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Abstract

This work presents the results of an accelerated wet ageing test that was de-
signed to examine the effects of water treeing on commercially available XLPE
cable. The test was performed on samples of modern construction XLPE ca-
ble, as well as older style cable as found currently in-service in many electrical
networks. The older style cable was treated with silicone oil ‘restoration’ fluid,
as may be performed on in-service cable of this type. Electrical measurements
were taken on the samples, and after a specified ageing period, they were bro-
ken down by an ACBD step test.

The samples were then analysed post-mortem in order to correlate the elec-
trical measurements with the internal morphology of the cable, specifically
with the type, number and length of water trees found. An improved tech-
nique of optical post-mortem analysis was developed, which enabled a large
population of water trees to be measured.

Statistical tests were performed on the populations measured, with the re-
sult that the field-aged and treated samples were shown to have a higher num-
ber of water trees with a greater length, correlating to a lower breakdown
strength. A population model was created, suggesting that the lognormal dis-
tribution gives a better fit than the Weibull distribution when considering the
length of bow tie trees grown in XLPE.

A new ageing factor was proposed - the degree of non-linearity. This factor
requires simple, off the shelf hardware to compute, and may be used to give a
classification of in-service XLPE cable. While there may be several confounding
factors in a given sample, it was found that the degree of non-linearity did
correlate to the length of water trees found in the samples in this test.

Finally, a mathematical model was created to remove confounding factors
in electrical measurements. This model isolated the phenomena of dielec-
trophoresis as a mechanism for the change in morphology of XLPE, this change
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in morphology causing the non-linear response. It was found that the sim-
ulated samples did show an increase in non-linearity with increasing water
tree length as was found in the electrical measurements, however the order of

magnitude of change was much smaller in the simulations than the electrical
measurements.
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Chapter 1

Introduction

Scientia Potentia Est

Knowledge is power

Old Proverb

1.1 Overview of Work

Ergon Energy is an electrical distributor located in northern Queensland, Aus-
tralia. While they service a relatively modest number of subscribers compared
to urban network operators, the area covered by their network is extensive.
Therefore, efficient monitoring and maintenance of their network is of prime
importance.

They have commissioned this work to investigate methods of assessing the
condition of their XLPE distribution network. The goal of this project is to gain
a better understanding of the processes involved in the ageing of XLPE, inves-
tigate how these processes may be measured non-destructively, and suggest a
testing regime that allows the use of ‘just in time’ maintenance practices and
prioritisation of replacement of in-service underground XLPE cable based on
condition monitoring.

Furthermore, this project aimed to shed some light on the effects of a typ-
ical cable treatment program designed to ‘cure’ XLPE cables of water treeing
by chemically changing water trees into a form that can withstand significant



Chapter 1. Introduction

voltage stress. This process is not well documented in published literature, but
it has gained widespread acceptance in several countries. Anecdotal studies
of the effects of the curing process have been published, yet firm conclusions
remain elusive [13, 31, 88, 92].

Despite the measurably different electrical characteristics of XLPE post treat-
ment, it is common practice to apply the same diagnostic procedures to cable
that has been treated. The measurements and analysis of the samples in this
test highlight the need for revision of ‘normal’ parameters in cable that has been
treated with curing agents. In particular, the treatment process increases the
electrical losses of the sample, making it appear to have a more severe infesta-
tion of water trees. Isothermal relaxation current measurements in particular
are affected by the change in response of the sample.

Currently, there are two methods of testing XLPE non-destructively in com-
mon usage: time domain methods and frequency domain methods. The in-
stallation on which this work is based encompasses the use of both time and
frequency domain methods, however this document is focused on the use of
time domain measurements to assess the condition of water treed XLPE. For
a detailed analysis of the effectiveness of frequency domain techniques, the
interested reader is directed to [102].

