at same voltage level, hysteretic effects are also present. By looking 
carefully at the loss associated with the highest voltage level used in Figure 
9.10 (two consecutive measurements are made at the same voltage and 
frequency), it is clear that the losses increases with time at a certain voltage. 
This effect is obvious for the TLC response (see Figure 9.11). The LC response 
(see Figure 9.12 or b in Figure 9.26), also exhibits a second sweep with higher 
losses. However in Figure 9.12, this measurement is not made and therefore not 
shown on the graph.  

Björn Holmgren [131], performed two tests on a severely aged cable with 
strong VDP response. In the first test, the cable was energized by a 50 Hz 
source at service-level voltage, and in the second test with a 0.1 Hz source at 
service-level voltage. The result from the first test is shown in Figure 9.13. 
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Figure 9.13 Graph of ε’’ and ∆ε’ measured at 1 Hz at discrete times during service-
level voltage application (6 or 12 kV, 50 Hz) on a non-aged 12 kV XLPE cable sample 
and a water-tree-deteriorated 24 kV XLPE cable sample (data from Holmgren [131]). 

In the 50 Hz test, losses and permittivity rise initially (during the first 20 
minutes) and then decrease slowly (see Figure 9.13). In the 0.1 Hz test, losses 
and permittivity increase during the whole test. One difference that may be 
influencing the behaviour here, is the possible heating up of the water-treed 
region at 50 Hz. However, the differences in loss and capacitance levels are so 
small that they do not change any assessment. 

One thing that shows up in the laboratory as well as in the field is that the 
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change is much faster at the beginning of the test than after applying the voltage 
for some time. This results in hysteretic effect being more pronounced for a 
cable that not has been energized for a rather long period of time.  

9.4.3 Summary of typical responses in XLPE cables with water trees 
XLPE cables with water trees show voltage-dependent and hysteretic increases 
in loss and permittivity, and individual measurements are not reproducible. The 
response in water-treed cables can be divided into three different characteristic 
responses: VDP, TLC and LC type responses. The TLC response is 
superimposed onto the VDP response, and the LC response superimposed onto 
the TLC response. 

As a consequence of the hysteresis, the loss and permittivity measurements 
depend on the voltages applied earlier. For example the same cable shows 
slightly different responses when measure directly after being disconnected 
from a grid network, than it does after waiting 24 h. 

9.5 Influence of humidity on water-tree-aged cables 
The dielectric response of a non-aged XLPE cable, without water trees, does not 
depend on the humidity level (if not supersaturated), (see Subsection 9.3.3). 
However, the dielectric response of a cable sample containing water trees is 
dependent on the humidity level within the insulation. The response can be 
reduced by letting the cable dry out [95], [124] and [103]. 
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Figure 9.14 Graphs of cable sample ArlandaA, measured as wet and dry samples. The 
cable sample is single phase, without an outer jacket. 

Figure 9.14 show losses as a function of frequency, for a water-tree-
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deteriorated cable in wet and dry conditions at two voltage levels (2 and 8 kV). 
In graph a, the cable sample is “wet”, after being stored in water for more than 
six months, and in graph b, the cable has partly dried out by being placed in an 
oven at approximately 80°C for one week.  

Graph a in Figure 9.15, shows how the losses decrease with time during a week 
of drying in the oven. An attempt was also made to "re-wet" a sample from the 
same cable. The cable was put in a tube filled with water at 60°C, and the 
responses were measured during wetting. The loss as well as the voltage 
dependence increased during the four weeks the experiment was performed. 
However, it did not reach the high level of the original wet measurements (see b 
in Figure 9.15). The wetting seems to be a much slower process than could be 
achieved here. A possibly way of accelerating the wetting is to apply a voltage 
to the cable [103]. 
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Figure 9.15 Graph a showing the loss (ε'') decreasing during drying out of sample 
ArlandaA, while b shows loss (ε'') increasing during wetting of sample ArlandaB. 

9.6 Influence of temperature on water-treed cables 
9.6.1 Introduction to the section 
It is important to know how the response of a water-tree-deteriorated XLPE 
cable changes with temperature. However, since the temperature of the cable 
insulation also influences the humidity of the cable insulation (see Section 9.5), 
this is a rather complex problem. 

The temperature influence on dielectric properties was investigated in two 
different ways. It was investigated in the laboratory, where it is possible to 
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control the temperature and maintain 100% relative humidity. However, the 
diagnostic measurements must be performed under actual field conditions. 
Therefore, the influence of temperature, or more correctly, the influence of 
dielectric response during seasonal variation, was investigated in some cables. 

The laboratory investigation was performed by Dr. Neimanis, and the field 
measurements were performed by the author. Most of the results are also 
presented elsewhere [133]. 

9.6.2 Field investigations 
A few of the cables measured in the field have been measured several times. For 
example Figure 9.16 shows two measurement events on the same cable. One 
measurement was performed in the spring, while the other was performed in 
autumn. Both measurements reveal high VDP response (see Subsection 9.4.1), 
indicating a heavily water-tree-deteriorated XLPE cable. 
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Figure 9.16 Graphs of a 24 kV XLPE cable in a 21 kV grid network, measured a in 
spring and b in autumn. 

However, the second measurement shows a somewhat higher level of loss. The 
preparation procedures were carried out in a similar fashion on both occasions, 
therefore the slight differences in frequency response may be attributed to 
variations in the temperature or humidity conditions, or both, surrounding the 
cable. Assuming the same humidity, the higher response may be explained by a 
slightly higher soil temperature in autumn. However ageing cannot be excluded 
with certainty. 

The opposite tendency was observed when comparing the results obtained for 
another cable. In this case, two measurements were also made; the first in spring 
and the second in autumn. As can be seen in Figure 9.17, the response 
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measured in autumn is somewhat lower than one measured in spring. 
Nevertheless, both examples show VDP type responses in heavily water-tree-
deteriorated XLPE insulation. 
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Figure 9.17 Graphs of a 24 kV XLPE cable in a 21 kV grid network, measured in a 
spring and b autumn. 

9.6.3 The laboratory investigation 
A 2 m piece of a 24 kV XLPE cable that had been stored in water for more than 
two years was chosen for the test. The cable was dismantled and one phase 
thoroughly guarded was placed into a water-filled plastic pipe to ensure 100% 
water saturation in the water trees. The ends of pipe were sealed leaving 30 cm 
of cable for connecting to HV and measuring electrodes. The whole assembly 
was then inserted into a special double-walled tube, inside which the 
temperature can be altered using an external heating and cooling apparatus. 

Table 9.1 Table showing the estimated time required to achieve equilibrium conditions 
for a selected range of temperatures. 

Temperature [ºC] 25 20 15 10 
Time [h] 24 37 52 78 

 
The investigation consisted of making dielectric-spectroscopy measurements 
within the temperature interval 25ºC-10ºC. In order to estimate the time needed 
for reaching the moisture equilibrium, approximation calculations of water 
diffusion into XLPE were performed, and are presented in [133]. The estimated 
times required to reach equilibrium at selected temperatures are provided in 
Table 9.1. 

Variations in temperature are plotted in Figure 9.18. Each point on the graph 
corresponds to a particular measurement event, when a series of the frequency 
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sweeps from 100 Hz down to 0.01 Hz were performed at voltage levels of 0.25 
U0, 0.5 U0, 0.75 U0, U0 and 0.5 U0.  
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Figure 9.18 Variation in the temperature of the XLPE cable sample. 

The experiment was started at an insulation temperature of 25ºC, and then 
decreased by increments of 5ºC down to 10ºC, then followed by 5ºC increments 
up to 25ºC again. Prior to and between the measurements, the cable was 
subjected to preconditioning with nominal phase to earth voltage of 12 kV. The 
duration of preconditioning was equal to or longer than that given in Table 9.1 
for respective temperatures. 
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Figure 9.19 Loss (ε″), and apparent permittivity (∆ε′) as functions of frequency at the 
initial 25ºC measurement. 

The first measurement (performed at a temperature of 25ºC) revealed a high 
VDP response (see Figure 9.19). The variations in ε” during the first decrease 
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in temperature are shown in Figure 9.20. At the highest voltage, ε” values are 
rather constant, while at the lower voltage level, ε” decreases with decreasing 
temperature. The capacitance of the cable is slightly increased at lower 
temperatures (the geometrical dimensions change with temperature). 
Furthermore, it was observed that a decrease in loss and an increase in 
capacitance at voltages of 3, 6 and 9 kV were fairly constant across the whole 
frequency range.  

During the first temperature cycle however, it was observed that temperature 
increases from 10 up to 25ºC result in lower responses than previous ones. 
Therefore, the same procedure was repeated, and several measurements at the 
highest and lowest temperatures were performed (see Figure 9.18). 
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Figure 9.20 Graph a shows losses (ε″) as a function of frequency at different 
temperatures, while graph b shows losses at 0.1 Hz, 6 kV (0.5 Uo) and 0.1 Hz, 12 kV 
(Uo) as a function of temperature (the data come from the first temperature decrease). 

Selected measurement data at 10 and 25ºC are presented in Figure 9.21. As can 
be seen, repeated measurements at one actual temperature agree well, and it 
appears that preconditioning time has been sufficient. However, the losses are 
lower after a complete temperature cycle. This effect is most pronounced at 
lower voltages, for example 6 kV. 

One characteristic feature observed is the saturation of loss at higher test 
voltages; in this particular case at 12kV. The measured level of loss remains 
almost constant at all temperatures, whereas decrease in temperature results in 
lower losses at voltages of 3, 6, and 9 kV. A similar phenomenon has also been 
observed earlier, and is reported elsewhere [141]. 
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Figure 9.21 Graphs showing repetition of the measurements at 10ºC in a and 25ºC in 
b. Numbers1 and the 2 indicate the first and second measurements at the actual 
temperature (see Figure 9.18). In total six measurements were performed at 10 oC and 
seven at 25oC. 

9.6.4 Temperature influence on assessment conditions 
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Figure 9.22 Graphs of a ∆ε´´nonlin at 0.1 Hz measured during decreasing and 
increasing temperatures for the laboratory sample, and in spring and autumn in the 
field. Graph b shows ∆ε´´nonlin, versus normalised breakdown voltage (after Werelius 
and co-researchers [132]).  

Assessment conditions for XLPE cable insulation proposed in Section 12.2, are 
generally based on recognising a characteristic response type; in this case a 
VDP type response, and then with the cable design taken into account, assessing 
the cable. Assessment of the VDP type response present in the cables included 
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in the field as well as the laboratory investigations, is based on cable design and 
the levels of the parameters ε”, ∆ε”nonlin and ∆ε’nonlin described in Section 9.2. 

As shown in Figure 9.22, the parameter ∆ε”nonlin exhibits insignificant 
dependence on temperature for the laboratory sample as well as the cables 
investigated in the field (parameters ε” and ∆ε’nonlin have very similar 
relationships). This may suggest that in the application of the assessment criteria 
it is reasonable to disregard the temperature conditions.  

9.6.5 Discussion about the influence of temperature on water-treed 
cables 
Investigation into the behaviour of water trees at different temperatures is a 
complex problem, as the temperature also influences other important parameters 
such as the humidity. The fact that the water-treed material is heterogeneous 
makes it even more complicated. Alteration of one condition brings about a 
different response, making it easier to draw incorrect conclusions. 

There are some questions regarding the temperature dependence of the TLC and 
LC responses. Furthermore, how does temperature variation due to load changes 
affect the dielectric response? Are water trees most easily detectable while the 
cable still is warm, or when cooled down? 

The laboratory investigation above indicates that the response decreases with 
decreasing temperature. Therefore it would be expected that the TLC and LC 
responses occur at a higher voltage, or that the cable would need to be even 
more deteriorated at lower temperatures. However, this has not investigated. 

Temperature changes can also change the relative humidity. During the project 
there were examples of where cable samples taken out from circuits in the field, 
initially showed low responses in laboratory measurements, and when they were 
very wet. By storing the cable in wet conditions for a long period of time, the 
dielectric response becomes greater. In one of these cables, a measurement was 
performed on the part remaining in the field. This measurement showed a clear 
VDP response, more like the response after wetting the cable for a long period 
of time in the laboratory.  

9.6.6 Summary of the influence of temperature on water-treed 
cables 
The field investigations, where cable circuits were measured several times at 
different times during a year, showed that cables with large VDP responses had 
a change in their loss levels. However, the change was so small that it did not 
change the assessment of the cable circuit.  
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The laboratory investigation into temperature effects also looked at a cable with 
a very large VDP response. There were responses at all voltage levels, and at all 
temperatures, typical for a VDP response. The losses at the highest voltage 
applied (12 kV), were rather constant, regardless of the temperature. However, 
this can be an effect caused by saturation, as a similar phenomenon has also 
been observed earlier, and reported elsewhere [141]. With the application of 
lower voltages, the losses decreased with decreasing temperature as expected. 
As for the field measurements, the changes seen were so small that they did not 
change the assessment of the cable circuit.  

One phenomenon observed in the laboratory was that even though the 
measurements were reproducible at a certain temperature, the losses had 
changed during a temperature cycle. This effect was much more pronounced at 
lower voltage levels (such as 6 kV), where the losses decreased after a complete 
temperature cycle.  

Nevertheless further investigations are necessary, looking into both cables with 
lower water content in their water-trees, and cables with a lesser degree of 
ageing.  

9.7 Influence of cable design 
9.7.1 Introduction to the section 
   a             b  c    d 

 
Figure 9.23 Examples of different water-tree structures (after Holmgren [131]). 

During the project, it was observed that water-tree structures look different in 
cables of different designs (see the examples in Figure 9.23). In many cases, it 
is only one type of water tree structure in all cables with a specific design from 
a specific manufacturer. In other cases, different types of tree structure are 
present in a specific cable design. 
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Table 9.2 XLPE cable designs installed in Sweden in the late 1960s and early 1970s, 
dealt with in this thesis (for more details see Chapter 8). 
Manufact. Design 

voltage 
Year of 

manufact. 
XLPE 
insulat. 

Insulation screen Investigated 

#1 Liljeh.  12 kV -1974  Tape No1 
#2 Liljeh.  24 kV -1974  Graphite & tape Field & lab. 
#3 Siev.  12 kV 1964-66 Black  Tape No1 
#4 Siev.  12 kV 1966-74  Tape Field & lab. 
#5 Siev.  12 kV 1968-74  Graphite & tape No1 
#6 Siev.  12 kV 1974-79  Extruded Lab 
#7 Siev.  24 kV 1968-74  Neoprene tube Field  
#8 Siev.  24 kV 1970-ties  Graphite & tape Field & lab. 
#9 Siev.  24 kV 1974-79  Extruded Field & lab.  
#10 Iko 12 kV -1974 P 622 Graphite & tape No1 
#11 Iko 12 kV -1976 B 4201 Graphite & tape Field & lab. 
#12 Iko 24 kV -1974 P 622 Graphite & tape Field & lab.  
#13 Iko 24 kV 1974-76 B 4201 Graphite & tape Field 
#14 Kwo 24 kV ? "X-ray" Graphite & tape Lab 
1 Not investigated with certainty and therefore not included. 

Different cable designs deteriorated with water trees exhibit different types of 
dielectric response. In the following subsections, different early-design-type 
cables used in Sweden (see Table 9.2) are presented with respect to water-tree 
structure, water-tree density, and dielectric response. The dielectric-response 
measurements used are performed either in the laboratory or in the field. In a 
few cases, the same cable is measured both in the laboratory and in the field. 

9.7.2 Design #2 cables, manufactured by Liljeholmens Kabelfabrik 
9.7.2.1 Background and material investigated 
In the early 1970s, Liljeholmens Kabelfabrik manufactured one 12 kV cable 
design with a tape insulation screen and one 24 kV cable design with graphite 
paint and a tape insulation screen (see Table 9.2 and Subsection 8.3.1). Of these 
two designs, only the 24 kV cable design was investigated (#2 in Table 9.2).  

Quite a few cables of this design (some 20-30) were measured with different 
amount of information about the design type of the sample. Since this section 
deals with the responses of particular cable designs, only cables clearly 
recognised as Design #2 cables by visual inspection, or by information from the 
power-supply utility in question have been used (see Table 9.3). 
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Table 9.3 Design #2 cables, from which the data in this chapter originate. All cables 
were installed in 20-21 kV grid nets in Sweden in the early 1970s. 

Cable 
label 

Sample  
label 

Cond. 
area  

(mm2) 

Failure 
in 

service 

Measurement event 
F=Field, 

L=Laboratory 

Water-tree 
analysis 

performed 
Mag_2, Sk4 185 VLF1 L 1994 Yes 
BH_3 Käby1 185 Yes L 1996 Yes 
Mag_3 Sätofta - Sätern 185 No F 1995 Yes 
Mag_5 Karlsh.-Orupsb. 185 No F 1995 No 
Bo_5 Dom.b.-Lag.lek. 185 No F 1995, F 1996 

spring & autumn 
No 

Bo_12 Alhag.v.-Stors.v. 185 Yes F 1995 full length 
and divided up 

Yes 

Tä_1 Torgv-Lokev 95 Yes F 1995 Yes 
Tä_2 Ingjardsv-Run. 95 No F 1996 No 
Tä_3 Ingjardsv-V Run. 95 No F 1996 

spring & autumn 
No 

Tä_7 Blendav.- Byleg.  No F 1996 No 
Bo_20 Lagf.v.-Lag.lek. 185 No F 1996 No 
Kvi_2 Viktorsh.-Vatten. 50 No F 1996 No 
Mag_11 Sätern-Särtoftaby 185 No F 1997 No 
Mag_12 Särtofta-Björkv. 185 No F 1997 No 
1 Cables failed during a VLF test in the field prior to laboratory investigations. 

9.7.2.2 Water-tree structure and distribution 
               a b 

 
 

Figure 9.24 Typical water trees found in 24 kV cable with an insulation screen of 
graphite paint and tape (Design #2), manufactured by Liljeholmens Kabelfabrik from 
1970-1974 (#2 in Table 9.2). 

Figure 9.24 shows typical water trees in a Design #2 cable. The water-tree 
structure is very thin, the density is high, and the distribution is even along the 
insulation surface. 
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The thickness of the insulation usually varies quite a lot around the conductor in 
Design #2 cables. Table 9.4 shows the variation of insulation layer thickness 
around the conductor at the site of water-tree analysis. 

Table 9.4 Some examples of variation in insulation layer thickness in Design #2 cables. 
Insulation layer thickness: min - max (mm) Sample/ Cable 

label Phase 1 (red) Phase 2 (unlabeled) Phase 3 (white) 
Sk4 5.4 – 6.4 5.3 – 5.7 5.5 – 5.6 

Käby1 5.0 – 6.2 5.2 – 5.6 5.0 – 5.8 
Bo_12 5.2 – 6.0 4.7 – 6.0 5.0 – 5.7 
Tä_1 4.7 – 6.3 5.5 – 5.6 5.2 – 5.6 

 
Table 9.5 The longest water tree found, plus other specifications in Design #2 cables. 

Longest water tree found  
(% of insulation layer thickness) 

in 10 or 20, 0.5 mm sections 

Breakdown voltage 
AC breakdown step test (Uo) 

Sample/ 
Cable 
label 

Phase1 
(red) 

Phase 2 Phase 3 
(white) 

Phase 1 Phase 2 Phase 3 

Sk4 77, 811 75, 761 54, 471 92 kV2 113 kV2 120 kV2 
Käby1 82, 693 58, 903 100, 703 2.5 Uo 3 Uo Uo 
Mag_3 ~35 ~35 ~35 4 4 4 
Bo_12 33 42 89 - - - 
Tä_15 43 67 62 - - - 

1 Cable samples are colour labelled; phase numbers are different to those in [131].  
2 Lightning impulse (otherwise ACBD (AC breakdown) step test). 
3 First analysis from fault site; second analysis from ACBD test fault site. 
4 Cable samples had an ACBD voltage of 4.5-5.0 Uo in the laboratory six months after 

treatment with CableCure. 
5 The adjacent cable to Tä_1, that failed at the same time, had the following longest WT 

results: Phase 1 (red), 76%; Phase 2(unlabelled), 69%; Phase 3 (white), 60%.  

Water-tree analyses have been made on some of the cables shown in Table 9.3. 
These are presented in Table 9.5. The longest trees found in the samples failing 
in the field (the VLF test not included) were all above 60% of the length. Sk4, 
Käby 1 and Bo_12 were analysed for water-trees using samples from two sites. 
As can be seen in Table 9.5, the results for Käby1 vary considerably.  

Bo_12 was analysed for water trees at a second fault site. This water-tree 
analysis showed very similar results to the one presented in Table 9.5, with one 
important exception; being that the phase with longer trees was not Phase 3, 
instead it was Phase 1 or 2. The measurements indicated that all three phases 
were rather equally and very deteriorated. 
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9.7.2.3 Dielectric response 
To the best of the author’s knowledge, no non-aged, Design #2 cable has been 
measured. Of the aged cables, both VDP and LC type of responses have been 
detected (see Subsection 9.4.1 for definitions of VDP, TLC and LC type 
responses).  

LC or TLC responses were detected on at least one phase on all those cables 
that failed in service, for example BH_3, Bo_12, and Tä_1. VDP responses 
have been detected in single phases on cables that failed in service, as well as on 
cables that did not fail. In Figure 9.25, the response of cable Mag_2 (see Table 
9.5), measured in the field in 1995 is shown here as a typical response of a 
moderately-aged Design #2 cable. 
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Figure 9.25 Typical response in a water-tree-deteriorated Design #2 cable. The cable 
(Mag_5) is measured in the field and the length of the longest water tree is 
approximately one third of the insulation thickness. 

For cables with long water trees (cables Mag_2, Bo_12 and Tä_1), the VDP 
responses were much larger than for the more moderately aged Mag_5. Figure 
9.26 shows the responses for two different phases on cable Tä_1, which had 
previously failed in service. Graph a shows the losses up to service-voltage 
level. The response is of VDP type, however the losses are approximately 10 
times higher for Tä_1 than Mag_5 at service-level voltage. 

Graph b in the same figure shows a plotting of the phase with an LC response. 
Since the LC response was already detected at low voltage levels, the 
measurement was limited to 6 kV (equals half the service-level voltage). 
Observe that the leakage current is not repetitive. The second sweep shows 
higher losses than the earlier sweeps. 
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Figure 9.26 The response of two different phases in cable Tä_1. The cable had failed in 
service approximately three months prior to the measurements. It remained in service 
without failure until it was replaced approximately four months after this measurement. 

9.7.2.4 Summary of Design #2 cables 
The 24 kV cable design featuring an insulation screen of graphite paint and 
tape, manufactured by Liljeholmen in the early 1970s (#2 in Table 9.2), usually 
exhibits lots of thin water trees.  

The dielectric response of these water trees is large, with rarely a level of loss 
(ε”) below 3 x 10-3, and this is already visible at voltage levels far below 
service-voltage level. The voltage dependence is already visible between the 
two lowest voltage levels used (3 and 6 kV).  

If LC or TLC responses (using voltage levels up to where Uo equals 12 kV) are 
detected, the water-tree deterioration is severe, and the risk of failure is very 
high. Experience from the field is that if no leakage current is detectable using 
voltage levels of up to Uo, and the losses at level Uo are less than 8 x 10-3, then 
the cable can most probably remain in service for many years. 

9.7.3 Design #4 cables manufactured by Sieverts Kabelverk  
9.7.3.1 Background and material investigated 
Sieverts Kabelverk manufactured a 12 kV cable designed with a tape insulation 
screen during 1966-1974 (#4 in Table 9.2). Field-aged cables of this design 
have been measured in the laboratory as well as in the field (see Table 9.6). The 
cables measured in the field were two relatively short (approximately 60 m), 
and of three phases, each one connecting a power transformer to a network 
substation. 
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Table 9.6 Design #4 cables, from which the data used in this chapter originate. 
Cable 
label 

Sample  
label 

Cond. 
area  

(mm2) 

Failure 
in 

service 

Measurement event 
F=Field, 

L=Laboratory 

Water-tree 
analysis 

performed 
Varn_1 #1 1 x 500 No F 1996 No 
Varn_2 #2 1 x 500 No F 1996 No 
BH_5 Sb2 3 x 50 ? L 1996 Yes 
BH_6 Sb4 3 x 50 ? L 1996 Yes 
BH_7 Sv3 3 x 50 ? L 1996 Yes 

 
9.7.3.2 Water-tree structure and distribution 
Trees of different shapes were found in Design #4 cables [131] (see Figure 
9.27). Table 9.7 presents more data on these water-trees.  

     a  b  

 
Figure 9.27 Two different types of water- tree structures were found in Design #4 
cables (both pictures are of cable Sv3; after Holmgren [131]). 

9.7.3.3 Dielectric response 
Samples measured in the laboratory—Sb2, Sb4 and Sv3 (see Table 9.7)—were 
included in Laboratory investigation 2 (see Section 11.3). The worst sample 
(Sv3) had TLC responses in two phases at service-level voltage. The 
third phase had a large VDP response (see Figure 9.28). Later on, when 
the responses at higher voltage levels were measured, this phase 
exhibited TLC at the next voltage level up (1.5 times Uo). 

Sample Sb4 was found to be in much better condition. The withstand 
voltage level was high in this cable (above 8Uo), and the losses were low 
and linear (also at 2Uo).  
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Table 9.7 Design #4 cable data including the longest water tree found (data from 
Holmgren [131]). 

Longest water tree found.  
(% of insulation layer thickness) 

 Ten 0.5 mm sections 

Breakdown voltage 
AC breakdown step test (Uo) 

Sample  
label 

Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 
Sb2 7  0  4 7 7.5 3.5 
Sb4 0 5 0 8 8.5 10 
Sv3 61 80 100 4 3 3 
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Figure 9.28 Phase v of cable sample Sv3 measured up to the service-voltage level. The 
cable sample has a large VDP type response, already visible far below the service- 
voltage level. 
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Figure 9.29 Phase 1 of sample Sb2 is shown in a, and Phase 3 in b. 

According to the dielectric-response measurements, sample Sb2 had one 
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phase that was more deteriorated than the other two (Phase 3). Phase 3 
also failed at 3.5Uo in the ACBD test (see Table 9.7). Notably, almost no 
water trees were found in the water-tree analysis. In Figure 9.29, the losses 
from the degraded phase (Phase 3), and one of the other two phases are 
plotted. 
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Figure 9.30 Graph of Phase 1 in cable Varn1, showing measurements up to the 
service-voltage level. 
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Figure 9.31 Graph of Phase 1 of cable Varn 1, showing measurements up to 1.5 times 
the service-voltage level. 

All of the six phases in the two cables measured in the field had visible 
water-tree responses when measured up to the service-voltage level. 
However for less-degraded phases, the response is more pronounced 
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when higher voltages are used (see Figure 9.30 and Figure 9.31). When 
using voltage levels up to the service-level voltage (Uo), the cable shows 
a VDP type response. The increase in loss and permittivity are in the 
range 4 x 10-4 between 3 and 6 kV. When using voltage levels up to 1.5 
times the service-level voltage (see Figure 9.31), the voltage dependence 
increases to approximately 3 x 10-3. The other phases had higher 
responses and two phases exhibited TLCs at 9 kV. 

9.7.3.4 Summarising Design #4 cables 
The 12 kV cable design featuring a tape insulation screen manufactured by 
Sieverts Kabelverk during 1966-1974 (#4 in Table 9.2), exhibits trees of 
different shapes, both thin and bush like.  

The dielectric response of these water trees is moderate and a VDP response 
becomes more pronounced when a slightly higher voltage than the service 
voltage is used. However for all of these samples, the water trees were detected 
by using voltage levels up to the service-voltage level.  

The withstand-voltage level was quite high (3Uo) in the sample with water trees 
bridging the whole insulation. Where a VDP response is detected, the cable is 
deteriorated. However when the cable still has a VDP response at 1.5 times the 
service-level voltage, the cable may continue to be used for some years more. 

9.7.4 Design #7 cables manufactured by Sieverts Kabelverk  
9.7.4.1 Background and material investigated 
In the late 1960s and early 1970s, Sieverts Kabelverk manufactured a 24 kV 
cable featuring a neoprene-tubing insulation screen (#7 in Table 9.2; see 
Subsection 8.3.3). Only one cable of this design was measured for certain here 
(see Table 9.8), and this measurement was performed in the field in June 1996. 

Table 9.8 Design #7 cable data used in this chapter. 
Cable 
label 

Sample  
label 

Cond. 
area 

Failure in 
service 

Measurement event 
 F=Field, L=Laboratory 

T_11 Ledungsv - T9 ? No F 1996 
  
9.7.4.2 Water-tree structure and distribution 
Unfortunately there are no water-tree-analysis data available for this design. 
However, the dielectric response measured for the cable was very similar to 
Design #12 (see Subsection 9.7.8). Therefore a rather high density of water 
trees is expected. 
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9.7.4.3 Dielectric response 
The dielectric response in Phase 1, measured in the field in 1996 is shown in 
Figure 9.32. Phase 2 looked very similar. Phase 3 had the same type of 
response, however the level of losses were approximately twice as high as the 
other phases. As Figure 9.32 shows, the cable has a typical VDP response. Note 
here that the levels are relatively high. The level of loss is 8 x 10-3 at service-
level voltage, and the increase in losses and permittivity are much more 
pronounced between 9 and 12 kV than between lower voltage levels.  

The hysteretic effect is too small to be detected here, where the losses in the 
latter 6 and 3 kV sweeps produce the same results as the initial 3 and 6 kV 
sweeps (see a in Figure 9.32). 
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Figure 9.32 Phase 1 in the Design #7 cable measured in the field in 1996. 

9.7.4.4 Summary of Design #7 cables 
The amount of data is too small to make any firm conclusion regarding Design 
#7 cables, however the data that are available indicate similarities with Design 
#12 cables (see Subsection 9.7.8). 

9.7.5 Design #8 cables manufactured by Sieverts Kabelverk  
9.7.5.1 Background and material investigated 
In the 1970s Sieverts Kabelverk manufactured very few 24 kV cable types with 
a graphite paint and tape insulation screen (#8 in Table 9.2; see also Subsection 
8.3.3). Table 9.9 shows four Design #8 cables.  

Cable Sklö failed in service, however the failure was most probably not due to 
any insulation defect, as the cable seemed to be stretched into two parts by 
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ground movements. The cable was measured in the field as well as in the 
laboratory, and was included in Laboratory investigation 2 (see Section 11.3).  

Cables Tä_27, Tä_30 and Tä_31 were measured in the field in 1997. Tä_30 and 
Tä_31 are of same design while the insulation screen tape on T_27 was more 
plastic-like than textile-like. 
 
Table 9.9 Design #8 cables from which data used in this chapter originate. 

Cable 
label 

Sample  
label 

Cond. 
area  

(mm2) 

Failure 
in 

service 

Measurement event 
F=Field, 

L=Laboratory 

Water-tree 
analysis 

performed 
Mag_10 Sklö 3 x 35 Yes1 F 1996 & L 1996 Yes 
Tä_27 Bilprov.-B&W 3 x ? No F 1997 No 
Tä_30 TE501 1 x 500 No F 1997 No 
Tä_31 TE502 1 x 500 No F 1997 No 

1 Failure was most probably not due to any insulation defect.  

9.7.5.2 Water-tree structure and distribution 
Unfortunately, there are no data available. In the Design #8 cable investigated 
(Sklö), no water trees were found [131]. The other three cables, Tä_27, Tä_30 
and Tä_31, all show a very similar response to Design #4 cables, that is 12 kV 
cables from same manufacturer. This indicates rather high water-tree density. 

9.7.5.3 Dielectric response 
The cable Sklö in Table 9.9, exhibited a low, linear response in the laboratory, 
much like a new cable (see Section 9.3), and the measurement did not indicate 
any water-tree deterioration. This was confirmed by water-tree analysis, where 
no water trees were found, and a relatively high withstand voltage of 5-5.5 Uo 
in the ACBD test—in Laboratory investigation 2 described in Section 11.3. 

Field measurements were performed on Sklö from the fault site to one of the 
substations. An LC dominated the loss (the cable conductors were connected to 
the substation and the relative humidity was rather high). However, the 
permittivity was not found to be voltage dependent, and no hysteresis was 
evident. The origin of the leakage currents was presumed to be a joint, or 
moisture at the termination surface (see Chapter 10). To the best of the author’s 
knowledge, the cable circuit is still in service and no fault has been reported to 
date. 

Three other Design #8 cables were measured in the field. The insulation screens 
look slightly different in these cables (T_30 and Tä_31 were exactly the same 
design). Figure 9.33 shows Phase 2 in Tä_27. The response here is typical 
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VDP, however note that the measurements are made using voltages up to 14 kV 
(12 kV is the phase to earth service-level voltage). The measurement of Phase 2 
in Tä_30 is shown in Figure 9.34. The other two phases look the same as 
Tä_31, however slightly lower in value. 

Its is clearly visible in Figure 9.33 and Figure 9.34 that the VDP response is 
clear at low voltage levels, however it is much more pronounced when using 
voltage levels up to 14 kV. Hysteresis is very small in Figure 9.33, however in 
Figure 9.34, the later 6 kV sweep has significantly higher losses than the first 6 
kV sweep. 
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Figure 9.33 Graphs of Phase 2 in cable Tä_27 (see Table 9.9). 
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Figure 9.34 Graphs of Phase 2 in Tä_30 (see Table 9.9). 
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9.7.5.4 Summary of Design #8 cables 
Data about this cable design are sparse. Furthermore, is it not certain that all 
these three different cables are actually the same design, or if there are 
significant differences.  

One interesting result of the investigations is that the Sklö cable that was 
presumed to be susceptible to water trees [4], had been installed in wet soil for 
more than 20 years without any sign of degradation. 

Those cables exhibiting typical VDP responses (Tä_27, Tä_30 and Tä_31), look 
very similar to Design #4 (see Subsection 9.7.3). That means that water-tree-
degradation is already visible below the service-level voltage. However, the 
response is more pronounced at higher voltage levels. 

9.7.6 Design #6 and #9 cables, manufactured by Sieverts Kabelverk  
9.7.6.1 Background and material investigated 
From 1974 to 1979/80, Sieverts Kabelverk manufactured a cable featuring an extruded 
insulation screen containing hypalon (#6 and #9 in Table 9.2; see Subsection 8.3.3). 
Laboratory samples from six 12 kV cables—Design #6 (see Table 9.10), and one 24 kV 
cable—Design #9 (see  
Table 9.11), were measured. In the field, quite a few Design #9 cables were measured 
(see  
Table 9.11) with and without a dielectric response indicating water-tree aging. 

Table 9.10 Design #6 cables, from which the data used in this chapter originate. 
Cable 
label 

Sample  
Label 

Cond. 
area  

(mm2) 

Failure 
in 

service 

Measurement event 
F=Field, 

L=Laboratory 

Water-tree 
analysis 

performed 
N_1 Norway New  No L - 
N_2 Norway Aged  No L Yes 
BH_8 Gl16 3 x 70 ? L 1996 Yes 
BH_8 Gl17 3 x 70 ? L 1996 Yes 
BH_91 Tierp1 3 x 95 ? L 1996 Yes 
BH_10 Sv21 3 x 150 ? L 1996 Yes 
BH_11 Sv11 3 x 185 ? L 1996 Yes 
1 This cable has solid, sector-shaped conductors. All the other cable samples in this 
table have concentrically-stranded conductors [24].  
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Table 9.11 Design #9 cables, from which the data used in this chapter originate. 

Cable 
label 

Sample  
Label 

Cond. 
area  

(mm2) 

Failure 
in 

service 

Measurement event 
F=Field, 

L=Laboratory 

Water-tree 
analysis 

performed 
Dref_1 Badv.-Idrottsv. 3 x 95 Yes F 1994 Yes 
Tä_14 Heimdal-Skolh. 3 x 95 No F 1996 No 
Tä_16 Kalkonv-Marg. 

Tb1&Tb2 
3 x 95 Yes F 1996 

L 1996 
No 

Tä_17 Kalkonv-Torgv. 3 x 95 No F 1996  Yes 
Tä_18 Ringv.-Ymerv. 3 x 95 No F 1996 No 
Tä_25 L30E 3 x 95 No F 1997 No 
Tä_26 L30A 3 x 95 No F 1997 No 
Tä_28 Saluv.-B&W 3 x 95 No F 1997 No 
Tä_29 Saluv.-Ohl. 3 x 95 No F 1997 No 
 
9.7.6.2 Water-tree structure and distribution 
Figure 9.35 shows a typical water tree seen in Design #6 or #9. The tree is quite 
large and the structure has a bush-like shape. The water-tree density is normally 
quite low (around 5-50/m of cable) and water trees are normally evenly-
distributed around the insulation surface. However, on this cable type, the water 
trees could be present at one part of the cable whereas another part of the cable 
is not affected at all. This is also confirmed by the manufacturer (see [27] and 
[131]). 

 
Figure 9.35 A typical water tree in a Design #3 cable (after Holmgren [131]). 

The water tree in Figure 9.35 is stained with methylene blue (see [1] and [9]). 
However water trees in these cable designs are visible even without staining. 
Since the water-tree density is low, the best and easiest method is to strip part of 
the insulation screen away and then search for white spots. If deemed necessary, 
the white spots and water trees can be investigated more carefully. 
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Table 9.12 Design #6 data including the longest water tree found (data courtesy of 
Holmgren [131]). 

Longest water tree found  
(% of insulation layer thickness) 

in 10 or 20, 0.5 mm sections 

Breakdown voltage 
AC breakdown step test (Uo) 

Sample/ 
Cable  
label 

Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 
Gl16 0 33 0 6 Uo 5.5 Uo 8 Uo 
Gl17 0 0 0 10 Uo 7.5 Uo 9.5 Uo 
Tierp1 0 0 0 10 Uo 9.5 Uo 7.5 Uo 
Sv21 70 0 0 7 Uo 7 Uo 7 Uo 
Sv11 0 0 0 4 Uo 4 Uo 3.5 Uo 
 
Table 9.13 Design #9 data including the longest water tree found (most of the data 
courtesy of Holmgren [131]). 

Longest water tree found  
(% of insulation layer thickness) 

in 10 or 20, 0.5 mm sections 

Breakdown voltage 
AC breakdown step test (Uo) 

Sample/ 
Cable  
label 

Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 
Dref_1 100 100 100 - - - 
Tä_16 
Tb1 
Tb2 

100 
0 
0 

100 
0 

89

100 
0 

89

 
5 Uo 

3.5 Uo

 
6 Uo 

3.5 Uo

 
7 Uo 
3 Uo 

 
Table 9.12 and Table 9.13 present water-tree-analysis and AC breakdown test 
data performed in Laboratory investigation 2 (see Section 11.3). However, the 
absence of water trees in the cable samples do no match the withstand voltages. 
The reason for this is that the analyses were performed in a traditional way, 
involving staining 10 or 20, 0.5 mm thick sections in methylene blue. Applying 
this analysis without first visually locating water trees, often results in no water 
trees being found. Cables Tb2 and Sv11 were visually investigated 
subsequently and water trees were found in all cable samples.  

9.7.6.3 Dielectric response 
The measurements in the laboratory (except for cables measured during a visit 
to SINTEF in Trondheim, Norway) were performed on cables included in 
Laboratory investigation 2 (see Section 11.3 and Table 11.5). The dielectric 
responses detected were the response as in a new cable, VDP response and TLC 
response.  

The laboratory measurements on 12 kV cables (Design #6) indicated that higher 
voltage than the service-level voltage is necessary to detect water trees. Of the 
three 12 kV, three-phase cables measured in the laboratory, one (Sv11) was 



 

129 

relatively bad. All three phases had low losses up until 1.5Uo, when they 
exhibited a TLC response. 

One other sample (Sv21) exhibited relatively long water trees, however the 
withstand level was as high as 7Uo. Initially, all these phases exhibited low 
losses. At 1.5Uo a weak VDP response could be detected, and at 2Uo the cable 
phases had relatively strong VDP responses, with ε'' increasing from Uo to 2Uo 
by 1.5 x 10-2 (Phase 1), 1.5 x 10-3 (Phase 2), and 8 x 10-4 (Phase 3). 

The third sample (Gl16) exhibited an increase in ε'' from Uo to 2Uo of 3 x 10-4 
in Phase 2 and a corresponding voltage withstand of 5.5Uo. In other samples, 
no water trees were found. 
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Figure 9.36 Graph of data from Dref_1 measured in the field, showing Phase 1 with 
VDP response in a, and Phase 3 with TLC response in b. 

There are quite a lot of field measurements and few laboratory measurements 
performed on the 24 kV Design #9 cable. Figure 9.36 shows measurements of 
Phases 1 and 3 of cable Dref_1. Phase 1 (and Phase 2) exhibited a typical VDP 
response with relatively low loss at service-level voltage, with a dissipation 
factor of approximately 9 x 10-4 (equals an ε'' of approximately 21 x 10-4). 
However Phase 3 shows a TLC response starting its transition already at 6 kV. 
All three phases had water trees bridging the entire insulation layer at a previous 
fault site. After the measurements, Phase 3 showed a low insulation resistance 
measurement at 5 kV. However three days later (after a weekend), the insulation 
resistance was high again and the cable was put back into service. It remained in 
service without failure until replaced approximately 4 weeks later. 

The relatively low losses in Phases 1 and 2 in Dref_1, compared with cable 
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Tä_26 (see Figure 9.37), indicate that only a part of the cable was deteriorated. 
In fact, local degradation was confirmed in cable sample Tä_16. After failure in 
the field, two samples were sent to laboratory. However, in one of those 
samples (see Figure 9.38), only a part of the sample was deteriorated. Further, 
by spit up the measurement electrode in two parts, the deteriorated and non-
deteriorated parts were measured separately. As expected, the deteriorated part 
had a strong VDP response while the non-deteriorated part looked like a non-
aged cable [131].  The remaining part of Tä_26 was later measured in the field 
(see Figure 9.39) 
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Figure 9.37 Responses in cable Tä_26 measured in the field. 
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Figure 9.38 Responses in Phase 2 of sample Tb2 from cable Tä_16, measured in the 
laboratory 



 

131 

a   b  

10-4

10-3

10-2

0,01 0,1 1 10

3 kV
6 kV
9 kV
12 kV
6 kV
3 kV

Frequency (Hz)

ε"

10-4

10-3

10-2

0,01 0,1 1 10

3 kV
6 kV
9 kV
12 kV
6 kV
3 kV

Frequency (Hz)

∆ε'

 

Figure 9.39 Responses in Phase 1 of cable Tä_16, measured in the field. 

9.7.6.4 Discussion about Designs #6 and #9 
It appears that Design #6 and #9 cables have similar tree structures and 
dielectric responses. However, expressed as voltage withstand in Uo, Design #6 
cables seem to withstand slightly higher voltages related to their design voltage 
than Design #9 cables. A similar relationship is observed in the voltage levels 
required to detect their water-tree growth. 

Both differences can be explained by the fact that the thickness of the insulation 
layer is not proportional to the design voltage. The 12 kV cable (Design #6) has 
an insulation thickness of 3.4 mm. This means that the service-level voltage (6 
kV) equals a mean field strength of 1.8 kV/mm (6/3.4). However the 24 kV 
design has at service voltage with a mean field strength of 2.2 kV/mm (12/5.5). 

Experience from the field shows that 14 kV seems to be required in order to 
detect water trees in Design #9 cables. However, this field strength (2.5 
kV/mm) equals 8.5 kV for the 12 kV cable design. That relationship agrees with 
the experience gained in this study. 