This work describes the use of time domain measuring equipment and sta-
tistical analysis to better understand the internal structure of water treed XLPE
cable. By improving understanding of the relationship of the internal structure
to the electrical measurements, the state of the insulation may be estimated.
New XLPE is a high quality material that displays many characteristics of an
ideal dielectric (high resistivity, low dispersion, low permittivity). Ageing by
water treeing can be likened to adding impurities to virgin XLPE, thus de-
grading its electrical performance. In particular, the low dispersion of XLPE
is affected when impregnated with water.

However, the chemical properties of XLPE are such that the continuing pres-
ence of water requires an external driving force. It is proposed that the exter-
nal electrical field applied to a cable under load provides this force - literally
squeezing the water into small cracks and weak points in the insulation. When
the external force is removed, the compressive internal forces of the insula-
tion will push the water out of the water tree, causing it to collapse, leaving a
tree-shaped potential space inside the insulation.
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The field-dependant change in water tree structure can be used as a tool to
examine a cable for the presence of water trees. In a sample with few water
trees, the change will be close to zero. However, as the number and length
of water trees increases, this change in the morphology of the sample will
create a larger deviation from the ‘ideal’ response. This increasing deviation
of the sample from a linear response gives an indication as to the state of the
insulation.

Rather than observing a linear increase in measured current when increas-
ing the applied voltage, there will be an element of non-linearity to the re-
sponse in water treed XLPE. By contrast, it is expected that virgin insulation will
maintain a linear response to increasing voltage (within the level of stresses ap-
plied in the proposed tests)®.

The primary goal of this work is analysing this degree of non-linearity (DONL).
This factor, calculated from non destructive tests at multiple voltage levels, is
based on the proposed mechanism that the amount of water in a sample of
XLPE will be related to the magnitude of the external driving field and its effect
on any water trees present. Undamaged XLPE should show a linear increase in
current to an increasing applied voltage, as approximated by an ideal dielectric.
By analysing the deviation of a sample from this ideal response, a new means
of diagnostic assessment has been developed that uses simple equipment that
can be used to classify aged XLPE cables in situ.

A proposed mechanism for the change in internal morphology is a phe-
nomenon known as dielectrophoresis. Dielectrophoretic force is a mechanical
force applied to uncharged dielectric molecules when a potential field is con-
structed. In a non-uniform electric field, materials with a higher permittivity
(water) than the surrounding medium (XLPE) will be attracted to regions with
a high electric field [86, 85].

A commonly held view is that water trees are made up of channels with
some degree of plasticity, meaning an applied force may cause water trees to
change their length, depending on the magnitude of the applied field. The
diagnostic approach developed here is based on dielectrophoresis and analysis
of the information gained from time-domain effects to classify the state of the
insulation non destructively.

!t is well known that dielectric materials display non-linear behaviour at very high stresses,
however the applied voltages are an order of magnitude lower than the dielectric breakdown
level where these phenomenon occur.
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An accelerated ageing facility was constructed according to IEEE standard
1407 [1] in order to study the effects of water treeing on time and frequency
domain measurements. The facility was also intended to study the effectiveness
of the silicon restoration treatment process on aged samples of XLPE. This work
does not focus on the effectiveness of the treatment specifically, but rather the
effects of the fluid on the internal morphology of the insulation and the effects
of the treatment on the electrical measurements. This topic is discussed in
chapter 3.

One aspect of the work presented here that differs from many of the other
tests based on this same standard is the lack of water inserted into the conduc-
tor core of the samples. This treatment was not possible due to the termina-
tions of the treated samples having a water-proof seal. Inserting water would
require breaking the seal, and possibly removing some of the injected fluid in
order to gain access. It was considered that the terminations used should be as
close as possible to those that would be applied in the field, and as such there
could be no water inserted into the conductor interstitium on these samples.
In order to maintain consistency, there was no water inserted into the other
sample groups.

This difference may have a significant effect on the amount of water trees
grown. The samples in this test aged somewhat less rapidly than those in other
tests, and this is considered to be one of the major contributing factors to the
relatively good quality of the insulation at the termination of the test. This key
point of difference makes the results of this test difficult to compare to other,
otherwise similar, tests.