9.7.6.5 Summary of Design #6 and #9 cables 
The 12 and 24 kV cables (Designs #6 and #9 respectively), usually have large 
bush-like trees that by coincidence, can be found by normal water-tree analysis 
(for example staining a few microtomed sections). These trees are found by 
removing a part of the insulation screen and looking for white, 1-2 mm diameter 
spots. Furthermore, occasionally only a part of the cable is affected by tree 
growth. 

The dielectric response of these trees is large, though a slightly higher voltage 
than the service-level voltage is usually required, especially for the 12 kV cable 
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(Design #6). The fact that the cable is occasionally only deteriorated on some 
parts, makes it difficult to separate out moderately-deteriorated cables from 
severely-aged cables. 

In addition, cables with water trees bridging the electrodes initially show a VDP 
response, though if a high enough voltage is used, they seem to exhibit a TLC 
response.  

9.7.7 Design #11 cables, manufactured by IKO Kabelfabrik 
9.7.7.1 Background and material investigated 
From the early 1970s until 1976, IKO manufactured 12 kV cables using two 
different PE qualities (see Table 9.2 and Subsection 8.3.4). Since Unifos-Neste-
Borealis 4201 (U-N-B 4201) was used in most of the cables before 1974, and in 
all cables after 1974, it is assumed that most of IKO 12 kV cables measured are 
insulated with U-N-B 4201, and all the cables measured are treated as Design 
#11 cables in this chapter (see Table 9.14) 

Quite a few different cables of this design (approximately 25) were measured, 
with different knowledge of the sample; from laboratory investigation, to the 
cable was stated to be a cable of design #11 due to its dielectric response. Since 
this section deals with the response of a specific cable design, only cables 
recognised as Design #11 cables by visual inspection or information from the 
power-supply utility in question have been used. 

The majority of cables of this design that were investigated had been installed in 
6 kV grid nets. Tran_1 though was placed in a 10.5 kV grid net, and the voltage 
level BH_1 was aged at is not known. The rest of the cables were installed in 6 
kV grid nets. 

9.7.7.2 Water-tree structure and distribution 
Water trees found in sector-shaped cables with graphite paint insulation screens 
manufactured by IKO in 1996 or earlier, usually exhibit a tree structure that is 
formed like a thin needle, and the water tree is normally located on the outer 
surface, close to the jacket’s inner surface. These trees looks similar to the thin 
water-tree found in 12 kV Sieverts cables with a tape insulation screen (see a in 
Figure 9.27). 
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Table 9.14 Table showing Design #11 cables from which the data used in this chapter 
originate. All cables were installed in 1970-73 in 6 or 10.5 kV grid nets.  

Cable 
label 

Sample  
label 

Cond. 
area 

(mm2) 

Failure 
in 

service 

Measurement 
event, F=Field, 
L=Laboratory 

Water-tree 
analysis 

performed 
Rust_1  Sk1 3 x 95so, s VLF1 L 1994 Yes 
Rust_1 Sk2 3 x 95so, s VLF1 L 1994 Yes 
Rust_1 Kyrk.S-Turistg. 3 x 95so, s VLF1

Yes 
F 1995New 

& F 1996New 
Yes 

Rust_2 Haken-Bäckv. 3 x 95so, s No F 1996 No 
Rust_3 Bäckv.-Kungsg. 3 x 95so, s No F 1996 No 
Rust_4 Kyrk.S- Kyrk.N 3 x 95so, s No F 1996 No 
Rust_5 Mölleb.-Tuna 3 x 95st, s No F 1996 No 
Rust_6 Gåsvik-Haken 3 x 95so, s No F 1996 No 
Rust_7 Gåsvik-Husvik 3 x 95st, s No F 1996 No 
Rust_8 Norreb.-Husvik. 3 x 95st, s No F 1996 No 
Rust_9 Norreb.-Mölleb. 3 x 95st, s No F 1996 No 
Tran_1 Hjälm.-Snigeln 3 x 240so,s Yes F 1996 Yes 
Fors_1 Ställv-Pump X 3 x 240 No F 1995 No 
BH_1 Sb1 3 x 50, cu Yes L 1996 Yes 
BH_1 Sb3 3 x 50, cu Yes L 1996 Yes 
BH_2 Gl21 3 x 300  - L 1996 Yes 
BH_2 Gl22 3 x 300 - L 1996 Yes 
Lyby_1 Lyby by-Lyby ohl 3 x 95so, s No F 1997 No 
Lyby_2 Lyby-Lyby by ohl 3 x 95so, s No F 1997 No 
Lyby_3 Lyby-Lyby V 3 x 95so, s Yes F 1997 Yes 
Full_2 Ludvig.-Ludvig 

S. 
3 x 95so, s No F 1997 No 

1 Cables failed during a VLF test in the field prior to laboratory investigations. 
New Approximately half the cable circuit replaced by new cable (in 1994). 
so, s This cable has solid, sector-shaped conductors. 
st, s  This cable has stranded, sector shaped conductors. 
 
The tree density is very low and in many cases a typical water-tree investigation 
(staining 10-20 microtome sections of 0.5 mm), reveals only a few water trees. 
It is the understanding here, supported by the fact that several water-tree 
analyses performed on Rust_1 gave different results, that a much longer piece 
of cable is needed to accurately conduct a water tree analysis. 
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Table 9.15 Design #1 cable data including the longest water tree found (most of the 
data courtesy of Holmgren [131]). 

Longest water tree found  
(% of insulation layer thickness) 

in 10 or 20, 0.5 mm sections 

Breakdown voltage 
AC breakdown step test (Uo) 

Sample/ 
Cable  
label 

Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 
Rust_11 
Sk1 
Sk2 

 
0, 38 

0, 0 

 
30, 0 

61, 32

 
0, 0 

32, 47

 
174 kV2 
117 kV2 

 
204 kV2 
138 kV2 

 
193 kV2 
159 kV2 

Tran_1 75 90 100 - - - 
Sb1 100 100 100 2 Uo 1 Uo 1 Uo 
Sb3 100 100 90 2 Uo 1,5 Uo 1 Uo 
Gl21 0 0 0 7 Uo 7 Uo 6 Uo 
Gl22 0 0 0 11 Uo 8 Uo 8 Uo 
Lyby_3 503 743 503 - - - 
1 Two water tree analyses performed on each phase. 
2 Lightning impulse (otherwise ACBD, AC Breakdown, step test). 
3 Only 2-3 trees in 20 slices. Some water trees were initiated at the outer surface, 

however, not close to the jacket. 

9.7.7.3 Dielectric response 
Samples measured in the laboratory included Gl21 and Gl22 (non-aged 
samples), Sk1 and Sk2 taken out from Rust_1, and the heavily-aged samples 
Sb1 and Sb3 from BH_1.  

The losses for the non-aged samples were low and did not show any voltage 
dependence up to twice the expected service-level voltage (12 kV). Sk1 and Sk2 
showed a small VDP response, even though the water-tree length was almost 
50% of the insulation thickness. The low density of water trees in this specific 
cable design can explain that. Furthermore, the voltage dependence is much 
more pronounced when the voltage level is increased. Sb1 and Sb3 showed an 
LC response (Phase 1 of Sb3 possibly showed a TLC response) [131].  

The measurements in the field support the results from the laboratory. Figure 
9.40 shows Phase 2 of the Rust_4 cable (note that although this cable was 
installed in a 6 kV grid net, the power-supply utility planned to upgrade the grid 
network to 10.5 kV; so a voltage level of 6 kV phase to earth was used since it 
corresponds to a phase to phase voltage of 10.5 kV). The response is a typical 
VDP response, where increased voltage gives rise to increases in capacitance 
and loss. Note the relatively large difference in loss between 4.5 and 6 kV. The 
loss level is relatively low generally-speaking, but rather high for this particular 
design. 
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Figure 9.40 Graph of the responses for Phase 2 in cable Rust_4. 

Figure 9.41 shows Phase 1 of the same cable circuit (Rust_4). At lower voltage 
levels (up to 4.5 kV) the response looks like that of Phase 2. However at 6 kV, a 
leakage current is added. The following 3 kV (and 1.5 kV) voltage levels show 
significantly higher losses than previous sweeps. This is a typical TLC 
response. 
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Figure 9.41 Graph of responses in the Phase 1 of the cable Rust_4. 

Rust_7 shows similar results to Rust_4, however here the results are even 
clearer (see Figure 9.42). Measurements of Phase 1 are shown in a in the 
figure. The losses are very low, and only a small increase is visible at 6 kV. 
Phase 2 shows an initial low loss as in Phase 1 (the first sweeps are at relatively 
low voltage levels), however at 6 kV the response changes characteristics into a 
typical TLC response. 
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Figure 9.42 Graph a shows Phase 1 in the cable Rust_7 1 and b shows Phase 2. 

9.7.7.4 Summary of Design #11 cables 
The 12 kV cable design featuring an insulation screen of graphite and tape was 
manufactured by IKO in the early and mid 1970s (#11 in Table 9.2). This cable 
usually exhibits quite a few needle-shaped water trees. 

The dielectric response in these trees is rather small, and the loss usually 
increases only at higher voltage levels. If a VDP response is detected when Uo 
is 6 kV, there is a high probability that at least a few of the trees are relatively 
long and that they possible bridge the electrodes.  

9.7.8 Design #12 and #13 cables, manufactured by IKO Kabelfabrik 
9.7.8.1 Background and material investigated 
From the early 1970s until 1976, IKO manufactured 24 kV cables (see Table 
9.2 and Subsection 8.3.4), using two different PE qualities—Polycure 622 
(yellow coloured) and Unifos-Neste-Borealis 4201. Polycure 622 was used until 
1974 in Design #12, and after 1974 Unifos-Neste-Borealis 4201 was used in 
Design #13 cables. 

Many Design #12 and a few Design #13 cables have been measured during the 
project. However, in the laboratory only Design #12 cables were measured. 
Since this section deals with the responses of a specific cable design, only 
cables recognised as Design #12 or #13 cables by visual inspection or 
information from the power-supply utility in question have been used. 
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Table 9.16 The Design #12 cables from which the data used in this chapter originates. 
Cable 
label 

Sample  
Label 

Cond. 
area 

(mm2) 

Failure 
in 

service 

Measurement 
event F=Field, 
L=Laboratory 

Water-tree 
analysis 

performed 
Mag_1  Sk3, Hassel.-Tall. 3 x 185 VLF1 L 1994 Yes 
Bo_1 Bk2 3 x 185 VLF1 L 1994 Yes 
Mag_4 Mids.- Hassel, 

Ha11, Ha12. 
3 x 185 No F 1995 

L 1996 
Yes 

Sval_1 Granen-Sk.Lant. 3 x 95 No F 1995 Yes 
Sval_2 Kåg-Kågeröd 3 x 95 No F 1995 Yes 
Kvi_1 Oldenb-Glum.s. 3 x 95 No F 1995 No 
Bo_3* Lav.v.- Slag.gv. 3 x 185 Yes F 1995 Yes 
Bo_7* Nors- Folkets hus 3 x 185 Yes F 1995 Yes 
Bo_15 Kam.v.- Slag.gv. 3 x 185 No F 1995 No 
Hel_1 K101 1 x 300 No L 1996 & F 

1996 
Yes 

1 Cables that failed during a VLF test in the field prior to laboratory investigations. 

Table 9.17 Design #13 cables from which the data used in this chapter originates. The 
cable consists of 450 m of Design #13 and 490 m of Ericsson AXCEL cable from 1994.  

Cable 
label 

Sample  
Label 

Cond. 
area 

(mm2) 

Failure 
in 

service 

Measurement 
event F=Field, 
L=Laboratory 

Water-tree 
analysis 

performed 
Åslj_1 Åsljunga-Stolpe 3 x 150 No F 1995 Yes 

 
9.7.8.2 Water-tree structure and distribution 

     a                  b 

 
Figure 9.43 The typical shapes of a water trees in 24 kV cable manufactured by IKO 
Kabel from 1970-1974. The cable shown in a exhibits many trees while cable b exhibits 
few trees. The trees have a branched-bush like structure. 

Typical water trees in a 24 kV IKO cable manufactured by IKO from 1970-74 
are shown in Figure 9.43 below. The trees are formed like thin bushes with 
several branches. In most cases there are many water trees, relatively evenly 
distributed along the insulation surface. However, some cables exhibit fewer 
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water trees than others. 

Table 9.18 Design #12 cable data including the longest water tree found (most of the 
data courtesy of Holmgren [131]; with water-tree analysis data for Sval_1 and Sval_2 
courtesy of Svensson [8]). 

Longest water tree found  
(% of insulation layer thickness) 

in 10 or 20, 0.5 mm sections 

Breakdown voltage 
AC breakdown step test (Uo) 

Sample/ 
Cable  
label 

Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 
Sk3 100, 62 64, 76 78, 55  24 kV1  68 kV1  28 kV1  
Bo_1: 
Bk2 
Bk92 
Bk93 

 
68 
73 
67 

 
80 
77 
77

 
58 
70 
69

 
166 kV1 

2.5 Uo 
2.5 Uo

 
111 kV1 

2.5 Uo 
1.7 Uo

 
214 kV1 

2.5 Uo 
2.5 Uo 

Mag_4 
Ha11 
Ha12 

55, 952 
90 

100 

68, 382 
80 
73

100,1002 
100 

88

 
2 Uo 
2 Uo

 
- 3 
- 3

 
- 3 
- 3 

Sval_1 ~ 40 ~ 40 ~ 40 - - - 
Sval_2 ~ 40 ~ 40 ~ 40 - - - 
Bo_3 
Lav11 
Lav2 

 
62 
58 

 
65 
48

 
65 
52

 
2.5 Uo 
3.5 Uo

 
2.5 Uo 
3.5 Uo

 
3 Uo 
4 Uo 

Bo_7 95, 91 100, 81 85, 64 VLF VLF VLF 
Hel_1: 
K101 

 
30 

 
54

 
39

 
4 Uo

 
4 Uo

 
4 Uo 

1 Lightning impulse (otherwise ACBD, AC breakdown, step test). 
2 Two water-tree analyses performed at the two fault sites found. 
3 Failed during preconditioning at Uo [131]. 

Table 9.19 Design #13 cable data including the longest water tree found (data courtesy 
of Svensson [8]). 

Longest water tree found  
(% of insulation layer thickness) 

in 10 or 20, 0.5 mm sections 

Breakdown voltage 
AC breakdown step test (Uo) 

Sample/ 
Cable  
label 

Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 
Åsljunga ~ 20 ~ 20 ~ 20  -   -   -  
 
9.7.8.3 Dielectric response 
Design #12 cables usually have pronounced VDP responses if water trees are 
present (see a in Figure 9.44). However in a few very badly deteriorated cables, 
LC responses have been detected (see b Figure 9.44). 

However, one cable (Mag_4 in Table 9.18), was found where only a few trees 
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bridging the electrodes were present (see b in Figure 9.43). That cable showed 
a TLC response with transition to leakage currents in Phase 1 at 9 kV, and in 
Phase 2 at 6 kV. In Phase 3—previously tested at a return voltage of 20 kV—a 
leakage current was present already at the initial 3 kV measurements. In Phases 
1 and 2, the losses were relatively low at the initial voltage levels, and in fact 
were very similar to Phase 2 in Rust_7 (see b in Figure 9.42). 
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Figure 9.44 Graph a shows Phase 2 from Bo_7, and b Phase 1 from Bo_7. 

Figure 9.45 shows measurements from a more moderately-aged Design #12 
cable. As can be seen, the response is lower, though the VDP response is clearly 
visible. 
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Figure 9.45 Graphs of the Design #2 cable Sval_1, measured in June 1995. 

Approximately 10 Design #13 cable circuits have been measured. Usually these 
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cables look new, or exhibit small VDP responses. Figure 9.46 shows 
measurements of a cable with the water-tree lengths known (see Table 9.19). 
One explanation for the absence of VDP responses may be that this cable design 
requires a slightly higher voltage in order to detect these (One other may be 
absence of water tree deterioration). None of these cables had failed in service 
up to January 2000. 
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Figure 9.46 Graphs of the sample Åsljunga, half the length of which was Design #13, 
the other half a new design that can be assumed to not have any water trees. 

9.7.8.4 Summary of Design #12 and #13 cables 
The 24 kV cable design with an insulation screen of graphite paint and tape 
manufactured by Iko in the early 1970s (#12 in Table 9.2), usually exhibits a lot 
of water trees. Almost all Design #12 cables measured in the field showed 
strong VDP responses, using voltage levels up to the service-level voltage. A 
few of these showed TLC or LC responses, and for these the risks of failure 
were confirmed to be very high. 

Based on very limited data, Design #13 seems to exhibit less dielectric response 
than Design #12, and is more like Design #11. This can be explained by 
Designs #11 and #13 using the same quality of PE.  

9.7.9 Design #14 cables manufactured by KWO 
9.7.9.1 Background and material investigated 
After failure in service, six KWO (1 x 3 x 300 mm2) single-phase cables from 
two different sites on one cable circuit were sent to the laboratory. These cable 
samples were visually inspected, and measured using voltage levels up to the 
service-level voltage (12 kV). In addition to this, water-tree investigations were 
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performed on samples taken from the ends and close to the two fault sites. After 
the diagnostic measurements the cables were put in tap water and approximately 
one year later, were included in Laboratory investigation 2 (see Section 11.3). 

9.7.9.2 Water-tree structure and distribution 
Vented trees were only found at one of the two fault locations. The vented-
water trees found bridged the entire insulation layer, and were large, without 
any clear tree structure. Later, in Laboratory investigation 2, a more detailed 
water-tree analysis was performed. The cable samples were seen to contain 
numerous small bow-tie trees [131]. 

9.7.9.3 Dielectric response 
Although the cable samples were very wet, the initial measurements did not 
show any sign of water-tree deterioration. The losses were low and did not 
show any voltage dependence up to the highest voltage level used, equal to the 
service-level voltage of 12 kV. The samples were then measured again in 
Laboratory investigation 2. Then the samples showed a high VDP response, 
typical for water trees (see Table 9.20). However, as shown in the table, the 
absence of vented water-trees in the remaining samples resulted in HV 
withstand. 

Table 9.20 Dielectric response expressed as voltage dependence in e'' at 1 Hz and 
breakdown test data [131]. 

Change in ε'' from Uo and 0.5Uo at 1 
Hz 

Breakdown voltage 
AC breakdown step test (Uo) 

Sample/ 
Cable  
label Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 

K115, 1 3.4 x 10-4 2.9 x 10-4 3.0 x 10-4  9 Uo 7 Uo  8 Uo 
K115, 2 3.2 x 10-4 4.3 x 10-4 2.1 x 10-4 9 Uo 8,5 Uo 7,5 Uo 
 
9.7.9.4 Summary of Design #14 cables 
Based on samples from one cable circuit only—the 24 kV cable design with a 
tape insulation screen manufactured by KWO (#14 in Table 9.2)—the Design 
#14 cable has a lot of small bow-tie trees and very few vented trees. The vented 
tree was large and bush-like without any clear structure.  

Previous experience of a relatively high density of vented water-trees in the 
insulation screen on cables with an insulation screen of graphite paint and 
textile tape is not confirmed by the KWO samples. However, there are also 
other significant design differences, such as differences in the curing process 
(see Subsection 8.3.5). 

The dielectric response in cable samples with these small bow-tie trees is a 
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typical, however rather low, VDP response. 

9.7.10 Water-tree distribution 
Some of the important questions to answer here are, “How is ageing distributed 
along the cable length?”, and “Is the ageing relatively evenly distributed along 
the cable length, or is the cable more locally degraded?”. Experience from the 
project supports the idea that this depends on cable design, however changes in 
the installation environment may also play an important role. A few tests were 
conducted in order to investigate tree distribution along the cable length. The 
tests are described below and divided into the different designs. 

Bo_12, (a Design #2 cable; see Table 9.3), was first measured over its entire 
length and then just the far one third. Both measurements, one with a TLC 
response and one with a very high VDP response, both indicated a very severely 
aged cable. Furthermore, the cable had two fault sites, and VLF test fault sites 
spread along the cable. All results indicate a very evenly aged cable. Another, 
less deteriorated Design #2 cable that was investigated was cable Mag_3 (see 
Table 9.3). This cable was measured in the field, and then later rehabilitated 
with CableCure, before being brought to the laboratory. All the water-tree 
analyses conducted gave same results—water trees of 30-40% of the insulation 
thickness. This cable also seems to be rather evenly aged. More data that 
indicate that Design #2 cables are evenly aged is that all the cables in the same 
area as Mag_3 and Mag_5 (see Table 9.3), all seemed have very similar levels 
of VDP response. All the other cables remained in service and no failures were 
reported. Furthermore, Design #2 cables that have failed in service (for example 
Tä_1; see Table 9.5) all have a very large response, also indicating even ageing. 

Bo_7 (a Design #12 cable; see Table 9.16) was measured along its entire length 
and then, after failure, from the fault site to the substations. This cable design 
also seems to be rather evenly aged. However, a small difference between the 
two parts was seen. Another Design #12 cable, measured along its entire length 
and then after a failure spitted up into three parts where the two end parts were 
measured, was Bo_3. These measurements also indicated that the cable was 
evenly aged.  

Design #9 tends to show the opposite of Design #12 and certainly of Design #2, 
and exhibits local aging (see Table 9.11). Cables Dref_1 and Tä_17 (see Table 
9.13) verify this. Cable Tä_17 failed in service, and a piece of approximately 30 
m had to be replaced in service. This cable was measured in the field without 
any dielectric response indicating water treeing. During the field measurements 
of samples Tb1 and Tb2 in Laboratory investigation 2 (see Section 11.3 and 
[131]), it was observed that the water-treed region was suddenly absent, 
indicating that the water-treed part had been replaced in the cable. Furthermore, 
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field measurements on Dref_1 (which exhibited a rather low VDP response in 
two phases and a TLC response on one phase, with confirmed water trees 
bridging the electrodes on all three phases) indicate that it was only deteriorated 
in part of the cable. The experience that this cable design exhibits local water 
tree deterioration was also confirmed by the manufacturer [27]. 

In discussions, SINTEF [19] say that local defects are more common in cables 
with extruded insulation screens, whereas cables with graphite paint and a tape 
insulation screen are usually more evenly aged. Since Design #9 has an 
extruded insulation screen, and Designs #2 and #12 have graphite paint and tape 
insulation screens, experience from this study also supports their earlier 
findings. 

9.7.10.1 Cable phase position in relation to the longest water tree 
Some microtomed and stained cable sections show quite large differences 
between their different cable phases, in their water-tree content and length of 
the longest water tree. However, many of these cable phases look very similar 
in a dielectric spectroscopy measurement and have almost equal voltage 
withstand.  

Is it possible that the position of the cable phases in a three-phase cable play an 
important role in the water-tree analysis? When cable Bo_7 (Design #12; see 
Table 9.16), failed it was noted that the fault-site position was directed 
downwards. The author asked Flodkvist [31] (from the power supply utility in 
question), whether this was usually the case. Flodkvist’s opinion was that the 
fault locations were directed randomly. 

Table 9.21 Water-tree analysis in cable Bo_7. 
Longest tree in percent of insulation layer thickness  

Phase 1 Phase 2 Phase 3 
Fault site (Phase 1 down) 95% 100% 85% 

Near fault site (phase 2 down) 91% 81% 64% 
 
However, two locations on this sample were chosen for water-tree analysis, one 
close to the fault site where Phase 1 was on the bottom, and the other closest to 
the site, where Phase 2 was on the bottom. The results are shown in Table 9.21. 
There is no sign of any relationship between where a phase is located and length 
of the longest water tree. 
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9.7.11 Summary of the influence of cable design 
Table 9.22 Water-tree structure and density, and required voltage level to detect water 
trees for the cable designs investigated. 
Design 

No. 
Design 
voltage 

Water-tree structure Water-tree density Required voltage to 
detect water trees 

#2  24 kV Small, thin trees  High <0.5Uo (~6 kV) 
#4  12 kV Thin trees and 

bush-like trees  
Rather low  ~Uo (~6 kV) 

#6  12 kV Large, bush-type  Very low >Uo (~8.5 kV) 
#7  24 kV - See #12 See #12 
#8  24 kV - Prob. rather high ~Uo (~12 kV) 
#9  24 kV Large, bush-type Very low >Uo (~14 kV) 
#11  12 kV Small, thin trees Rather low ~Uo (~6 kV) 
#12  24 kV Medium High ~Uo (~12 kV) 
#13  24 kV - - ~Uo (~12 kV) 
#14  24 kV Small bow-tie and 

huge, vented trees 
Bow-tie: high 
Vented: very low 

- 

  
Table 9.22 summarises some important differences between the cable designs 
investigated. A few designs were investigated regarding the distribution along 
the cable length. In Design #9, local sections of water-tree-deteriorated 
insulation were found. It has been verified by the manufacturer [27] and in 
discussions with SINTEF [19] that this is sometimes the case. Since Design #6 
is very similar to Design #9, and they have same type of water trees and 
dielectric response, it can be assumed that they behave in a similar manner. On 
the other hand, investigations show that Designs #2 and #12 have a rather even 
aging along their cable length. It is also SINTEF’s [19] experience that cables 
with graphite paint and a tape insulation screen age evenly. 

The voltage level required to detect water trees varies slightly with the design. 
In general, if the voltage level is expressed relative to the service-level phase to 
earth voltage (Uo), then 12 kV cable designs require slightly higher voltages. 
However this effect can be fully explained by the insulation thickness for 12 kV 
designs being more than half as thick as the 24 kV cable designs (3.4 and 5.5 
mm respectively). 

Water trees in all 24 kV cables are detected in all cable designs by using 
voltages up to the design-level phase to earth voltage (14 kV). In all 24 kV 
cable designs with an insulation screen of graphite paint and tape, the Swedish 
service-level phase to earth voltage (Uo) of 12 kV is adequate. In one cable 
design (Design #2), water trees are already detected between 3 and 6 kV, which 
is between 0.25 and 0.5Uo. 
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As mentioned above, the 12 kV cable designs need some electrical stress in the 
insulation in order to detect water trees. Therefore, it is necessary to use voltage 
levels slightly above the design-level (and service-level) voltage for Design #6, 
and preferably use service-level voltage (at least 6 kV) for 12 kV cable designs 
with graphite paint insulation screens (Designs #4 and #11). 
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10 Dielectric response in accessories 
10.1 Introduction to the chapter 
This chapter focuses on how accessories, especially cable terminations, 
influence the dielectric response measured in a cable circuit. When measuring 
cables in the field, especially low-loss PE and XLPE cables, accessories do in 
most cases limit the accuracy of the measurement of the cable insulation. It is 
therefore important to know and understand the influence of the accessories in 
question. 

Section 10.2 presents some general aspects of cable accessories. Section 10.3 
follows with a description of the design of some cable terminations and joints. 
Section 10.4 presents dielectric responses in some typical terminations and 
joints, and finally Section 10.5 presents a summary of the chapter. 

10.2 General aspects 
Prior to making a diagnostic measurement, the cable circuit has to be 
disconnected from the network. The disconnection is made at both ends by a 
circuit breaker combined with a disconnector, or more commonly a load-
disconnector. When the cable circuit is separated from the network it is earthed. 
After releasing the earth, the cable circuit is in principle, ready for an off-line 
diagnostic measurement. However, any voltage transformers present must be 
disconnected, otherwise there will be short-circuits at the low frequencies used. 

The cable circuit now consists of the cable, cable terminations, cable joints and 
connected items where present, such as surge-arresters, current transformers and 
support insulators at the cable ends. Surge-arresters are designed to be non-
linear and should be disconnected. Current transformers should be disconnected 
where possible, though the influence of those tested within this project was 
quite small. The responses were linear and the capacitances were low (C ~ 100 
pF, tanδ ~ 10-3). Since the insulation distance is quite long, support insulators 
normally have a low capacitance, and therefore their influence is usually quite 
small. However, if the creep path along the insulators is contaminated (which 
they are in many cases), they can contribute with leakage currents. These 
leakage currents can easily constitute the bulk of the measured losses.  

The normal procedure is to disconnect the cable conductors from the support 
insulators, thereby removing the influences that these and any connected items 
may have. However in cases where this is not possible, these influences can be 
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accepted (not including surge arresters) since support insulators and current 
transformers normally only influence the response marginally. When they do 
have an influence, this is normally detectable leakage currents. 

Cable joints cannot be excluded from the measurements. Cable terminations can 
be excluded by replacing them and using the guarding technique, however, this 
is never done in the field. Therefore, it is important to minimise influence of 
terminations by cleaning the surfaces with alcohol, and having basic knowledge 
about joint and termination designs. This includes understanding the designs as 
well as the influences they have on the dielectric-response measurements. 

10.3 Medium voltage accessory designs 
Since cable terminations and joints are accessories included in all field 
measurements, the section focuses mainly on these. 

10.3.1 Cable terminations 
Cable terminations are mounted at both ends of a cable where the insulation 
screen ends. The main aim of a cable termination is to control the electrical-
field distribution. Otherwise the electric stress along the surface close to the 
insulation screen becomes too high (see Figure 10.1). However, terminations 
should also act as a protective environment for the cable.  

 

Figure 10.1 Lines of equipotential along a cable end without a termination (after 
Elfving [40]).  

Terminations can be divided into two groups based on their methods for 
controlling the electric field. The first method, normally called stress-cone 
termination, uses geometrical field grading (see a in Figure 10.2). The other 
method is called material-field-grading termination, and uses a material with 
high, and possibly non-linear, permittivity and usually a non-linear 
conductivity. An example of this type of termination is shown in b in Figure 
10.2.  
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a        b 

 

Figure 10.2 Illustrations of a an ABB Kabeldon APIT cone termination, and b an 
ABB Kabeldon FSD tape termination (after Elfving [40]).  

An important property of terminations, especially for terminations using a high 
permittivity, non-linear conductivity material, is that the termination is designed 
to distribute an AC, line frequency, electric field. Therefore, partial discharge 
detection at low frequencies (such as 0.1 Hz) is in the authors opinion, not clear 
evidence of a bad termination. 

10.3.2 Cable joints 
A cable joint connects two pieces of cable into one. The joint itself should be as 
small as possible, and be able to withstand the expected service life of a cable, 
including of course the test voltages specified for the cable. 

In principle, a cable joint is a continuation of the cable itself (see Figure 10.3). 
The conductor is jointed and the conductor joint is covered with a conducting 
screen, an insulation material and an insulation screen. The insulation materials 
used mostly in the joints are EPDM (ethylene propylene diene monomer) or 
Silicone rubbers. These materials have higher losses than XLPE. However, the 
capacitance of a joint is quite small, around 100-200 pF. 

 

Figure 10.3 ABB Kabeldons slipover joint (after ABB Kabeldon [11]) 

In some joint designs, a stress-grading material is put along the cable insulation 
surface (see Figure 10.4), making contact with both the conductor and 
insulation screen. When measuring the cable, the stress-grading material may 
influence the response measurement.  
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Figure 10.4 Raychem’s SCTM joint (after Raychem [12]). 

10.4 Responses in medium voltage accessories 
10.4.1 Cable terminations 
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Figure 10.5 An  XLPE cable measured with the conductors connected to the substation 
without any cleaning of the terminations.  
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Figure 10.6 The same cable as in Figure 10.5, however here the conductors are 
disconnected and the terminations cleaned. 
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Since the loss in non-aged XLPE is very low, in most cases the terminations 
will influence the measurements. These influences can be divided into two 
parts, (i) the influence of the termination itself, and (ii) the influence of creep 
currents along the termination surface. 

Creep currents depend mainly on the surface conditions and the humidity. 
Creep currents are minimised by disconnecting the cable from the substation 
and cleaning the termination surface with alcohol or isopropanol. An example 
of how surface currents can influence the measurements is given in Figure 10.5 
and Figure 10.6. Note that apparent permittivity does not change that much 
with respect to surface creep currents. 

Problems may arise with cleaned termination surfaces in very humid conditions, 
such as in rain or fog, and when measuring at night. A solution here could be to 
guard the surface leakage current by a conducting tape or wire around the 
termination. The conducting tape should be applied to an insulating surface 
close to the cable shield.  

The influence of the termination itself depends on termination design and 
condition. One example of the differences observed in two terminations of the 
same design can be found in [125], and another example is presented in Figure 
10.7, where an 8 m, non-aged XLPE cable, terminated with a material-field-
grading shrinking tubing is measured with and without guarding. 
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Figure 10.7 The response of an 8 m XLPE cable sample (2.1 nF) with a pair of 
material-field-grading terminations, guarded and non-guarded. The guarded 
measurement is linear with the voltage, while the non-guarded is non-linear. 

An extensive investigation into how terminations influence the dielectric-
response measurements obtained by dielectric spectroscopy was made by 
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Avellan Hampe at KTH [134].  

The following are based on Avellan Hampe’s data and important findings [134]: 
• Stress-cone terminations (see 10.3.1), have linear responses. 
• Material-field-grading terminations (see 10.3.1), have non-linear responses 

(both in ε’ and ε”). 
• The influence is less at higher frequencies. 
• The non-linear effect of material-field-grading terminations starts already at 

relatively low voltage levels. 

Based on data in [134], it is concluded that when measuring shorter cables in 
the laboratory, it is necessary to guard the cable sample, otherwise the 
termination normally dominates the loss. When measuring cables in the field 
(normally longer cables), the influence of terminations could still be significant, 
depending on the level of loss in the cable. Therefore it is important to know all 
about the type of terminations, and the type and number of joints in field 
measurements. It is important to use as high a frequency as possible in the 
frequency sweeps, especially with shorter cables. 

The knowledge that stress-cone terminations are linear and how material-field-
grading terminations behave as a function of voltage increase the possibilities to 
separate water tree response from accessory influence. 

10.4.2 Cable joints 
As discussed in Subsection 10.3.2, a joint is mainly constructed as a 
continuation of the cable insulation. Therefore in most cases, joints influences 
the measurements less than the terminations do. However in some designs, a 
field-grading material is applied from the conductor to the insulation screen (see 
Figure 10.4). If such material becomes highly conductive, this could contribute 
with a leakage current that easily dominates the loss. The fact that some designs 
exhibit this behaviour is confirmed for example by Faremo [19] and Hvidsten 
[21]. 

A joint of the same design as shown in Figure 10.4, connecting a newer piece 
of cable and an older cable impregnated with CableCure® was measured in the 
laboratory after approximately one year of service. Due to high loss in the 
impregnated piece, the measurement is rather difficult to evaluate. However, the 
low sample capacitance of 600 pF makes it possible to limit the influence of 
loss at 0.1 Hz, to a value of 6 pF (0.01 x 600pF) and at 0.001 Hz to 60 pF (0.1 x 
600pF). A 60 pF loss at 0.001 Hz is equivalent to a resistance as high as 2,700 
GΩ. It should also be noted here, that the loss was not an LC type. The actual 
DC resistance in the specific joint is therefore much higher than 2,700 GΩ. 
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Current knowledge about the influence of joints is limited. Therefore a project 
investigating joints similar to the project on cable terminations presented by 
Avellan Hampe [134] would be beneficial. However a project on cable joints 
should focus especially on how conductivity in the grading material varies 
under different conditions, such as the ingression of moisture. 

10.4.3 Examples of other connection effects 
Since cable terminations and joints are accessories included in all field 
measurements, they are focused on here. However, situations can occur where a 
cable circuit is not prepared as expected. Figure 10.8 for example presents a 
surge arrester that is still connected at its far end.  

As can be seen in a in the Figure 10.8, the losses are high and dependent on the 
voltage level. However, the voltage dependence in the permittivity seen in b is 
low, and the latter 5 kV loss-level coincides with the initial 6 kV sweep in a. 
This does not fit any typical water-tree response (see Section 9.4), and therefore 
the result was not interpreted as water-tree deterioration. 
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Figure 10.8 Graph a showing ε’’ and b ∆ε’ for a cable circuit of 158 nF, measured 
with (*) and without a surge arrester connected in the circuit. 

10.5 Summary: Dielectric response in accessories 
Prior to a diagnostic measurement, the cable circuit has to be disconnected from 
the network. When the cable circuit is separated from the network, it is earthed. 
After releasing the earth, the cable circuit is in principle, ready for an off-line 
diagnostic measurement. However voltage transformers must be disconnected, 
otherwise short-circuits will occur at the low frequencies used. 

The cable circuit then consists of the cable, cable terminations, and any cable 

Not connected Not connected 

Connected* 

Connected* 
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joints and connected items, such as surge-arresters, current transformers and 
support insulators, at the cable ends. The procedure normally used is to 
disconnect the cable conductors from the support insulators, and then to clean 
the termination surfaces with alcohol. However in cases where it is not possible 
to disconnect the cable conductors, a measurement will most often be good 
enough to assess the cable status (but not normally when surge-arresters are 
present). An advantage with the dielectric spectroscopy method is that creep 
currents will show up different in the response compared with those generated 
by water-tree deterioration.  

Terminations can be divided into two types, (i) stress cones, where the field 
grading is geometrical, and (ii) material-field-grading terminations, where a 
stress-grading material with high, and possibly non-linear permittivity, and non-
linear conductivity. Stress cones exhibit a linear response, and material-field-
grading terminations exhibit a non-linear response. However the non-linear 
effect in those terminations, already starts far below (less than half) the design 
voltage). Furthermore, the influence of all the terminations investigated is less 
at higher frequencies. 

Cable joints also come in different designs, which needs to be investigated 
further. A joint usually contributes less to the response than does a termination, 
however, joints with field-grading material that have changing characteristics, 
can generate LC losses that easily dominate the losses from a cable circuit. 

When measuring shorter cables in the laboratory, it is necessary to guard the 
cable sample. Otherwise the termination normally dominates the loss. When 
measuring cables in the field (normally longer cables), the influence of 
terminations could still be significant, depending on the level of loss of the 
cable. Therefore it is important to know about the type of terminations, and the 
type and number of joints at the time of field measurements. As high a 
frequency as possible should be used in the frequency sweeps, particularly in 
shorter cables. 
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11 Relationship between dielectric 
response and voltage withstand 
11.1 Introduction to the chapter 
The relationship between the dielectric response in an XLPE cable and the 
voltage withstand is of the utmost importance when developing diagnostic 
criteria. Since the major ageing phenomenon in the XLPE cables investigated is 
water-tree degradation, water-tree content is also investigated. 

The AC breakdown (ACBD) strength is mostly used as a criterion for assessing 
the ageing status of a XLPE cable. The correlation between an impulse-voltage 
test, the ACBD test and other test methods, and the relationship of the ACBD 
values to the life of the cable assessed using other methods is discussed further 
in Subsection 5.2.2. 

Much of the investigation work presented in this chapter was undertaken 
together with Holmgren, and therefore some parts presented in his licentiate 
thesis [131]. Laboratory investigation 1 (Section 11.2), was performed with an 
approximately equal distribution of the work between Holmgren and the author. 
Laboratory investigation 2 (Section 11.3), consists mostly of work performed 
by Holmgren, and is the main subject of Holmgren’s licentiate thesis [131]. The 
author’s contribution to this part of the work was collecting the cable samples, 
and assisting in planning and the evaluation of the results. The author is fully 
responsible for the Very low frequency tests in the field (Section 11.4) and the 
sections following that. 

11.2 Laboratory investigation 1 
11.2.1 Introduction to the section 
The first investigation, Laboratory investigation 1, was initiated in the first half 
of 1994 (spring). Five cable samples from four cable circuits were removed 
from service and sent to the laboratory after testing of assessment methods at 
Sydkraft [7]. These cables had been subjected to DC leakage-current 
measurements at 5 kV DC (see Subsection 5.3.3.1) and Hagenuk VLF testing 
(see Section 11.4). 

Of the four cable circuits, only one circuit passed the VLF test after a piece of 
the cable was taken out, while the other three cable circuits failed during the 
VLF tests. Therefore it is possible that the cable samples included in Laboratory 
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investigation 1 contain electrical trees within the cable insulation. It is also 
possible that a cable failure was included. Electrical trees, and especially a fault 
location could influence both the response measured and the remaining voltage 
withstand. 

11.2.2 Equipment used 
The equipment used for measurements of the dielectric spectroscopy included 
the HV laboratory set-up, based on a Solartron 1250 frequency-response 
analyser, and the large resistive HV divider. The impulse test equipment used 
the equipment available at KTH, based on following components: 
• Impulse generator: ASEA, 3.2 MV, 13.8 nF  
• Capacitive HV divider: Haefely, 2000 kV 
• Peak voltmeter: Haefely, type 64 M 
• Digital recorder: Tektronix 7612D, computer-controlled 

The samples used for optical water-tree analysis were then cut out and analysed 
using the following equipment: 
• Microtome: Reichter-Jung Hn40 
• Staining equipment: Oven, methylene blue 
• Stereo microscope: Nikon SMZ-2T 

The optical water-tree analysis presented in Holmgren’s thesis [131] used the 
following equipment: 
• Video camera: Elmo, SP432 
• Frame grabber: Imagraph precision/chroma-p 
• Image analysis program: Optimas 5.2 

11.2.3 Cable samples 
The cable samples investigated (see Table 11.1), were collected from four 
different cable circuits (Sk1 and Sk2 are from same circuit) in three different 
distribution networks (Sk3 and Sk4 are collected from the same distribution 
network). All samples were examples of a cable-design manufactured before 
1978, with an extruded conductor screen and a graphite paint and textile tape 
insulation screen (for more background information see Chapter 8, [7] and 
[131]). 

11.2.4 Measurement procedures and sample preparation 
At this stage in the project, a proper guard path had already been designed and 
the voltage dependence seen in the dissipation factor had previously been 
observed in wet, field-aged, cable samples in the laboratory. 
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Table 11.1 Cable samples used in Laboratory investigation 1 (Sk1 and Sk2 are from 
the same cable circuit). 

Cable 
sample 

Design type 
(See section 8.3)  

Conductors Year of 
installation 

Manufacturer 

Sk1 #11 (12 kV) Al: 3 x 95 mm2 1976 Iko 
Sk2 #11 (12 kV) Al: 3 x 95 mm2 1976 Iko 
Sk3 #12 (24 kV) Al: 3 x 185 mm2 1971 Iko 
Sk4 #2 (24 kV) Al: 3 x 185 mm2 1971 Liljeholmen 
Bk2 #12 (24 kV) Al: 3 x 185 mm2 1970 Iko 
 
Therefore all the cable samples were prepared with a guard path (the cable 
terminations were not shielded). The cables were measured in their jackets (with 
the exception of Bk2), except for the impulse-voltage withstand tests, which 
were performed with the jacket removed. The cable samples were wet, though 
no external water was applied and the cable samples were not voltage pre-
stressed. 

The dielectric response was measured phase by phase, with all three phases still 
in their jackets. While measuring one phase, the other two were earthed. To 
evaluate voltage dependence in the dielectric response, the cables were 
measured at different electrical stresses. For 12 kV cables, voltage levels of 1.5, 
3 and 7 kV were chosen, and for 24 kV cables 1.5, 3, 6, 9 and 12 kV were used.  

Sk1 and Sk2 were initially measured using the same measuring scheme (Table 
11.2, measurement numbers 1-5). To Phase 1 of sample Sk1, and Phase 2 of 
sample Sk2, measurements numbers 6 to 9 were also added. A similar 
procedure was used on Sk4 and Bk2. However, Sk3 exhibited such high losses 
that measurements were performed up to 3 kV only. 