After 400 days of effective ageing, the samples were broken down in a high
voltage step breakdown test. An analysis of the breakdown voltages was per-
formed to correlate the measurements taken directly before the breakdown test
with the forensic analysis performed directly afterwards. The forensic analysis
estimated the length of the longest water tree and compared it to the break-
down strength and the condition of the sample predicted by non-destructive
electrical measurements.

A computer model was constructed in order to isolate the proposed mecha-
nisms of ageing. This model uses a novel technique for computing a time vary-
ing electric field in three dimensional space, referred to here as the flux balance
method. This tool was developed at QUT for use in teaching field theory to
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undergraduate engineers [64]. The use of a custom tool allowed the model to
focus on the unique effects of water and XLPE interaction in an applied field.

The simulation was used to analyse the effect of polymer morphology on
electrical measurements, specifically the effect of the size of water trees on the
linearity of the response to an applied electrical field. The model used mea-
surements taken from the ageing facility in order to more closely correlate the
results of the model with the forensic analysis of the broken down samples.
This model correctly produced a non-linear response in samples with chang-
ing water tree lengths, although the magnitude of the response is somewhat
smaller than measured in the samples.

Finally, the samples were analysed forensically, with a new procedure for
analysing significantly greater quantities of insulation developed. The method
used in this work was used to analyse approximately 0.5% of the total in-
sulation length in the test (microscopic analysis of approximately 600mm of
insulation overall was performed). This is a far greater amount than typically
published, and the detailed examination presented allowed for a more rigorous
statistical analysis of water tree lengths in aged XLPE.

Despite the absence of water in the conductor interstitium, water trees were
found throughout both groups of samples. However it is possible that the water
trees are shorter and fewer in number than might otherwise have been found,
as similar tests have grown water trees to approximately the thickness of the
insulation in this time period [99].

The forensic analysis examined the effects of the CableCure process on both
the qualitative and quantitative properties of water trees. Quantitatively, its
effect on the length and number of water trees was analysed. Qualitatively,
the presence of ‘old’ and ‘new’ water trees was inferred by the discovery of two
water tree types appearing in the treated samples, and only a single type being
found in the untreated samples.

The statistical review of the data obtained in this ageing test forms a signif-
icant part of the contribution of this work. While other tests have been done
in a similar manner, the development of a new forensic analysis technique has
allowed the examination of a much larger number of samples than previously,
and the resulting increase in confidence of the conclusions provides some in-
sight into new directions for research.

Specifically, this work presents a detailed analysis of the statistical distri-



Chapter 1. Introduction

bution of the lengths and location of bow tie water trees. This represents an
original contribution, as no detailed studies on the properties of bow tie tree
populations was found in the literature.

The statistical analysis produced evidence supporting the currently accepted
theory that water trees lower the breakdown strength of XLPE. This supports
the current consensus that an accelerated ageing test will grow water trees of
non-trivial sizes, and these water trees will affect the properties of the insula-
tion, specifically the AC breakdown strength of the samples. The analysis also
gave support for the use of the log-normal probability distribution for mod-
elling the length of bow tie trees grown in commercial XLPE.

The statistical analysis produced evidence for the use of the log-normal
distribution when modelling the length of bow tie water trees in aged XLPE.
This statistical model more closely follows the data gained from the test than
the two most common alternatives: Weibull and normal (Gaussian).

When analysing and comparing the length of the longest water tree (consid-
ered by many to be the most significant factor), Weibull extreme value analysis
was used, with the samples indicating a detectable difference in water tree
length that may explain the difference in breakdown values of the two groups.
This method of analysis (and indeed, this experimental method) does not allow
for analysis of remaining lifespan, rather the undamaged insulation thickness
is used as a proxy for insulation age.