Table 11.2 Measuring scheme for 12 kV cable samples (Sk1 and Sk2). 
Measurement number Voltage level Frequency range 

1 1.5 kV 10 - 0.01 Hz 
2 3.0 kV 10 - 0.01 Hz 
3 1.5 kV 10 - 0.001 Hz 
4 3.0 kV 10 - 0.1 Hz 
5 7.0 kV 10 - 0.1 Hz 
6 3.0 kV 10 - 0.01 Hz 
7 7.0 kV 10 - 0.01 Hz 
8 3.0 kV 10 - 0.001 Hz 
9 7.0 kV 10 - 0.001 Hz 

 
Prior to lightning-impulse tests, the cables were split. Each phase was tested 
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separately with lightning-impulse tests, according to IEC-60. The starting level 
was 24 kV, and three negative impulses were applied per level. The step size 
between the voltage levels was approximate 10 kV and the voltage was 
increased until breakdown occurred. 

After the voltage tests a short piece of the insulation close to the failure site, was 
taken out for water-tree analysis. For more information on the water-tree 
analysis, see Holmgren [131]. 

11.2.5 Results and discussion 
Table 11.3 Selected dissipation factor values for the cable samples in Laboratory 
investigation 1. All values are from the first measurement event at a specified voltage 
level. 
Cable 
sample 

Phase 
no. 

Breakdown 
voltage 

Tanδ 
at 0.1 Hz 

U =1.5 kV 

Tanδ 
at 0.1 Hz 
U =3 kV 

Tanδ 
at 0.1 Hz 
U =7 kV 

Tanδ 
at 0.1 Hz 
U =12 kV 

 
Sk1 

1 
2 
3 

174 kV 
204 kV 
193 kV 

6.6 x 10-5 
5.8 x 10-5 
7.0 x 10-5 

7.6 x 10-5 
7.8 x 10-5 
8.6 x 10-5 

1.4 x 10-4 
1.8 x 10-4 
1.6 x 10-4 

- 
- 
- 

 
Sk2 

1 
2 
3 

117 kV 
138 kV 
158 kV 

6.7 x 10-5 
7.4 x 10-5 
9.7 x 10-5 

9.5 x 10-5 
1.1 x 10-4 
1.1 x 10-4 

7.3 x 10-4 
6.6 x 10-4 
1.8 x 10-4 

- 
- 
- 

 
Sk3 

1 
2 
3 

24 kV1 
68 kV 
28 kV 

220 
1.2 x 10-1 
1.4 

430 
2.5 x 10-1 
2.7 

- 
- 
- 

- 
- 
- 

 
Sk4 

12 
2 
3 

92 kV 
113 kV 
120 kV 

1.1 x 10-3 
3.1 x 10-4 
3.7 x 10-4 

2.1 x 10-3 
4.4 x 10-4 
5.9 x 10-4 

- 
- 
- 

9.3 x 10-2 
7.3 x 10-2 
9.2 x 10-2 

 
Bk2 

1 
2 
33 

166 kV 
111 kV 
214 kV 

1.0 x 10-3 
5.2 x 10-4 
4.8 x 10-4 

1.6 x 10-3 
7.7 x 10-4 
9.4 x 10-4 

- 
- 
- 

2.0 x 10-2 
6.6 x 10-2 
9.4 x 10-3 

1Sk3, Phase 1 couldn’t withstand the initial 24 kV impulse (possible fault location). 
2 SK4, Phase 1 had a darker colour than the other cable phases. 
3 Bk2 was split before losses measured. The losses decreased during the measurement 
and it took quit some time (3-5 days) before the breakdown test was performed).  

According to Subsection 9.4.1, the responses can be divided into three types, 
each reflecting different characteristics in the response of water trees. Sk1 and 
Sk2 had a VDP type response, with an increased level of loss and a voltage 
dependent loss and capacitance. The levels were quite low (see Table 11.3 and 
Table 11.4, and Figure 11.1). 

Sk4 and Bk2 had a strong VDP response (see Table 11.3 and Table 11.4, and 
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Figure 11.1). However, some phases of both these samples showed a TLC type 
response. The leakage current contributions were quite weak and disappeared 
after some time. 

Sk3 had strong leakage current influences, which is a LC type response. The 
losses were so high that measurements at higher voltages than 3 kV were 
avoided (12 kV was applied without the measurement equipment attached). 

Table 11.4 Optical water-tree analysis performed on two different samples from the 
same cable circuit, by two laboratories. Sk1 and Sk2 had few trees (some were quite 
long), the other samples had many. U0 is defined as the normal service phase to earth 
voltage (6 kV for 12 kV cable designs, and 12 kV for 24 kV cable design). 
Cable 
sample 

Phase 
no. 

Breakdown 
voltage (UBD) 

UBD/U0 Longest observed 
tree [131] 

Longest observed 
tree1 

 
Sk1 

1 
2 
3 

174 kV 
204 kV 
193 kV 

29 
34 
32 

None 
30% 
No 

38% 
None 
None 

 
Sk2 

1 
2 
3 

117 kV 
138 kV 
158 kV 

19 
23 
26 

None 
61% 
54% 

None 
32% 
47% 

 
Sk3 

1 
2 
3 

24 kV1 
68 kV 
28 kV 

21 
5.7 
2.3 

100% 
64% 
78% 

62% 
76% 
55% 

 
Sk4 

1 
2 
3 

92 kV 
113 kV 
120 kV 

7.7 
9.4 
10 

47% 
81% 
76% 

45-80%2 
45-80%2 
45-80%2 

 
Bk2 

1 
2 
3 

166 kV 
111 kV 
214 kV 

14 
9.2 
18 

68% 
80% 
58% 

 

1Test report, Alcatel, IKO Kabel, HM-308, attached to [7]. 
2Different labelling in [131] and 2 (45%, 73% and 80% respectively). 
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Figure 11.1 Graph of the dissipation factor (Tanδ) at 0.1 Hz (Sk1 and Sk2 at 7 kV, Bk2 
and Sk4 at 12 kV, and Sk3 at 3 kV) as a function of the lightning-impulse breakdown 
voltage (UBD) divided by service phase to earth voltage (U0). 

11.3 Laboratory investigation 2 
11.3.1 Introduction to the section 
The second investigation, Laboratory investigation 2, commenced in 1994 with 
the collection of cable samples. Samples were collected from cables removed 
from service, mainly due to failure, and were stored in tap water before the 
investigation was performed in mid 1996. Some of the cable circuits have also 
been measured in the field. 

As mentioned in the introduction to this chapter, much of the work in 
Laboratory investigation 2 was performed by Holmgren, and is the main subject 
of Holmgren’s thesis [131]. The author’s contribution to laboratory 
investigation 2, included the collecting of cable samples, and assisting in 
planning and the evaluation of the results.  

11.3.2 Equipment used 
The equipment used in Laboratory investigation 2 was mainly the same as used 
in Laboratory investigation 1 (see 11.2.2). However, AC test equipment was 
used instead of the impulse-test generator. The major components of the ACBD 
testing equipment are as follows: 
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• Regulating transformer: 200 kVA 
• HV Transformer: ABB 700 kV, 1.4 MVA, coupled to max 350 kV 
• HV divider: In-built HV transformer divider 
• Peak voltmeter: Haefely 51.  

11.3.3 Cable samples 
Table 11.5 Cable samples used in Laboratory investigation 2 (see also Holmgren 
[131]). 

Cable 
samplel 

Design type 
(See section 8.3) 

Conductors Year of 
installation 

Manufacturer 

Sb1 #11 (12 kV) Cu: 3 x 50 mm2 <1976 Iko 
Sb3 #11 (12 kV) Cu: 3 x 50 mm2 <1976 Iko 
Gl21 #11 (12 kV) Al: 3 x 300 mm2 Unused Iko 
Gl22 #11 (12 kV) Al: 3 x 300 mm2 Unused Iko 
Sklö #8 (24 kV) Al: 3 x 35 mm2 1973 Sieverts 
Bk92 #12 (24 kV) Al: 3 x 185 mm2 1970 Iko 
Bk93 #12 (24 kV) Al: 3 x 185 mm2 1970 Iko 
Ha11 #12 (24 kV) Al: 3 x 185 mm2 1971-72 Iko 
Ha12 #12 (24 kV) Al: 3 x 185 mm2 1971-72 Iko 
Käby1 #2 (24 kV) Al: 3 x 185 mm2 1971-73 Liljeholmen 
Lav11 #12 (24 kV) Al: 3 x 185 mm2 1972-73 Iko 
Lav2 #12 (24 kV) Al: 3 x 185 mm2 1972-73 Iko 
K101 #12 (24 kV) Al: 1 x 300 mm2 1972 Iko 
K115A #14 (24 kV) Al: 1 x 300 mm2 1973 KWO 
K115B #14 (24 kV) Al: 1 x 300 mm2 1973 KWO 
Sb2 #4 (12 kV) Al: 3 x 50 mm2 <1976 Sieverts 
Sb4 #4 (12 kV) Cu: 3 x 50 mm2 <1976 Sieverts 
Sv3 #4 (12 kV) Al: 3 x 50 mm2 1980 Sieverts 
Gl16 #6 (12 kV) Al: 3 x 70 mm2 1975 Sieverts 
Gl17 #6 (12 kV) Al: 3 x 70 mm2 1975 Sieverts 
Tierp1 #6 (12 kV) Al: 3 x 95 mm2 1975 Sieverts 
Sv21 #6 (12 kV) Al: 3 x 150 mm2 1977 Sieverts 
Sv11 #6 (12 kV) Al: 3 x 185 mm2 1980 Sieverts 
Lo/to1 #9 (24 kV) Al: 3 x 95 mm2 1972-761 Sieverts 
Lo/to2 #9 (24 kV) Al: 3 x 95 mm2 1972-761 Sieverts 
Tb1 #9 (24 kV) Al: 3 x 185 mm2 1974-75 Sieverts 
Tb2 #9 (24 kV) Al: 3 x 185 mm2 1974-75 Sieverts 
1 The cable was spliced in 1985 and could originate from that age. 

The 27 cable samples investigated (see Table 11.5), were collected from 20 
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different cable circuits (Gl21 and Gl22, Bk92 and Bk93, Hal1 and Hal2, Lav11 
and Lav2, K115A and K115B, Lo/to1 and Lo/to2, and Tb1 and Tb2 are all pairs 
of samples from one circuit each). The cables were collected from various 
power-supply utilities around Sweden, to ensure good geographical spread. 

These cables were all installed between 1970 and 1980, except for (Gl21 and 
Gl22) which was a spare cable and had never been installed although it was 
manufactured around 1970.  

11.3.4 Measurement procedures and sample preparation 
By mid 1996 (summer), the importance of guard path and shielding (see Section 
7.4) were known, and a sample set-up was designed in order to shield the cable 
terminations. 

In addition, the importance of keeping the cable wet and the influence of the 
voltage applied were investigated (see Sections 9.5 and 9.4.2). Therefore, a 
preconditioning procedure was defined, and the cable samples were stored in 
tap water for at least 6 months. Cable samples were then prepared by having 
their terminations mounted and separated from the measurement electrode by 
proper guard paths. The sample was then energised at U0, and 50 Hz for 
approximately 15 hours prior to diagnostic measurements. 

The three phases of each cable sample were measured while still in their jackets. 
When measuring one phase the other two were earthed. The measurement 
procedure chosen, consisting of six frequency sweeps, is the same procedure as 
that used mainly in the field at the time, and listed in Table 11.6.  

Table 11.6 Outline of the measurement procedure used in Laboratory investigation 2 
(see also Holmgren [131]). Uo is defined as the normal service phase to earth voltage, 
6 kV for a 12 kV cable design and 12 kV for a 24 kV cable design. 

Sweep number Voltage level Frequency range1 
1 0.25U0 1 - 0.2 Hz 
2 0.5U0 1 - 0.1 Hz 
3 0.75U0 1 - 0.2 Hz 
4 U0 1 - 0.1 Hz 
5 0.5U0 1 - 0.2 Hz 
6 0.25U0 1 - 0.1 Hz 

1 The phase measured last on each cable was measured down to 0.01 Hz. 

The first four sweeps provide information on the voltage and frequency 
dependence of permittivity (the upper frequency used now has the same height 
as the instrument capacity in order to minimise the influence of accessories). 
The fifth and sixth sweeps are applied to investigate hysteresis, plus irreversible 
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processes and leakage currents. The measurements were performed by three 
measurements per decade, and two measurements were made at each frequency, 
to be able to see any deviation between measurements at the same frequency. 

The measuring time interval for this procedure is approximately 7 minutes per 
phase. However, since the harmonic contents of the measured signals were 
collected, the actual measurement interval was longer, approximately 20 
minutes per phase. 

After the diagnostic measurements were done, breakdown tests were performed 
with the AC step test, using increasing voltages in intervals of 5 min per step 
(see Holmgren [131]). 

An important limitation with the breakdown data is that owing to a lack of 
adequate terminations, ordinary cable terminations were used. These worked 
adequately up to voltage levels of around 70-80 kV. Above this level, plastic 
bags filled with SF6 gas surrounded the terminations. Although the gas was not 
pressurised, this arrangement withstood voltages up to around 110 kV.  

Some samples were tested until flashover occurred at 70-80 kV. The test was 
then continued until breakdown. Since a flashover generates transients that can 
introduce electrical trees, a lower withstand voltage was expected in these 
compared with those using plastic bags from the start. Another limitation is that 
when no breakdown occurs through the insulation, the final flashover voltage is 
registered as the breakdown voltage. 

The major result of this, is that cable samples rated 24 kV (U0 = 12 kV) with a 
registered withstand voltage above 6 U0 (6 x 12 = 72 kV) probably withstand 
higher voltage levels than these. 

After the voltage tests were done, a short piece of the insulation from close to 
the failure site was taken out for water-tree analysis. For more information on 
the water-tree analyses, see Holmgren [131]. 

11.3.5 Results and discussion 
Figure 11.2 shows the loss value at 1 Hz and service phase to earth voltage (U0) 
plotted as a function of the AC breakdown (ACBD) voltage expressed as the 
ratio of ACBD voltage divided by U0 (12 or 6 kV). Cable samples with a TLC 
or LC type response (see 9.4.1) were taken out and placed in the upper part of 
the graph without having any loss value associated with them. 
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Figure 11.2 Loss at 1 Hz, expressed by plotting ε'' against ACBD voltage divided by the 
service voltage. *Samples with leakage current (TLC or LC type response) are placed 
in the upper part of the graph without showing any associated loss values.  

As can be seen in Figure 11:2, the cable samples with TLC or LC type response 
have very low breakdown voltages. In cable samples with a VDP response, a 
good correlation is found with the ACBD voltage. However, as mentioned in 
Subsection 11.3.4, some ACBD voltage values above 6U0 should probably be 
higher. 
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Figure 11.3 The loss at 1 Hz and 0.1 Hz respectively, expressed by plotting ε'' against 
the ACBD voltage divided by the service voltage. 

Since the frequency dependence of the loss is weak for VDP type responses (see 
9.4.1), the graph looks similar regardless of whether it is plotted at 1 Hz or 0.1 
Hz (see Figure 11.3).  
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In Figure 11.4, the changes in loss and capacitance between 0.5 U0 and U0 are 
plotted against the ACBD voltage. Additionally, these two parameters relate to 
the breakdown voltage in a very similar way. Figure 11.4 b also shows the 
capacitance change for the cable samples measured at U0, with leakage currents, 
denoted by “Leakage at U0”. 
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Figure 11.4 The loss increase from 0.5U0 to U0 at 1 Hz, a expressed by plotting 
∆ε''nonlin and the capacitance increase from 0.5 U0 to U0 at 1 Hz, b expressed by 
plotting ∆ε'nonlin, against the ACBD voltage divided by U0. **Cable samples with 
leakage current present already at U< U0 are placed in the upper part of the graph 
without any associated capacitance change values. 

The relationship between the change in capacitance and the loss as a function of 
voltage is shown in Figure 11.5. Here all the cable samples in Laboratory 
investigation 2 that showed a measurable change in loss above 10-4 are plotted 
against the change in capacitance. 

The ratio of (∆ε''nonlin/∆ε'nonlin) in Laboratory investigation 2 equals 
approximately 0.5. This ratio is experimentally verified in the laboratory down 
to 10-5. However the ratio in the field seems to be higher, close to 2. This 
difference could originate from the fact that most cables in the field were 
measured at a temperature below room temperature or the fact that the cable 
samples in the laboratory were stored in water prior measurement (or a 
combination of both of these). 

In order to evaluate the influence of a higher voltage level, the 12 kV cable 
samples included in the investigation were additionally measured up to twice 
the expected service phase to earth voltage U0. The additional voltage levels 
used were 0.5U0, U0, 1.5U0 and 2U0. 
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Figure 11.5 A plotting of ∆ε''nonlin versus ∆ε'nonlin defined as the changes in loss and 
capacitance from 0.5U0 to U0 respectively. Only samples with ∆ε''nonlin >10-4 are 
included. 
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Figure 11.6 The loss, expressed by ε'', at U0, 1.5U0 and 2U0 for the 12 kV cables at 0.1 
Hz, versus the ACBD voltage divided by U0. 

As can be seen in Figure 11.6, the cable samples with an ACBD voltage in the 
range 3-4.5U0 received an increase in loss or TLC type response at 1.5U0. At 
2U0 (see Figure 11.6), the loss was increased further. One cable that contained 
water trees (see also [131]), exhibited a high loss at 2U0. However, the 
breakdown voltages for these samples were as high as 7U0. 
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11.4 Very low frequency tests in the field 
11.4.1 Introduction and description of the very low frequency test 
An alternative test method for installed cables is the 0.1 Hz VLF test method. 
There are two different voltage shapes used, a sinusoidal one and what is 
referred to as a cos-trapezoidal shape (see Figure 11.7, by Hagenuk [75]).  

 

Figure 11.7 Cos-trapezoidal-shaped voltage generated by Hagenuk’s VLF test 
equipment (after Kalkner and co-workers [73]). 

The cos-trapezoidal-shape voltage is generated by a single (negative) DC 
voltage source and a special switch (see [73] or [75]). The cable is initially 
charged by the negative DC source. The switch then transfers the energy to a 
positive voltage and vice versa. The energy dissipated is added by the DC 
source on the negative voltage side only. Therefore the magnitude of the 
positive half-cycle is slightly less than magnitude of the negative half-cycle (see 
Figure 11.7).  

The Hagenuk VLF test system used on cables included in this thesis is owned 
by Stockholm Energi AB. They have used voltage levels defined by the 
negative peak voltage. For example, by using a voltage level of 2.5U0 in a 21 
kV network, they have used a voltage with a negative peak value of 30 kV (2.5 
x 12), with reference to the service phase RMS voltage of 12 kV (21/ 3 ). In 
one particular situation, where the author was present, the negative peak value 
was -30 kV, and the positive level (level after the short transient) was +26 kV. 

It is in the author's opinion that it is very questionable that a voltage shaped like 
the one in Figure 11.7, with a negative peak value of -30 kV and a positive 
peak value of 26 kV, is expressed as a factor (2.5) times the service, phase to 
earth, RMS voltage (12 kV).  
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11.4.2 Cable samples sent to the laboratory after a 0.1 Hz test 
All cable samples used in Laboratory investigation 1, described in Section 11.2 
above, have been tested with Hagenuk’s VLF test prior to being sent to the 
laboratory. Mag_1 (Sk3) and Mag_2 (Sk4) were fully replaced after the VLF 
test. Major parts of Bo_1 (Bk2) were also replaced. Rust_1 (Sk1 and Sk2) was 
fully replaced at the time of writing the thesis. However, initially only a part of 
this cable was replaced with the remaining part left in service. This remaining 
part has been measured a few times during the life of the project. 

Rust_1 was installed in a 6 kV network (with a design voltage of 12 kV). This 
network had many cables of the same or similar design, installed during a quite 
short period in the mid 1970s. Some faults had occurred in the network prior to 
the VLF test, performed in 1993 [7]. The VLF test voltage, defined as described 
in Subsection 11.4.1, was 16 kV. The cable (Rust_1) had initial breakdowns in 
Phases 1 and 3.  

After removal of “bad” pieces of cable, the piece closest to the Kyrkbacken 
substation passed the VLF test (16 kV, for 60 minutes) and was then connected 
to a new substation named Turistgården. This remaining part has been measured 
several times during the project. 

In 1995, this cable was measured for first time in the field (there was a lot of 
difficulty encountered). The cable behaved strangely, seeming to have a leakage 
current contribution indicating water trees bridging the entire insulation layer. 
The jacket was also found to be damaged. A short piece around the visibly 
damaged jacket was then replaced. 

On a later occasion in 1996, all cables in the Rust network were measured. 
Rust_1 had leakage already at low voltages and behaved quite strangely. Two 
other cables had TLC type response and the others proved to be satisfactory.  

In December 1996, the voltage level in the Rust network was increased from 6 
kV to 11 kV. Prior to the increase in the voltage level, the two cable circuits 
assessed to be bad were replaced. However Rust_1 was left in service. Rust_1 
then failed in the first half of 1997 (spring) while the other cable circuits still 
seemed to be problem free (see also Section 13.3). 

Another cable tested with the VLF test set was a cable in a 21 kV Swedish 
network. The cable circuit withstood the test at 40 kV for 60 minutes. However 
it failed within a few hours after the circuit was reconnected to the grid net. 
Furthermore, the cable failed again a few years later. Figure 11.8 shows an 
electrical tree within a water tree in this particular cable.  
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Figure 11.8 An electrical tree within a water tree, two years after a VLF test. 

After this second fault, a longer piece was removed and the cable hasn’t had any 
more cable faults since then. 