It was found that water trees are not uniformly distributed throughout the
bulk insulation (that is, the location of the centers of the bow tie water trees
did not follow a uniform distribution), and the location of a water tree has no
correlation to its length. This somewhat surprising result suggests there may
be an interplay of factors involved in the initiation of water trees, rather than
a simple ‘field strength’ or ‘impurity’ distribution. Ultimately, at the conclu-
sion of this work, the distribution of water trees within the cable still remains
unknown. The analysis and data that led to this conclusion can be found in
chapter 4.

Chapter 4 describes the extreme value analysis of the water tree length and
the AC breakdown strength of the samples. The extreme value analysis sup-
ports the prevailing theory that longer water trees lead to lower breakdown
strength. There is a change in the Weibull shape parameter of the samples
treated with silicone restoration fluid that may improve the lifespan of treated
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samples by modifying the distribution of the water tree lengths in treated sam-
ples. The exact nature and effect of the change on the statistical distribution
is still unknown. It is assumed that this effect is beneficial due to the positive
experiences described in the literature, but the evidence indicated in this work
is not conclusive in that regard.

Following this, chapter 6 describes the results of a computer model con-
structed to analyse the effects of water tree length on dielectric measurements.
It was found that modifying the lengths of vented water trees gave a similar
non-linear effect as found in the measurements taken on the samples during
the test, albeit with significantly lower magnitude in the simulations than the
sample measurements.

The theory on which the model is based is well established and the model
will yield a behaviour according to the established theorems of electromagnetic
theory. The most significant area of deviation of the model from reality is
in the functions used to define material behaviour. It was found that time
domain material properties of virgin XLPE and water were not easily found
in the literature. As such, the approximations used in the model are based
on measurements taken from the samples in the test, which almost certainly
contain errors related to time, temperature, and environmental conditions that
are not well controlled in a large scale experiment (compared with taking very
accurate measurements on very pure samples in the laboratory).

In summary, the major contributions of this work are the following:

e Statistical evidence for bow tie water trees not being uniformly distributed
inside the bulk insulation

e Statistical evidence for the length of bow tie trees being independent of
location within the bulk insulation

e Statistical evidence for the length of bow tie trees being log-normally
distributed

e Qualitative evidence for the existence of two separate type of water trees
in bulk XLPE treated by silicone restoration fluid

e Qualitative evidence, supported by numerical modelling, of a change in
the linearity of the response of XLPE being related to the presence and

length of vented water trees in the insulation
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The work presented here has focused on presenting the most reliable and
well-supported data taken from the ageing test. It is the nature of such a test to
have many confounding factors both foreseen and unforeseen. Furthermore,
the significant downtime experienced in this test frustrated attempts to anal-
yse the effects of ageing time on the samples. Thus the principal contribution
of this work is the statistical analysis, which has the most reliable data. The
electrical measurements provide some insight into the effects of water treeing
on XLPE, but with less certainty. The correlation of the measurements with
the simulation lends extra weight to the proposed mechanisms, but these still
remain firmly in the bounds of ‘working hypothesis’, rather than ‘strongly sup-
ported’ theory.



Chapter 2

Water Treeing in Underground
Cables - A Review

Imagination is more important

than knowledge.

Albert Einstein

2.1 Underground Cable

The use of underground cable for distribution of electrical power is common
due to the benefits it affords compared to overhead power lines, especially
in built up areas. The principle benefits are improved appearance and fewer
catastrophic interactions (vehicle crashes, lightning strikes, storms, etc.). The
cost of this concealment is increased difficulty in monitoring the state of the
insulation, combined with ongoing exposure to a damaging environment. Fur-
thermore, the inhomogeneity of the environment poses challenges related to
localised defects; for example, when determining the load capacity of the ca-
ble, localised heating effects may be the most significant factor in assessing the
safe operating load. In the case of a direct buried polymeric insulated cable
subjected to a wet or humid environment, localised concentrations of water
can cause repeated failures in one segment of cable, while other segments of
the same cable remain in ‘almost new’ condition. These localised effects pose
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a significant challenge - an entire cable may be rendered unserviceable due
to localised failure in one region, and electrical measurements on XLPE cable
usually consider the whole length as a whole. As such, localised defects are
‘averaged out’ and can be undetectable, while still presenting clear danger to
the cable as a whole.