11.4.3 Cables VLF tested in the field after diagnostic measurement 
Two cables were tested with 0.1 Hz VLF after failure, and after diagnostic 
measurement with dielectric spectroscopy. These cables were Bo_7, part 
Nors21 (Design #12; see 9.7.8) and Bo_12 (Design #12; see 9.7.2).  

Bo_7 was initially measured in September 1995. Phase 1 had strong LC type 
response, already contributing at the initial 3 kV level (the service-phase 
voltage is 12 kV). The equivalent impedance was only 180 MΩ. The 
measurement was interrupted and a new measurement was made at 500 V, 
showing leakage currents equal to approximately 300 MΩ. After the diagnostic 
measurements, the insulation impedances were measured on all three phases. 
Phase 1 was also DC tested with the results shown in Table 11.7. The cable was 
put back in service, however Phase 1 failed after only one week in service. 

Table 11.7 Results of DC impedance measurements and DC test results on Bo_7.  
Phase 1 Phase 2 Phase 3 

0.5-1 GΩ at 500V 
0.1-0.2 GΩ at 5 kV 
No breakdown at 20 kV 

Infinite at 5 kV 
(>100 GΩ) 

Infinite at 5 kV  
(>100 GΩ) 

 
The cable was then split at the fault location, and the phases in the two cable 
pieces—Nors21 and Nors22—were measured separately. All three phases on 
both samples had strong VDP responses without any LC contribution (see Phase 
1 measurements in Figure 11.9). It can therefore be assumed that the leakage 
current originated from just one or a few water trees around the fault location. 
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Figure 11.9 Graph of VDP response in a Nors21, and b Nors22 from cable Bo_7, 
measured 22-09-1995. 

The diagnostic measurements of sample Nors21 (cable Bo_7) show a strong 
VDP response, indicating a heavily water-tree-deteriorated cable. Phase 3 had a 
slightly lower response than the other two phases. Therefore the VLF test 
results and the water-tree analyses confirmed the dielectric measurements (see 
Table 11.8 and Table 11.9).  

Table 11.8 Results from sample Nors21, cable Bo_7, VLF tested 26-09-1995. 
Nors21 (Bo_7) 
(Length 170 m) 

Voltage 
level 

Time 
(min) 

Fault  
location 

DC Resistance 
 

Phase 1 2.5U0 27 min 90 m Not measured 
Phase 2 2.5U0 2 min 150 m Not measured 
Phase 3 2.5U0 

3.0U0 
60 min (ok)

2 min 115 m
Not measured 

 
Table 11.9 Water-tree analysis results on 10 sections of Cable Bo_7 of 0.5 mm 
thickness.  

Longest tree in percent of insulation layer thickness  
Phase 1 Phase 2 Phase 3 

Fault site (Phase 1 down) 95% 100% 85% 
Near fault site (Phase 2 down) 91% 81% 64% 
 
Cable Bo_12 was first measured on the 14th of September 1995, just a few days 
after the cable was taken out of service due to a cable fault in an adjacent cable 
(this was initially one circuit before it was split up, and an additional substation 
was built). Water-tree analysis from this fault site is presented in Table 11.10.  
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Table 11.10 Water-tree analysis results for cable Bo_12 (20 sections of 0.5 mm). 
Longest tree in percent of insulation layer thickness  

Phase (red) Phase (-) Phase (white) 
Fault site 89% 33% 42% 

 
The dielectric-response results showed it to be a highly deteriorated cable. 
Phase 1 exhibited a TLC response; Phase 2 showed an even worse TLC 
response, and Phase 3 had a very strong VDP response. However, the cable was 
put back into service and failed just after about a week. The cable was split up 
at the fault site and the farthest third of the cable was measured. All three phases 
had strong VDP responses, however there were no TLC or LC responses. 

The nearest two thirds of the cable were then VLF tested. Unfortunately no data 
from the dielectric-spectroscopy measurement from these parts are available. 
The results of the VLF testing are shown in Table 11.11. 

Table 11.11 Results from cable Bo_12, VLF tested 26-09-1995.  
Bo_12 
(Length 700 m) 

Voltage 
level 

Time 
(min)  

Fault  
location 

DC Resistance 
@ 1 kV 

Phase 1 3U0 01  15 m 930 MOhm 
Phase 2 3U0 02 180 m 420 MOhm 
Phase 3 3U0 8 min  420 m 680 MOhm 
1 Did not even reach voltage peak value.  
2 At first voltage peak 

The dielectric-spectroscopy measurements indicate that the water-trees bridge 
the whole insulation layer, at least in Phases 1 and 2. The cable is in very bad 
shape. This is confirmed by the VLF test. The water-tree analysis from an 
adjacent fault site, indicates that two of the phases have shorter trees. However 
dielectric-spectroscopy measurements and the VLF test indicate that this is not 
the case. 

11.5 Cable failures in service 
11.5.1 Introduction to the section 
Until now, the dielectric response has been related to breakdown by a test 
voltage. In Laboratory investigation 1, lightning impulses were used; in 
Laboratory investigation 2, an AC step test voltage was used; and in the field a 
VLF test voltage was used.  

However, the relationship between withstand voltages in a test and the 
probability of insulation breakdown in the field is not investigated. Therefore, 
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the experiences gained during the project regarding the dielectric response of 
cables failing after a measurement, of cables failing prior to a measurement, and 
finally about the dielectric response of cables that have not failed, all add to 
knowledge about this relationship.  

11.5.2 Measured cables failing after measurements 
Seven cable circuits have failed after measurements were performed. One of the 
cables was a Design #2 cable (Bo_12; Table 9.3), two were Design #11 cables, 
(Rust_1 and Tran_1, Table 9.14), two were confirmed to be Design #12 cables 
(Bo_3 and Bo_7, Table 9.16) and the remaining two were most probably 
Design #12 cables. 

All these cables, except for Tran_1 had TLC or LC type responses on at least 
one phase in the measurements. However, Tran_1 was measured from one 
substation towards an earlier fault site, and not from the other substation. Since 
the latter mentioned fault site was not located, it may not be the part that was 
measured that actually failed. 

11.5.3 Cables failing prior to the diagnostic measurement 
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Figure 11.10 Plotting of ∆ε"nonlin, versus ∆ε'nonlin for selected cables measured in the 
field. 

Especially at the beginning of the project, cable circuits failed in service were 
measured after repair and some time in service. Such measurements reflect the 
remaining part of the cable. In some cases, where the cable was homogenously 
aged, the response reflects a cable at the very end of its life. In other cases, 
where the ageing is very heterogeneous, the response reflects the remaining part 
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of the cable. 

Some cables that previously failed in service exhibited TLC or LC type 
responses in at least one phase. However the other cables or phases had VDP 
type responses. In Figure 11.10, the voltage dependence expressed in losses 
(∆ε"nonlin) is plotted against voltage dependence in the permittivity (∆ε'nonlin). 
Filled squares represent cables that failed previously, while empty circles 
represent cables without any previous failures (note that if one phase has failed, 
all three phases are treated as belonging to a failed cable). 

11.5.4 Cables that had not previously failure prior to measurement 
In total, approximately 150 cables of three phases each, were measured during 
the project. Sometimes these cables were replaced according to the diagnostic 
measurements, and other times not (see for example Chapter 13 on Case 
studies). As mentioned in Subsection 11.5.2, only seven cables failed at some 
time after measurements were made. All of these cables, except for Tran_1, 
were assessed as being severely aged.  

Several other cables (approximately 10) were also judged severely aged due to 
their TLC or LC responses, however these cables were replaced prior to failure. 
Cables with strong VDP type responses were in some cases replaced within a 
few years (see for example Section 13.2 on the Case study 1: a 21 kV network 
in North Botkyrka). Most other cables with VDP responses are still in service 
with no faults reported [30]. 

11.5.5 Conclusion of cable failures in service 
The risk of a cable failure is small when the cable has a VDP response, even 
though water-tree deterioration may be rather severe. The risk is very low in the 
Swedish 6 kV network due to the low stresses involved. 

When a cable has a TLC or an LC response, the risk of failure is moderate in the 
6 kV network, and very high in the 21 kV network. For cables in the 21 kV 
network with TLC or LC responses, it is not recommended that the cable be 
reconnected, even though it usually withstands service conditions for at least a 
few weeks. 
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12 Diagnostic procedure and criteria 
12.1 Measurement procedure 
12.1.1 The general case 
Since this is an off-line method, the cable has to be disconnected from the 
network before the measurements begin. In most situations, the cable 
conductors are unbolted from the substations and the terminations are cleaned 
with alcohol. This is done in order to minimise the effects of substations and 
creep currents. However, in the few cases where this procedure is not possible, 
measurements can be made with the cable still connected to the substation. For 
a more detailed description of the disconnecting and reconnecting procedure, 
see Appendix 1. 

The measurement system HV output is connected to the cable conductor. In 
general, the cable shield is kept earthed. The two phases, which are not 
currently measured, are earthed. The high voltage is activated and the 
measurement begins. For a more detailed description of the instrument handling 
procedure, see Appendix 2. 

The normal procedure consists of a sequence of five frequency sweeps: 10-0.1 
Hz at 0.25, 0.5, 0.75, 1 and 0.5 times U0. The maximum current in the HV 
amplifier limits the upper frequency. The time interval for measuring is 
approximately seven minutes per phase. After the measurements have been 
completed, the cable is reconnected into service.  

The above-mentioned procedure includes five frequency sweeps at a maximum 
voltage of U0. A cable already showing TLC or LC responses at low voltage 
levels indicates severe ageing, and the measurement is then interrupted. There is 
no benefit in endangering the cable by proceeding to higher voltages. 

On the other hand, the cable may not show any sign of a water-tree response 
even at the highest voltage. If the power-supply utility in question agrees to it, a 
higher voltage level (≤ 2U0) can be recommended in order to detect ageing in 
some types of cables. At higher voltage levels, it is possible to detect water trees 
that would otherwise not have been seen. This however always implies a risk of 
cable damage. 
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12.1.2 Special recommendations for cable designs investigated here 
Section 9.7, discusses differences observed on most of the early MV designs 
existing in Sweden (see Table 9.2). In the following sections, the designs that 
have been investigated are listed together with slightly modified measurement 
procedures in order to detect water treeing while keeping the voltage applied as 
low as possible, to ensure that the method is non-destructive. 

For Design #2 cables (Liljeh. 24 kV, with a graphite paint insulation screen) the 
recommended procedure is to use voltage levels up to the service-level voltage 
(U0), which is 12 kV in 21 kV networks. Since water-tree deterioration in this 
design gives the characteristic water tree response far below 12 kV, it is 
recommended not to use any voltage level higher than U0 as long as U0 is 
greater than 6 kV (see also Table 12.1). 

For Design #4 cables (Siev. 12 kV, with a graphite paint insulation screen) the 
recommended procedure is to start by using voltage levels up to the service-
level voltage (U0), which is 6 kV in 10.5 kV networks. Since the response 
below 6 kV is quite small for moderately-deteriorated cables, voltage levels up 
to 7 kV (design phase to earth voltage) are recommended for cables that do not 
show any water-tree deterioration response in the initial procedure (see also 
Table 12.1). 

For Design #6 cables (Siev. 12 kV, with an extruded insulation screen) the 
recommended procedure is to start by using voltage levels up to the service-
level voltage (U0), which is 6 kV in 10.5 kV networks. Since the response is 
usually too low to be detected at the service-level voltage, and the design is 
sometimes locally deteriorated, it is also recommended that if the cable looks 
non-deteriorated up to the service-level voltage, to use higher voltage levels. At 
higher voltage levels, in this case 9 kV or possibly slightly higher, it is possible 
to detect water trees that otherwise would not have been seen. This however 
always implies a risk of cable damage (see also Table 12.1). 

For Design #7 cables (Siev. 24 kV, with a neoprene tubing insulation screen) 
only one cable was measured, however that cable indicated similarities with 
Design #12 (see Design #12 below; also Table 12.1). 

For Design #8 cables (Siev. 24 kV, with a graphite paint insulation screen) the 
recommended procedure is to start using voltage levels up to the service-level 
voltage (U0), which is 12 kV in 21 kV networks. Since the response seems to be 
more pronounced at higher voltages, it is recommended that if the cable looks 
non-deteriorated up to the service-level voltage, to use voltages up to 14 kV 
(equalling the design phase to earth voltage level), (see also Table 12.1). 
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For Design #9 cables (Siev. 24 kV, with an extruded insulation screen) the 
recommended procedure is to start using voltage levels up to the service-level 
voltage (U0), which is 12 kV in 21 kV networks. Since the response is more 
pronounced at higher voltages, and the design is sometimes locally deteriorated, 
it is recommend that if the cable looks non-deteriorated up to the service-level 
voltage, to use voltages up to 14 kV or possibly 16 kV (14 kV equalling the 
design phase to earth voltage level), (see also Table 12.1). 

For Design #11 cables (Iko 12 kV, with a graphite paint insulation screen) the 
recommended procedure is to start using voltage levels up to the service-level 
voltage (U0), which is 6 kV in 10.5 kV networks. Since the response below 6 
kV is very small for moderately-deteriorated cables, voltage levels up to 8 kV (6 
kV for cables installed in 6 kV networks) are recommended when the cable 
looks good up to the service-level voltage. 

For Design #12 cables (early Iko 24 kV, with a graphite paint insulation screen) 
the recommended procedure is to start using voltage levels up to the service-
level voltage (U0), which is 12 kV in 21 kV networks. Since the response is 
sometimes more pronounced at higher voltages, it is recommended that if the 
cable looks non-deteriorated up to the service-level voltage, to use voltages up 
to 12 kV for networks with a service to phase voltage below 12 kV. 

For Design #13 cables (later Iko 24 kV, with a graphite paint insulation screen) 
the recommended procedure is to start using voltage levels up to the service-
level voltage (U0), which is 12 kV in 21 kV networks. Since the response may 
be more pronounced at higher voltages, it is recommended that if the cable does 
not look deteriorated up to the service-level voltage, to use voltages up to 14 kV 
(design voltage), (see also Table 12.1). 

Table 12.1 Recommended maximum voltages used in the diagnostic procedure for the 
cable designs investigated in this thesis. 
Design 

No. 
Design 
voltage 

Voltage required to 
detect water trees 

Initial procedure 
max. level 

Extended procedure 
max. level 

#2  24 kV <0.5U0 (~6 kV) U0 6 kV 
#4  12 kV ~U0 (~6 kV) U0 7 kV  
#6  12 kV >U0 (~8.5 kV) U0 9-10 kV 
#7  24 kV See #12 U0 See #12 
#8  24 kV ~U0 (~12 kV) U0 14 kV  
#9  24 kV >U0 (~14 kV) U0 14-16 kV 
#11  12 kV ~U0 (~6 kV) U0 6-8 kV 
#12  24 kV ~U0 (~12 kV) U0 12 kV 
#13  24 kV ~U0 (~12 kV) U0 14 kV 
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12.2 Diagnostic criteria 
12.2.1 The general case 
The diagnostic criteria presented in this section are based on laboratory 
investigations as well as experience from the field. The criteria use the 
definition of responses found in Section 9.4. Using these criteria, the cables that 
are measured are divided into the three categories described below. 

Severely aged 
If a TLC or LC type response is observed during the measurement, the 
measurement is usually interrupted and the cable assessed as bad. Depending on 
the leakage current level, cable design and the voltage level of the network, the 
cable can continue to be used for a while or has to be replaced immediately. In 
general, the breakdown strength of these cables is relatively low. The 
normalised AC breakdown strength is estimated to be in the range of 2.5 
(U0/UBD≤2.5).  

Significantly aged 
Cables with a VDP type response, which is the case for most water-tree-
deteriorated cables, have a normalised AC breakdown strength (U0/UBD) 
estimated to be 2.5-4. According to the experience in this study, the breakdown 
strength is low, however, these cables can remain in service without failure for 
many years. The limits for clear identification of the VDP response in the 
laboratory are as follows: 

8 x 10-4 ≤ )(ωε ′′  at U0 

1 x 10-4 ≤ nonlin)(ωε ′′∆  

2 x 10-4 ≤ nonlin)(ωε ′∆  

In the field, where the response is influenced by accessories, the limits 
presented above need to be slightly increased depending on the cable circuit 
being measured. However, the limits can still be kept at a low level, since 
measurements over a frequency range allow discrimination of accessories. 

The assessment of the cable could differ depending on the response and 
circumstances, such as cable design, load and so on. It could for instance be 
recommended that the cable should be scheduled for renewal, or a new 
diagnostic measurement within a 2-5 year period. 
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Good condition 
Cables with low loss and linear permittivity, which is a response as for a non-
aged cable, usually exhibit breakdown strengths above 4U0. However, a “good” 
cable does not necessarily mean that the cable insulation does not have any 
water trees. Therefore, depending on the cable design, a new diagnostic 
measurement is recommended within a 5-10 year period. 

12.3 Discussion about the diagnostic procedure and 
criteria 
The insulation stress, expressed as the average electric field at the service-level 
voltage, differs quite a bit in different networks. In Sweden, the voltage levels 
used in the MV networks are approximately 6, 10.5, 21 and 32 kV. However, 
the design voltages used are 12 kV (used in 6 and 10.5 kV networks), 24 kV 
(used in 21 kV networks) and 36 kV (used in 32 kV networks). 

The thickness of the insulation layer increases less than proportionally with the 
design voltage [33]. Therefore, the insulation stress is usually higher in 
networks with higher voltage levels. Examples of network voltages and 
insulation thicknesses used are presented in Table 12.2. The average electric 
stresses—phase to earth service voltage divided by the insulation thickness—
used in the Swedish networks are 2.2 kV/mm (21 kV grid), 1.8 kV/mm (10.5 
kV grid) and 1.0 kV/mm (6 kV grid). 

Table 12.2 Different insulation thicknesses in different distribution networks [33] (A 
mils is a thousands of an inch. 1 mils = 0.0254 mm.).  
Design 
voltage 

Insulation thickness (mm) 
 

Examples of used  
system voltage levels  

5 kV 2.3 or 3.6 (90 or 140 mils)  
6.6 kV  6.6 kV (Japan) 
12 kV 3.4 6 and 10.5 kV (Sweden) 
15 kV 4.4 or 5.6 (175 or 220 mils) 13.3 kV (USA, [61]) 
22 kV ~ 6 22 kV (Japan [62]) 
24 kV 5.5 21 kV (Sweden) 
25 kV 6.6 or 7.6 or 8.1 (260 or 300 or 320 mils) USA 
 
The initial measurement procedure (see Section 12.1), always refers to the 
service-level voltage. The reason for this is to ensure a non-destructive 
measurement. However when using the extended procedure, the voltage levels 
are expressed in absolute terms (see Table 12.1). Note also that the 12 kV 
designs usually require slightly higher voltages than their design voltages, 
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compared with the 24 kV design. However, if it is taken into account that the 12 
kV design has an insulation layer thickness of 3.4 mm and that the 24 kV design 
has an insulation thickness of 5.5 mm, it is obvious that the electrical fields 
required are in the same range. 

Regarding the assessment of the risk of failure based on the general diagnostic 
criteria (see Subsection 12.2.1), the average electrical stress is important as well 
as other factors such as the risk of transient over-voltages (cable network or a 
mixed overhead power line and cable network) and network earthing. Networks 
in which an earth fault is allowed to operate for several hours, such as in 
Denmark and Germany, have higher demands on the cable insulation compared 
with networks that have stiff earthing, such as in some areas in the USA, or in 
Sweden where an earth fault is disconnected relatively quickly (see Chapter 2). 

That the average electrical stress is important was supported by studying 
different methods for assessing water-tree-deteriorated XLPE cables (Chapter 
5). It was noted that DC leakage current methods (detecting LC and possibly 
TLC responses) are used more often in the Japanese 6.6 kV networks than in 
other countries. This can be explained by the relatively low electric stress in the 
6.6 kV networks, which allow running the network with water trees bridging the 
electrodes [111]. 

The experience from the 6 kV networks is that cables assessed as severely aged 
because TLC or LC types of responses were detected, could remain in service 
for several month without failure. On the other hand, some of the cables 
(approximately 50%) exhibiting TLC or LC responses in the 21 kV networks 
failed within a few weeks of the measurement event. To the best of the author’s 
knowledge, only one cable with a VDP response (out of approximately 75 cable 
circuits) has failed during years of service after measurement. 
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13 Case studies 
13.1 Introduction to the chapter 
Many cables were measured during the project, and occasionally the power-
supply utility in question took action according to the measurement results. Two 
of the networks investigated were followed up in more detail and are presented 
below as two case studies. This part of the work is also presented elsewhere 
[138]. 

13.2 Case study 1: a 21 kV network in North 
Botkyrka 
13.2.1 Background 
Energibolaget i Botkyrka och Salem is the name of a power-supply utility just 
outside of Stockholm, currently owned by Vattenfall. A part of this district, 
called North Botkyrka, was built in the early 1970s and therefore most of the 
MV cables originate from that period. 

Until 1992, the fault rate in North Botkyrka was at an acceptably low level. 
However, in 1993 the fault rate increased rapidly. Multiple faults and cables 
failing again after repair led to the insight that there was a problem regarding 
water treeing and the added problem of how to react in such a situation. 

When a cable failed, a section of 25 m in each direction from the fault position 
was replaced. The cable sometimes withstood reconnection to service, but at 
other times it failed. The VLF withstand test (0.1Hz 3U0 for 60 min.) was tried 
as a diagnostic test. However, most of the cables failed and they failed at 
multiple sites. 

13.2.2 Dielectric response and the ranking of cables 
Several dielectric-spectroscopy measurements were initiated together with 
Energibolaget i Botkyrka och Salem in 1995. Both those cables that had failed 
previously and those that hadn’t were measured. Furthermore, results were 
compared with optical water-tree analysis and VLF tests in the field. In total, 68 
cable circuits were selected for diagnostic measurements, which is a little more 
than 50% of the total amount of cables installed in the network in North 
Botkyrka. 

All 68 cables with a design voltage of 24 kV were measured using the 
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procedure described in Section 12.1, with a maximum voltage equal to the 
service phase voltage U0 (12 kV). When a cable phase showed and LC or a TLC 
response at a lower voltage level, the measurement was interrupted, therefore 
avoiding unnecessary stressing of the cable insulation.  

The cables were ranked according to the measurement results. Cables with LC 
or TLC response were judged to be severely aged, and it was recommended that 
these be replaced as soon as possible. The other cables were graded according to 
the level of the response, and how much the second 0.5U0 measurement differed 
from the first 0.5U0 measurement. Of the measured cables, approximately 10% 
were classified as severely aged, 50% were significantly aged and 
approximately 40% were in good condition. 

13.2.3 Cable faults in the test period 1995-1996 
During the two years of testing and measurements, the cables continued to fail. 
However, no cable failed during the diagnostic measurement. 

The cables that were measured and later failed, had all shown an LC response at 
low voltage. It was concluded that if a cable, with a design voltage of 24 kV 
installed in a 21 kV network, has an LC response it would have to be replaced 
as soon as possible. 

13.2.4 Replacement strategy 
By the start of the second half of 1996 (autumn) the majority of diagnostic 
measurements were completed and cables had been replaced based on failures 
and in a few cases, failures combined with diagnostic measurement results. 
However, the replacement strategy was then changed, and became based on the 
diagnostic measurement results together with the experience gained during the 
measurement period. Cables that were judged as severely aged were given the 
highest priority for replacement. The order of replacement for the other cables 
that were judged significantly aged was based on the insulation status as well as 
other aspects. Examples of these other aspects include the consequences of 
failure, digging permission and various economical aspects. 

13.2.5 Evaluation and summary 
Up until February 2000, the power-supply utility had replaced all the cables 
assessed to be severely and significantly aged accordingly to the new 
replacement strategy. That is approximately 35% of all the cables in the North 
Botkyrka network. No cable fault has occurred in the network since the second 
half of 1996 (autumn), (see Figure 13.1). 
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Figure 13.1 Faults per 100 km and year in the North Botkyrka network. No fault has 
occurred since 1996. 

13.3 Case study 2: a 6 kV (10.5 kV) network on Ven 
13.3.1 Background 
Ven is a Swedish island in the Öresund Sound lying between Denmark and 
Sweden. The system voltage in the distribution network on Ven was previously 
6 kV, although the design voltage was 12 kV. All cables were installed 1975-
76, and had an insulation screen of tape and graphite. 

After a few faults in this network, the power-supply utility applied a VLF test 
technique on a single circuit, resulting in finding several faults. However, 
approximately half the length of cable passed the test and was retained in 
service. 

13.3.2 Dielectric response and the ranking of cables 
In July 1996 dielectric-spectroscopy measurements were performed on a total of 
nine cable circuits. These cables with a design voltage of 12 kV, were measured 
using the procedure described in Section 12.1. The system voltage was 6 kV, as 
mentioned above. However, due to considerations regarding the upgrading of 
the network, the highest voltage level in the diagnostic measurements was set to 
6 kV. A voltage of 6 kV is normally the highest voltage level used in diagnostic 
measurements in a 10.5 kV system. 

Six of the nine cables did not show any significant ageing, two cables showed 
TLC responses, and one cable showed an LC response. The cable exhibiting an 
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LC response was the same cable that had been VLF tested. Since the response 
did not show any significant hysteresis, the interpretation was unclear. The 
cables exhibiting TLC responses were assessed as severely aged, and the other 
cables were in good condition. 

Even though cable circuits were judged severely aged, they were still put back 
in service. The reason for this was the relatively low insulation stress on a 12 
kV cable installed in a 6 kV network. 

13.3.3 The decision to upgrade the network 
The power-supply utility decided to upgrade the system voltage from 6 kV to 
10.5 kV later the same year (1996). In connection with this, the two severely 
aged cables were replaced. The cable with an LC response was kept in service 
however due to the unclear interpretation in combination with the haste to 
increase the system voltage level. 

13.3.4 Evaluation and summary 
The power-supply utility managed to replace the two circuits and upgrade the 
system voltage. The network withstood the voltage rise and was run without 
failure all winter (1996-97). The LC response cable failed and was replaced in 
spring (first half of 1997). Up until February 2000, the network has operated at 
10.5 kV with no additional faults since the one mentioned in the spring of 1997. 
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14 Conclusions 
An HV dielectric-spectroscopy measuring system was developed for making 
diagnostic measurements of MV XLPE cables in the field. This system is 
capable of measuring non-earthed as well as earthed samples with different 
capacitances, such as small samples of less than 100 pF as well as long cables 
with capacitance of several hundred nF, in the laboratory as well as in the field. 
This system evolved into a commercially available instrument, based on the 
work presented in this thesis. 

This measurement system has been found capable of detecting water-tree 
deterioration with very good results. Water-treed XLPE insulation has a 
characteristic response that can be divided into types relating to their degree of 
water-tree deterioration and remaining breakdown strengths. The characteristic 
responses have been found in small samples artificially aged in the laboratory, 
and field-aged cables measured in the laboratory as well as on site in the field. 

The time, level and frequency of the voltages applied affect the response of 
water-tree-deteriorated insulation. Additionally, the humidity in the water-treed 
insulation has a strong influence on the response. For this reason, it is of great 
importance to use a well-established and stable procedure when making 
diagnostic measurements in the field. Furthermore, it is very important to 
maintain the humidity level in the insulation when bringing samples from the 
field into the laboratory for investigation. 

The losses in “wet” water-treed insulation usually increase considerably with 
increased voltage. While water-treed and non-water-treed cables can hardly be 
separated at low voltage measurements, their different characteristics are clearly 
shown in high voltage measurements. In most cases, the cable insulation can be 
assessed using voltage levels of up to U0. However in a few particular cases, 
especially in newer cable designs, a slightly higher voltage level might be 
necessary in order to detect water-tree-deterioration in cables assessed as being 
in good condition at measurements of up to U0.  

Based on dielectric-spectroscopy measurements, water-tree analyses and 
breakdown tests, measurement procedures and criteria taking into account 
differences in cable designs, are proposed for the assessment of MV XLPE 
cables. The characteristic responses of XLPE cables, both non-deteriorated and 
water-tree-deteriorated, make it possible to separate cable responses from the 
influence of accessories. Field experience shows that water-tree-deteriorated 
cables with relatively low breakdown strengths, can remain in service for years. 
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15 Further work 
An HV dielectric-spectroscopy measurement system was developed for 
diagnostic measurements of MV XLPE cables in the field. This technique is a 
generalisation of the traditional measurements of dissipation factor or power 
factor at power or VLF (0.1 Hz) frequencies, and is still in its early 
development. More work is needed in regard to instrument design, and the 
design of accurate systems capable of measuring different sorts of insulation in 
different HV equipment, of reasonable size and at a reasonable cost. 

Different characteristic responses for different stages of ageing were observed 
in this work. However, even though models are proposed [140], the origin of 
the dielectric response is not yet fully understood. More understanding of what 
the processes are that cause the responses will provide valuable information for 
improving diagnostic criteria. 

In this research work, differences in cable designs are characterised with respect 
to water-tree structure and density, dielectric response and voltage withstand in 
order to optimise the assessment. This work ought to continue and include as 
many designs as possible. 

Experience gained from this work into cable faults in the field, shows that 
cables that fail often exhibit leakage current responses. What underlying failure 
mechanisms are responsible for most of the failures in the field? Thermal 
runaway, electrical treeing or another mechanism?  

In some cables still in service, electrical trees seem to be present without 
leading to failures. How common is this phenomenon, and what happens when 
such a cable dries out or is rehabilitated with silicone fluid? 



 

188 



 

189 

16 References 
[1]  Comett course material, ”Ageing and diagnostic testing of polymeric high 

voltage cables” Norwegian Institute of Technology - NTH, Trondheim, Norway, 
October 25-29, 1993. 

[2]  Ericsson cables, ”Kraftkabelhandboken” Ericsson cables AB, 
kraftkabeldivisionen (in Swedish). 

[3]  K. Mattsson, ”Vad vi vet om treeing och dess orsaker och vad vi gör för att 
undvika att dagens kablar drabbas av treeing” Ericsson cables AB, 
kraftkabeldivisionen (in Swedish). 

[4]  “Redovisning av fel på PEX-kabelanläggningar 1965-1985, 12-24 kV” 
Association of Swedish Electric Utilities, 1986 (in Swedish). 

[5]  “XLPE Cables, durability and applicability” Association of Swedish Electric 
Utilities, 1990. 

[6]  “PEX-kabel” Association of Swedish Electric Utilities, 1995 (in Swedish). 

[7]  R. Svensson, “Delrapport projekt k271, Treeing-testmetoder” M22-9312-11, 
Sydkraft AB, 1993. (In Swedish). 

[8]  R. Svensson, “Rapport från försökstester under W9522 hos Sydkraft 
Energiområde Skåne Väst” M22-9510-12, Sydkraft AB, 1995 (in Swedish). 

[9]  R. Ross, J. J. Smit and P. Aukema, “Staining of water trees with methylene blue 
explained” IEEE 0-7803-0129-3/92, 1992. 

[10]  Produktkatalog (product catalogue) 1991/92, ABB Cables (in Swedish). 

[11]  Produktkatalog (product catalogue), ABB Kabeldon (in Swedish). 

[12]  Product catalogue, Raychem. 

[13]  www.parmaplast.no. 

[14]  Swedish Neutral, Stockholm, Sweden. 

[15]  Harry Orton, Orton Consulting, Vancouver, Canada. (Private correspondence). 

[16]  Kåre Mossberg, KTH, Stockholm, Sweden. (Private correspondence). 

[17]  Pelle Pettersson, Vattenfall Utveckling AB, Råcksta, Sweden. (Private 
correspondence). 

[18]  John Clack, Trek Inc., Medina, NY, USA. (Private correspondence). 

[19]  Hallward Faremo, SINTEF, Trondheim, Norway. (Private correspondence). 

[20]  Erling Ilstad, NTU, Trondheim, Norway. (Private correspondence). 

[21]  Sverre Hvidsten, SINTEF, Trondheim, Norway. (Private correspondence). 



 

190 

[22]  Uno Gäfvert, ABB Corporate Research, Västerås, Sweden. (Private 
correspondence). 

[23]  Kenneth Johansson, ABB Corporate Research, Västerås, Sweden. (Private 
correspondence). 

[24]  Björn Holmgren, ABB Corporate Research, Västerås, Sweden. (Private 
correspondence). 

[25]  Björn Dellby, ABB Cables International, Karlskrona, Sweden. (Private 
correspondence). 

[26]  Bo Rasmussen, Ericsson Cables AB, Falun, Sweden. (Private correspondence). 

[27]  Lars Efraimsson, Ericsson Cables AB, Falun, Sweden. (Private correspondence). 

[28]  Bo Thunwall, Alcatel IKO Kabel AB, Grimsås, Sweden. (Private 
correspondence). 

[29]  Karl-Gustav Persson, Alcatel IKO Kabel AB, Grimsås, Sweden. (Private 
correspondence). 

[30]  Ronny Svensson, Sydkraft, Åstorp, Sweden. (Private correspondence). 

[31]  Henrik Flodkvist, Botkyrka, Sweden. (Private correspondence). 

[32]  Björn Bengtsson, Programma Electric AB, Sweden. (Private correspondence). 

[33]  T. Tanaka and A. Greenwood, “Advanced Power Cable Technology, Volume 1” 
ISBN 0-8493-5165-0, CRC Press, Florida, USA, 1983. 

[34]  T. Tanaka and A. Greenwood, “Advanced Power Cable Technology, Volume 2” 
ISBN 0-8493-5166-9, CRC Press, Florida, USA, 1983. 

[35]  L.A. Dissado, J.C. Fothergill, ”Electrical Degradation and Breakdown in 
Polymers” ISBN 0-86341-196-7, IEE Materials and Devices Series 9, Peter 
Peregrinus Ltd., London, U.K., 1992. 

[36]  A. K. Jonscher, "Dielectric relaxation in solids" ISBN 0-9508711-0-9, Chelsea 
dielectric Press, London, U.K., 1983. 

[37]  A. K. Jonscher, "Universal relaxation law" ISBN 0-9508711-2-5, Chelsea 
dielectric press, London, U.K., 1996. 

[38]  David K. Cheng, "Field and wave electromagnetics", ISBN 0-201-10132-7, 
Addison-Wesley Publishing Company, Inc., 1983. 

[39]  X. Xxxx, "Handbook of dielectric constants"  

[40]  G. Elfving, "ABB HANDBOK ELKRAFT" ISBN 91-970956-0-5, Wallin & 
Dalholm Tryckeri AB, Lund, Sweden, 1987. 

[41]  N. M. Burns, R. M. Eichhorn and C. G. Reid, ”Stress Controlling 
Semiconductive Shields in Medium Voltage Power Distribution Cables” IEEE 
Electrical Insulation Magazine, Sep./Oct. 1992-Vol. 8, No. 5. 



 

191 

[42]  T. Tabata, T. Fukuda and Z. Iwata, "Investigations on water effects on 
degradation of cross-linked polyethylene insulated conductors", IEEE Summer 
Meeting and International Symposium on High Power Testing, Paper 71TP545-
PWR, Portland, Oregon, USA, July 18-23, 1971. 

[43]  W. Jr. Vahlstrom "Investigation of insulation deterioration in 15 kV and 22 kV 
polyethylene cables removed from service" paper 71C42-PWR, IEEE PES 
Underground Distribution Conference, Detroit, Michigan, Sept. 27-30, 1971. 

[44]  R. Ross, ”Inception and Propagation Mechanisms of Water Treeing” IEEE 
Transactions on Dielectrics and Electrical Insulation, Vol.5 No.5, October 1998. 

[45]  J.-P. Crine, ”Electrical, Chemical and Mechanical Processes in Water Treeing” 
IEEE Transactions on Dielectrics and Electrical Insulation, Vol.5 No.5, October 
1998. 

[46]  E.F. Steennis, F.H. Kreuger, ”Water Treeing in Polyethylene Cables”. IEEE 
Transaction on Electrical Insulation, Vol. 25, No. 5, Oct., 1990. 

[47]  R. Ross, ”Effect of Ageing Conditions on the Type of Water Treeing” IEEE 
Electrical Insulation Magazine, Sep./Oct. 1993-Vol. 9, No. 5. 

[48]  J. Sletbak, "The Mechanical Damage Theory of Water Treeing. – A Status 
Report", Proceedings of the 3rd International Conference on Properties and 
Applications of Dielectric Materials, July 8-12, 1991, Tokyo, Japan. 

[49]  E.F. Steennis ”Water Treeing, the Behavior of Water Trees in Extruded Cable 
Insulation”, Thesis University Delft. ISBN 90-353-1022-5; KEMA, Arnhem, 
1989. 

[50]  R. Patsch, "The Role of Dielectrophoresis in the Water Treeing Process", CEIDP 
1995, Virginia Beach, Virginia, USA, October 22-25, 1995. 

[51]  R. Patsch, "Electrical and Water Treeing, A Chairman’s View ", IEEE 
Transaction on Electrical Insulation, Vol. 27 No. 3, June 1992. 

[52]  E. Ildstad, J. Sletbak and A. Bruaset "Estimating the maximum length of water 
trees using extreme value statistics", ICPADM, Tokyo, Japan, July 1991. 

[53]  J. T. Benjaminse, H. Faremo, P. Soelberg and J. A. Olsen, "Long Term Testing 
of MV-XLPE Cables", Nordic Insulation Symposium, Vaasa, Finland, Paper 4.3, 
1994 

[54]  E.F. Steennis and H. Faremo, "State of the art of Water Tree Testing on Cables - 
The Development of an Accelerated Ageing Test", CIGRE 15/21-03, 1992 
Session, 30 August - 5 September, Paris, France, 1992 

[55]  D. Fredrich and W. Kalkner, "Accelerated Water Tree Ageing Test for Extruded 
XLPE-insulated Cables", paper 23.06, 7:th ISH August 26-30, Dresden, 
Germany, 1991. 

[56]  F. Stucki, A. Schönenberger, "Dielectric properties of single water trees", 
Proceedings of 4th International Conference on Conduction and Breakdown in 
Solid Dielectrics, June 22-25, Sestri Levante, Italy, 1992. 



 

192 

[57]  J.L. Chen, J.C. Filippini, ”The Morphology and Behavior of the Water Tree” 
IEEE Transactions on Electrical Insulation, Vol.28 No.2, April 1993. 

[58]  S. Pélissou and B. Noirhomme, "Final Breakdown in Field-aged XPLE", 
Proceedings of 4th International Conference on Conduction and Breakdown in 
Solid Dielectrics, June 22-25, Sestri Levante, Italy, 1992 

[59]  J. C. Filippini, Y. Poggi and J. Viard, "Water Tree Induced Breakdown in 
Polyethylene", Proceedings of 4th International Conference on Conduction and 
Breakdown in Solid Dielectrics, June 22-25, Sestri Levante, Italy, 1992 

[60]  E. Ilstad and H. Faremo, "Importance of Relative Humidity on Water Treeing in 
XLPE Cable Insulation", paper 23.04, 7:th ISH August 26-30, Dresden, 
Germany, 1991. 

[61] R. A. Hartlein, V. S. Harper and H. Ng “Effects of Voltage Surges on Extruded 
Dielectric Cable Life, Project Update” IEEE Transaction on Power Delivery, 
Vol. 9, No. 2, April 1994. 

[62] H. Tanaka, N. Ichiyanagi, Y. Maruyama, T. Tanabe and Z. Iwata, ”A study on 
size effect in breakdown properties of HV XLPE Cables”. pp. 242, Jicable 91, 
24-28 June, 1991, Versailles, France. 

[63] H. Tanaka, N. Ichiyanagi, Z. Iwata ”A study on breakdown phenomena in XLPE 
power cable” pp. 586-594, proc. of IEEE Conference on Electrical Insulation 
and Dielectric Phenomena (CEIDP), Victoria, BC, Canada 18-21 Oct. 1992. 

[64] G. S. Eager Jr., B. Fryszczyn, C. Katz, H. A. ElBadaly and A. R. Jean, “Effect of 
DC Testing Water Tree Deteriorated Cable and a Preliminary Evulation of VLF 
as Alternate” IEEE Transactions on Power Delivery, Vol. 7, No. 3, July 1992 

[65] G. S. Eager, C. Katz, B. Fryszczyn, J. Densley and B. S. Bernstein “High 
Voltage VLF Testing of Power Cables” IEEE Transaction on Power Delivery, 
Vol. 12, No. 2, April 1997. 

[66] H. R. Gnerlich “Field Testing of HV Power Cable: Understanding VLF Testing” 
IEEE Electrical Insulation Magazine, Sep./Oct. 1995-Vol. 11, No. 5. 

[67] B. Bernstein, ”AC breakdown strength of extruded cables and its significance to 
the user”. pp.3.5/1-6 vol.3, proc. of the 11th International Conference on 
Electricity Distribution, CIRED, Liege, Belgium, 22-26 April 1991. 

[68] H. Schädlich, J. klaβ, ”Influence of DC and impulse voltage prestressing on the 
AC breakdown strength of aged (XL)PE 20 kV cables” CIRED, (Conf. Publ. 
no.305), Brighton, UK, 8-12 May 1989. 

[69] H. Faremo, P. Soelberg, E. Ildstad and J. Sletbak, ”The Influence of a DC Test 
Voltage on the AC Performance of New and Old XLPE Cables” CIRED, (Conf. 
Publ. no.305), Brighton, UK, 8-12 May 1989. 



 

193 

[70] N. Srinivas, B. Bernstein and R. Decker, ”Effects of DC testing on AC 
breakdown strength of XLPE insulated cables subjected to laboratory 
accelerated aging”. IEEE Transaction on Power Delivery, Vol. 5, No. 4, 
November 1990. 

[71] BH’s T. Nagata, N. Shimizu, ”Deterioration in aged XLPE cables”, pp.579-585, 
proc. of IEEE Conference on Electrical Insulation and Dielectric Phenomena 
(CEIDP), Victoria, BC, Canada 18-21 Oct. 1992. 

[72] N. N. Srinivas, and B. S. Bernstein, Effect of DC testing on Aged XLPE-
insulated cables with splices” Jicable 91, 24-28 June, 1991, Versailles, France. 

[73] W. Kalkner, R. Bach, R. Plath and Zhiyong, ”Investigation of alternative after 
laying tests for MV cables” Jicable 91, 24-28 June, 1991, Versailles, France. 

[74] E. F. Stennis, E. Hetzel and C. W. J. Verhoeven, ”Diagnostic medium voltage 
cable test at 0.1 Hz” Jicable 91, 24-28 June, 1991, Versailles, France. 

[75] M. Schacht, ”0,1 Hz Cos Trapeziodal Test System and is Use in Practice” 7:th 
International Symposium on High Voltage Engineering” Technische Iniversität, 
Dresden, Germany, Aug. 26-30, 1991 

[76] M. Kruger, ”New Very Low Frequency Methods for Testing of Extruded 
Cables” Conference Record of the 1990 IEEE International Symposium on 
Electrical Insulation, Toronto, Canada, June 3-6, 1990 

[77] Doble manuals (negative losses) 

[78]  U. Gäfvert, "Condition assessment of insulating systems, analysis of dielectric 
response methods" Nordic Insulation Symposium, NORD-IS, Bergen, Norway, 
June, 1996. 

[79]  H Orton, ”Evaluation of Diagnostics to determine Remaining Life of In-service 
URD Cables” Orton Consulting Engineers International Ltd. 19 December 1996, 
North Vancouver, BC, Canada. 