2.1.1 Types of Underground Cable

There are three types of underground distribution cables in common use: Oil-
Paper Insulated, Gas filled, and Polymeric. The appropriateness of an insulation
type for a particular facility is based on several factors that may not be par-
ticularly related to insulation performance. As a general rule, non-polymeric
installations require significantly greater expense to install and maintain, and
are typically used in very high voltage and high power delivery installations,
where polymeric insulation has not been extensively tested. In contrast, the
main benefit of polymeric insulation is a low maintenance life-cycle and lower
electrical losses, with relatively lower power delivery, and it is becoming the
preferred choice for high voltage installations as well as distribution networks.
There are two main types of polymeric insulation, cross-linked polyethylene
(XLPE) and ethylene propylene rubber (EPR). In general terms, XLPE insula-
tion is stronger physically and has a lower loss factor. EPR on the other hand is
more flexible, making it easier to work with inside installations. As such, XLPE
is commonly used for longer runs and in outdoor settings, while EPR is used
more often indoors and in confined spaces.

2.1.2 Cross-Linked Polyethylene Cable (XLPE)

XLPE is the most commonly used polymeric insulation. Compared to oil-paper
insulation (which it often replaces), XLPE has better durability, lower electrical
losses, easier handling and simpler termination requirements. Compared to
ethylene propylene rubber, XLPE has lower losses and tougher physical charac-
teristics, albeit at a cost in flexibility. For this reason EPR is often used inside
installations, and XLPE for longer distribution runs [14].

Much research has been focused on increasing the voltage rating of poly-
meric insulation, and is is starting to be considered as a replacement in high
and extra-high voltage installations. The relatively maintenance free life-cycle
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of XLPE make it an attractive alternative to gas filled insulation. The haz-
ardous chemicals used in oil-filled insulation provide an environmental danger
that must be managed, which is not the case in polymeric insulation.

2.1.2.1 Cable Construction

Modern XLPE is manufactured by drawing polyethylene pellets (see figure 2.1)
onto an internal conducting cable (typically aluminium or copper), with the in-
ner semiconductor, outer semiconductor and insulation layer being all formed
in a single action on an extrusion line (triple extruded). In early manufactur-
ing processes the polyethylene was ‘cured’ (cross-linked) using pressure and
temperature provided by steam, but this method was found to be detrimental
to the lifespan of the cable, as the steam curing allowed a lot of moisture to
collect inside the bulk insulation [73], leading to rapid infestation by water
trees and subsequent premature failure.

The use of pellets in the manufacture of XLPE is significant due to the distri-
bution of impurities it creates. While efforts are made to ensure cleanliness of
the entire manufacturing process, it is a certainty that particles will be drawn
into the extrusion plant while attached to the pellets. Virtually all XLPE con-
tains impurities in the form of sodium salt (NaCl), other metal salts and oxi-
dised polyethylene. Much of the advancement in improving XLPE resistance to
water treeing is derived from improved cleanliness in manufacturing.

A typical single phase XLPE insulated distribution cable is constructed as
shown in figure 2.2. Table 3.1 shows the electrical properties of the 22kV
distribution cable used in this test.

2.1.2.2 XLPE Properties

Cross-linked polyethylene (XLPE) is a non-polar dielectric with high resistivity
and low electrical permittivity. These properties combine to make an insulation
with a low loss factor, making it economical for long runs [50].

The modern XLPE plant cross-links the polyethylene chemically (using per-
oxide or other proprietary chemicals) with a high pressure nitrogen environ-
ment. The result is a tough, impact and stress resistant plastic with good
temperature performance and excellent electrical characteristics. Once the
polyethylene has been cross-linked, the material becomes highly resistant to
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Figure 2.1: Polyethylene pellets, as used in the manufacture of XLPE.

temperature effects, with no ill effects below 90°C, and generally no issues
with brief excursions of temperature up to 120°C [105].