[80]  R. Plath and W. Kalkner, ”Vergleich von diagnosesystemen zur Beurteilung des 
Alterungszustandes PE/VPE-isolierte Mittelspannungskabel” 
Elektrizitätswirtschaft. Jg. 96 (1997), Heft 20, Germany. (In German) 

[81]  S. Hvidsten, "Condition Assessment of Water Tree Aged XLPE Cables. 
Comparison of Four Commercial Methods", This report is a translation of TR 
A5072 (TR A5180), SINTEF Energy Research, Norway, Sept. 2000. 

[82]  M- S. Mashikian, R. Luther, J. C. McIver, J. Jurcisin Jr. and P. W. Spencer, 
“Evaluation of Field Aged Crosslinkeked Polyethylene Cables by Partial 
discharge Location” IEEE Transaction on Power Delivery, Vol. 9, No. 2, April 
1994. 

[83]  KEMA, Arnhem, the Netherlands 

[84]  EA Technology, U.K. 



 

194 

[85]  I. Krage and W. Kalkner, “Unipolar impulse voltage for on-site PD detection 
and localization on polymer insulated medium voltage cables” Paper 5609, Proc. 
of the 9th International Symposium on High Voltage Engineering, ISH, Graz, 
Austria, 28 Aug. - 1 Sept., 1995. 

[86]  D. L. Dorris, M. O. Pace, T. V. Blalock and I. Alexeff, ”Current Pulses During 
Water Treeing, Detection System” IEEE Transaction on Dielectrics and 
Electrical Insulation, Vol. 3, No. 4, August 1996. 

[87]  D. L. Dorris, M. O. Pace, T. V. Blalock and I. Alexeff, ”Current Pulses During 
Water Treeing, Procedures and Results” IEEE Transaction on Dielectrics and 
Electrical Insulation, Vol. 3, No. 4, August 1996. 

[88]  M. Kreüger, R. Feurstein and A. Filz, “New Methods of Extruded Cable 
Insulation Testing with VLF 0.1Hz” Nord-IS 1990, June 18-20, Lyngby, 
Denmark. 

[89]  G. Kaul, R. Plath and W. Kalkner, "Development of a Computerized Loss Factor 
Measurement System for Different Frequencies, including 0.1 and 50/60 Hz", 
8th International Symposium on High Voltage Engineering, Yokohama, Japan, 
Paper No. 56.04, 1993 

[90]  R. M. Morra, J. M. Braun and H. G. Sedding, "Assessment of Cable Insulation 
Systems by Low-Frequency Dielectric Characterisation", p. 408, Annual Report 
CEIDP, 1991. 

[91]  J. M. Braun, B.K. Gupta, B. A. Lloyd, R. M. Morra, H. G. Sedding and G. C. 
Stone, "Electrical testing of aged station cables", Jicable 91, France 1991. 

[92]  A. Iga, M. Aihara, Y. Fujiwara and J. Kawai, “Application of GPT to Tanδ 
Measuring Apparatus for Distribution in Hot Line” IEEE Transactions on Power 
Dilivery, Vol. 6, No. 3, July 1991 

[93]  M. Nagao, T. Tokoro, A. Yokoyama and M. Kosaki, “New Approach to 
Diagnostic Method of Water Trees” Conference Record of the 1990 IEEE 
Symposium on Electrical Insulation, Toronto, Canada, June 3-6, 1990. 

[94]  T. Heizmann and W. S. Zeangl, "A Novel Diagnostic Method for Buried 
Polymer-Insulated Medium Voltage Cables", 8th International Symposium on 
High Voltage Engineering, Yokohama, Japan, Paper No. 67.04, 1993 

[95]  T. Heizman, ”Ein verfahren zur bestinnung des alterungstandes von vorlegten 
polymerisolerten mittelspannungskabeln”. Diss. ETH Nr. 10858, Zürich, 1994.  

[96] S. Hvidsten, E. Ildstad, ”Dielectric properties of water tree aged XLPE cables” 
Nordic Insulation Symposium, NORD-IS, Bergen, Norway, June, 1996. 

[97] M. Kuschel, R. Plath, et al, ”Diagnostic Techniques for Service Aged XLPE 
Insulated Medium Voltage Cables” Jicable 95, Fourth International Conference 
on Insulated Power Cables, Versailles, France, 25-29 June, 1995. 



 

195 

[98] M. Schacht, “Cable diagnosis on medium voltage cables in public utility 
networks. Description of a return voltage test set for on site tests and reports 
about experience and results from tests” Nordic Insulation Symposium, NORD-
IS, Bergen, Norway, June, 1996. 

[99] Hagenuk GmbH, Product Information, Cable Diagnostic System. 

[100]  C. Laverenge and C. Lacabanne, ”A Review of Thermo-Stimulated Current”, 
IEEE Electrical Insulation Magazine, March/April 1993-Vol.9, No.2.  

[101]  S. Gubanski, A. Bulinski and S. S. Bamji, ”Thermally Stimulated Current 
Measurements on Polymeric Cable Insulation - The Diagnostic Aspect”, CEIDP, 
1993. 

[102]  S. S. Bamji, A. T. Bulinski and Y. Chen, ”Thermally Stimulated Current 
Technique to Evaluate Polymer Degradation due to Water Treeing”, IEEE 
Transaction on Electrical Insulation, Vol. 28 No. 2, April 1993.  

[103] A. Paximadakis, R. Patsch and P. Romero,, ”Drying and refilling of water trees 
in medium voltage cables” 7:th International Symposium on High Voltage 
Engineering” Technische Iniversität, Dresden, Germany, Aug. 26-30, 1991 

[104]  A. Bognar, L. Kalosaci, G. Csepes and I. Kispal, "Diagnostic Test Method of 
solid/Liquid Electrical Insulations Using Polarisation Spectrum in the Range of 
Long Time Constants", 7th International Symposium on High Voltage 
Engineering, Dresden, Paper No. 25.11, 1991 

[105]  E. Ildstad, U. Gäfvert and P. Thärning, ”Relation between Return Voltage and 
Other Methods for Measurements of Dielectric Response” IEEE International 
Symposium on Electrical Insulation, June 1994, Pittsburgh, USA 

[106]  A Helgesson and U. Gäfvert, ”Calculation of the Dielectric Response Function 
from Recovery Voltage Measurements” Proceedings of the 1995 Conference on 
Electrical Insulation and Dielectric Phenomena (CEIDP), Virginia Beach, 
Virginia, USA.  

[107]  E. Lemke and P. Schmiegel, ”Complex Discharge Analyzing (CDA) - an 
alternative procedure for diagnosis tests on HV power apparatus of extremely 
high capacity” Paper 5617, Proc. of the 9th International Symposium on High 
Voltage Engineering, ISH, Graz, Austria, 28 Aug. - 1 Sept., 1995. 

[108]  M. Beigert, H.-G. Kranz and D. Steinbrink, ”Dielectric Destruction Free Ageing 
Diagnosis of Medium Voltage Cables” Paper 5610, Proc. of the 9th International 
Symposium on High Voltage Engineering, ISH, Graz, Austria, 28 Aug. - 1 Sept., 
1995. 

[109]  A. Nakajima, N. Kashiwagi, T. Murata, S. Takahashi, O. Fukuda, S. Kitai, K. 
Tokumaru and K. Hirotsu, “Development of a Hot-line Diagnostic Method for 
XLPE Cables and Measurement Results” IEEE Transactions on Power Dilivery, 
Vol. 4, No 2, April 1989 



 

196 

[110]  T Nakayama, “On-line Cable Monitor Developed in Japan” IEEE Transactions 
on Power Dilivery, Vol. 6, No. 4, October 1991. 

[111]  M. Hotta, K. Nakamura, C. Shinoda, T. Hashhizume and T. Tani, “A 
Consideration of the Efficiency of Hot-Line Diagnostic Methods for XLPE 
Power Cables” Paper 5635, proc. of the 9th International Symposium on High 
Voltage Engineering, ISH, Graz, Austria, 28 Aug.-1 Sept., 1995. 

[112]  T. Shinmoto, C. Kimura, K. Yamamoto and S. Umeda “Development of the DC 
Superimposion Resistance of Medium Voltage XLPE Cables in Operation” 
Electrical Engineers in Japan, Vol. 116, No. 5, 1996. 

[113]  J. M. Fourmigué, J. L. Parpal and J. N. Séguin, “Dielectric Spectroscopy of 
XLPE Cable Insulation: Comparison Between Time-Domain and Frequency 
Domain Methods” Proceedings of the 4th International Conference on 
Conduction and Breakdown in Solid Dielectrics, Sestri Levante, Italy, June 22-
25, 1992 

[114]  R. Patsch and A. Paximadakis, “Correlation between Electrical Signals, Tree 
Size and Breakdown Voltages of Water Tree Model Cables” Proceedings of the 
4th International Conference on Conduction and Breakdown in Solid Dielectrics, 
Sestri Levante, Italy, June 22-25, 1992. 

[115]  D. Hayward, M Gawayne, B. Mahboubian-Jones and R. A. Pethrick, “Low-
frequency dielectric measurements (10-4 to 6x104 Hz): a new computer-
controlled method “ J. Phys. E:Sci. Instrum., Vol. 17, 1984. 

[116]  A. Helgesson and U. Gäfvert, “Dielectric Response Measurements in Time and 
Frequency Domain on High Voltage Insulation with Different Response“ Proc. 
of 1998 Symposium on electrical Insulation Materials, Japan, 1998. 

[117]  S. Takeishi and S. Mashimo, "Dielectric relaxation measurements in the ultra 
low frequency region", Rev. Sci. Instrum. 53(8), p. 1155-1159, Aug. 1982 

[118]  F.I. Mopsik "Precision time-domain dielectric spectrometer", Polymer Science 
and Standards Division, National Bureau of Standards, Washington, D.C., Rev. 
Sci. Instrum. 55 (1), January 1984. 

[119]  R. Corteau, R. Nozaki, T.K. Bose, L. Lamarre and S. Pélissou, "A dielectric 
spectrometer covering 10-5 to 10 Hz based on a transient method", p. 626-631 
CEIDP conf. record Oct. 1991. 

[120]  J. P. Steiner, J. P. Quinlan, J. M. Braun, R. M. Morra and H. G. Sedding, "A new 
low frequency high voltage insulation analyser using transient methods", CEIDP 
92 

[121]  G. Lilliesköld "Ny metod för utjämnad fasgång i operationsförstärkare" Modern 
Elektronik, no. 18, Sweden, 1986 (in Swedish). 

[122]  U. Gäfvert and B. Nettelblad, "Measurement techniques for dielectric response 
characterisation at low frequencies", Nordic Insulation Symposium, NORD-IS, 
paper 7.1, Lyngby, Denmark, 1990. 



 

197 

[123]  P. Werelius, P. Thärning, B. Holmgren and U. Gäfvert, "High Voltage Dielectric 
Response Analyser for Cable Diagnostics", Conference on Electrical Insulation 
and Dielectric Phenomena, CEIDP, pp. 745-750, Pocono Manor, USA, 1993 

[124]  P. Werelius, P. Thärning, B. Holmgren and U.Gäfvert, "High Voltage Dielectric 
Response as a Tool for Diagnostics of XLPE Cables", Nordic Insulation 
Symposium, NORD-IS, paper 4.4, Vaasa, Finland, 1994 

[125]  P. Werelius, U. Gäfvert, ”High voltage dielectric response analyser for cable 
diagnostics in field condition”, Proc. of the 9th International Symposium on 
High Voltage Engineering, ISH, paper 5662, Graz, Austria, 28 Aug. - 1 Sept., 
1995. 

[126]  P. Werelius, R. Eriksson, B. Holmgren, U. Gäfvert and L. Olsson, “XLPE cable 
insulation diagnosis by measurement of dielectric losses as a function of 
frequency and voltage“ CIRED, paper 3.06, Brussels, 1995 

[127]  S. Hvidsten, E. Ildstad, B. Holmgren and P. Werelius, “Correlation Between AC 
Breakdown Strength and Low Frequency Dielectric Loss of Water Tree Aged 
XLPE Cables“ Stockholm Power Tech, Stockholm, Sweden, June 18-22, 1995 
and in rewritten form in IEEE Transactions on Power Delivery, Vol. 13, No. 1, 
January 1998. 

[128]  P. Werelius, B Holmgren, U. Gäfvert, ”Diagnosis of water tree deteriorated MV-
XLPE cables” Nordic Insulation Symposium, NORD-IS, Bergen, Norway, June, 
1996. 

[129]  P. Werelius, B. Holmgren, R. Eriksson, U. Gäfvert, ”Dielectric measurements 
for diagnosis of XLPE cable insulation”. 14th International Conference on 
Electricity Distribution, CIRED, Birmingham, England, 2-5 June, 1997. 

[130]  P. Thärning, ”Water tree dielectric spectroscopy”. Licentiate thesis, Kungliga 
Tekniska Högskolan, Stockholm, Sweden, Mars, 1997. 

[131]  B. Holmgren ”Dielectric response, breakdown strength and water tree content of 
medium voltage XLPE cables”. Licentiate thesis, Kungliga Tekniska Högskolan, 
Stockholm, Sweden, May, 1997. 

[132]  P. Werelius, B. Holmgren and U. Gäfvert ”Diagnosis of Medium Voltage XLPE 
Cables by High Voltage Dielectric Spectroscopy”, 1998 IEEE 6th International 
Conference on Conduction and Breakdown in Solid Dielectrics, ICSD, Västerås, 
Sweden, 22-25 June, 1998. 

[133]  R. Neimanis and P. Werelius, ”Temperature Influence on Dielectric Response of 
Water-Tree Degraded XLPE Cables”, Nordic Insulation Symposium, NORD-IS, 
Lyngby, Denmark, 1999. 

[134]  A. Avellan Hampe, ”Dielectric response of medium voltage cable accessories in 
low frequency domain and its influence on cable diagnostics’’, Diploma work, 
Kungl. Tekniska Högskolan/TU Berlin, Stockholm, Sweden, 1999. 



 

198 

[135]  P. Werelius, ”Power Cable Diagnostics by Dielectric Spectroscopy’’, Panel on 
Diagnostic Measurement Techniques for Power Cables, 1999 IEEE/PES 
Transmission and Distribution Conference, New Orleans, LA, USA, April 11-
16, 1999.  

[136]  P. Werelius, ”Power Cable Diagnostics by Dielectric Spectroscopy’’, 
Proceedings of the 2000 PES Winter Meeting, Singapore, January 23-27, 2000. 

[137]  A. Avellan, P. Werelius, R. Eriksson ”Frequency Domain Response of Medium 
Voltage XLPE Cable Terminations and its Influence on Cable Diagnostics’’, 
IEEE International Symposium on Electrical Insulation, Anaheim Convention 
Center, Anaheim, CA, USA, April 2-5, 2000. 

[138]  P. Werelius, P. Thärning, R. Eriksson, B. Holmgren and U. Gäfvert ” Dielectric 
Spectroscopy for Diagnosis of Water Tree Deterioration in XLPE Cables”, IEEE 
Transactions on Dielectrics and Electrical Insulation, Vol. 8, No. 1, February 
2001. 

[139] S. Hvidsten, E. Ildstad and H. Faremo ”Mechanisms Causing Nonlinear 
Response of Water Treed XLPE Cables”, 1998 IEEE 6th International 
Conference on Conduction and Breakdown in Solid Dielectrics (ICSD’98), 
Västerås, Sweden, June 22-25, 1998. 

[140] S. Hvidsten, E. Ildstad, J. Sletbak and H. Faremo ”Understanding Water Treeing 
Mechanisms in the Development of Diagnostic Test Methods”, IEEE 
Transactions on Dielectrics and Electrical Insulation, Vol. 5 No. 5, October 
1998. 

[141]  M. Kushel, B. Kryszak and W. Kalkner ”Investigation of the ”Non-linear” 
Dielectric Response of Water Tree-Aged XLPE Cables in the Time and 
Frequency Domains”, 1998 IEEE 6th International Conference on Conduction 
and Breakdown in Solid Dielectrics (ICSD’98), Västerås, Sweden, June 22-25, 
1998. 



 

199 

Appendixes 
Appendix 1 

Suggested disconnect and reconnect procedure 
In the suggested procedure, it is assumed that the cable in question is connected 
to the voltage-carrying network at both ends, and should be reconnected after 
the diagnostic measurement. The cable ends are named Cable-end A and Cable-
end B. The measurements are to be performed at Cable-end A. To minimise the risk 
of damage to the cable insulation during earthing, an alternative soft-earthing technique could 
be used (see Subsection 2.3.5). 

1. Configure the electric network enabling disconnection of the cable. 
2. Disconnect and block Cable-end A. 
3. Disconnect and block Cable-end B. 

- Earth Cable-end B. 
- Mount a working earth on Cable-end B’s cable shoes. 
- Disconnect Cable-end B’s phase conductors from the substation.  
- Clean the termination surfaces with ethanol or isopropanol. 
- Place the cable conductors away from any object and at least 5 cm away  
 from any earthed object. 
- Remove the working earth. 

4. Earth Cable-end A. 
- Mount a working earth on Cable-end A’s cable shoes. 
- Disconnect Cable-end A’s phase conductors from the substation.  
- Clean the termination surfaces with ethanol or isopropanol. 

5.  Measure the cable phases at Cable-end A. 
      (Apply voltage to one phase and earth the other two) 
6.  Reconnect the phase conductors at Cable-end A. 

- Remove the earth from Cable-end A. 
7.  Earth the substation at Cable-end B. 

- Mount a working earth on Cable-end B’s cable shoes. 
- Reconnect the phase conductors at Cable-end B. 
- Remove the working and substation earths at Cable-end B. 
- Remove the blocking of Cable-end B. 
- Connect the cable to the network in Cable-end B. 

8.  Remove the blocking from Cable-end A. 
      - Connect the cable to the network at Cable-end A. 
9.  Reconfigure the network or configure the network to measure the next cable. 
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Appendix 2 

Suggested instrument handling procedure 
If the cable is prepared according to Appendix 1, the cable is left with both 
cable ends disconnected and the cable termination cleaned. The cable phases are 
earthed at the measurement end. The earth is then left connected to two phases 
while it is taken away on the phase being measured. A suggested measurement 
scheme is as follows: 

1. Connect the instrument to mains power and switch the instrument on. 
2. Measure the temperature and the relative humidity at both cable ends. 
3. Mount a working earth on all three phases at the measurement site (should 

already be done). 
4. Connect the Samle current lead to the cable shield (earthed). Let the system 

earth float (the system earth must not have any contact with true earth) 
5. Connect the high voltage connector to Phase 1; release the earth on Phase 1. 
6. Measure the cable phase with the selected instrument control file (C file). 
7. Earth Phase 1. 
8. Move the high voltage connector to Phase 2; release the earth on Phase 2. 
9. Measure Phase 2. 
10. Earth Phase 2. 
11. Move the high voltage connector to Phase 3; release the earth on Phase 3. 
12. Measure Phase 3. 
13. Earth Phase 3. 
14. Leave the cable to the power-supply utility personnel. 
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Appendix 3 

List of symbols and abbreviations 
Symbol Symbol name     
A area 
a inner radius of the insulation 
b outer radius of the insulation 
C capacitance 
C0 geometrical capacitance 
χ complex susceptibility (χ=χ'-jχ'') 
χ'' imaginary part of the complex susceptibility 

χ' real part of the complex susceptibility 
D displacement field (bold face means vector entity) 
∆ε'  apparent permittivity (∆ε' = ε'-k) 
∆ε''nonlin change in the imaginary part of the permittivity between two 

voltage levels 
∆ε'nonlin change in the real part of the permittivity between two voltage 

levels 
E electric field (bold face means vector entity) 
ε complex relative permittivity (εr = ε = ε' - jε'') 
ε'  real part of the complex permittivity 
ε'' imaginary part of the complex permittivity  
ε∞ relative permittivity at "high" frequencies 
ε0 permittivity of free space (≈ 8.854 x 10-12 (F/m)) 
εr relative permittivity 
F force (bold face means vector entity) 
f frequency 
f(t) dielectric response function 
I current (bold face means vector entity) 
J current density (bold face means vector entity) 
P polarisation (bold face means vector entity) 
q charge 
σ conductivity 
T temperature 
t time 
Tanδ dissipation factor (or loss tangent) 
U voltage 
UBD breakdown voltage (in a AC step test or lightning impulse test) 
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U0 service phase to earth voltage (expressed as R.M.S value) 
W energy 
ω angular frequency (ω = 2πf) 
 
Acronyms and abbreviations     
A/D Analogue to Digital 
AC Alternating Current 
ACBD Alternating Current BreakDown 
CDA Complex Discharge Analysing method 
C File Control File 
Ch.0 Channel 0 (Ch. 1 = Channel 1) 
D/A Digital to Analogue 
DC  Direct Current 
D File Data file 
DSP Digital Signal Processor 
FRA Frequency Response Analyser 
Gen. Generator 
HV High Voltage 
IRC Isothermal Relaxation Current analysis 
Iko Iko Kabel, Iko Cables 
LC Leakage Currents 
Liljeh. Liljeholmens Kabelfabrik, Liljeholmens Cableworks 
LIpATest Leakage Current (I) picoAmpere test 
SEK Swedish crowns (1 USD ≈ 10 SEK) 
MV Medium Voltage 
PD Partial Discharge 
PE Polyethylene 
Peak Peak value 
Ph. 1 Phase 1 (Ph. 2 = Phase 2 etc.) 
PVC Poly Vinyl Chloride 
R.M.S. Root Mean Square value 
RVM Return (or Recovery) Voltage Measurements 
Siev. Sieverts Kabelfabrik, Sieverts Cableworks 
TLC Transition to Leakage Currents 
TSC Thermo Stimulated Currents 
TSDC Thermo Stimulated Discharge Currents 
VDP Voltage Dependent Permittivity 
VLF Very Low Frequency (0.1 Hz) 
WT Water Tree 
XLPE Cross-Linked Polyethylene 
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