Bulk XLPE is significantly hydrophobic, with a solubility in water of ap-
proximately 2.65 mg/100mL [35]. This low solubility means liquid water will
concentrate in cracks and voids rather than diffuse throughout the polymer.
The effect of this concentrating property is to provide an initiation site for the
development of water trees.

2.1.3 Failure Modes of XLPE Insulated Cable

When subjected to electrical, chemical and mechanical stresses, XLPE cables
have been observed to fail in the following ways:

1. Mechanical Stress: Tearing/breakage of metallic screen, jacket damage
causing corrosion and water ingress, electrical field enhancement due to
direct trauma.
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Figure 2.2: An example of a typical XLPE insulated cable cross section, with
dimensions consistent with the samples used in this test. Note that the samples in
this test did not have the metallic screen (as found in some modern installations)
that would render them impervious to water.

2. Chemical Stress: Corrosion of metallic screen, oxidation of insulation,

inclusions/intrusions of substances that accelerate water treeing.

3. Electrical Stress: Water treeing, electrical treeing, arcing damage at screen/semi-
conductor interface, partial discharge leading to electrical treeing.

The two most common causes of failure of in-service XLPE cable are wa-
ter treeing leading to electrical treeing, and damage/corrosion of the metallic
screen leading to arcing [3].

2.2 Water Treeing

Water trees, so called due to their tree or bush-like appearance on microscopy
(see figures 2.4 2.5 2.6 2.7 2.8 2.9) are the primary age related cause of failure
of XLPE insulated cable.

With the first discovery of water trees causing failures in the 1970s, and the
subsequent realisation that they have become the primary failure mode of XLPE
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cable [105], a lot of time and money has been spent researching the effects,
causes and prevention of water treeing in XLPE.

The general structure of a water tree is that of a branched ‘tree’ like struc-
ture with a narrow ‘trunk’ section fanning out into a series of smaller channels
(the ‘branches’) - see figure 2.3 [94]. In many respects they resemble a bush -
with a lot of closely packed smaller branches, and fewer larger branches [26].
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PE outside 7XF amorm
water tree -/ ionic endgroups

Figure 2.3: A diagram of a water tree, after Ross, 1998 ([94]).

Water trees are universally divided into two types: those originating at an
insulation boundary (so-called ‘vented trees’) and those originating inside the
bulk insulation (‘bow tie’ trees). The focus of most research is into vented water
trees, as these are considered the most dangerous. Bow tie trees are thought
to stop growing at a certain size, and as such are not considered as dangerous.

There is some suggestion that multiple bow tie trees could combine to form
a very long water tree, or even reach a boundary and ‘transform’ into a vented
tree. The probability of this occurring is related to the number of bow tie trees
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and their distribution. As such, it will be based on the ageing environment to
a significant extent. There were no ‘linked’ bow tie trees observed in this test,
however there were trees found within close proximity.

(a) Bow Tree, Length (b) Bow tie Tree, Length
.813mm

(c) Vented Tree, Length 1.42mm (d) Vented Tree, Length 1.40mm

Figure 2.4: Water trees grown in XLPE and stained with Methylene Blue. (Cour-
tesy of Novinium, Inc.)
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el
(a) Vented water tree from
2.5c after staining with methy-
lene blue.

p—

(b) Vented water tree grown in
XLPE. The initiating defect is
clearly visible in the semicon-
ductor layer.

(c) A large vented water tree growing in XLPE.

Figure 2.5: Various vented water trees grown in XLPE. (Courtesy of Novinium,

Inc.)
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(a) Vented water tree in EPR. (b) Bow tie water tree in EPR.

(c¢) Smaller bow tie tree in EPR

Figure 2.6: Water trees grown in EPR insulation and shown in relief. Due to the
opacity of EPR insulation, staining is not an effective technique for visualisation.
(Courtesy of Novinium, Inc.)
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(a) Bow tie tree, Length: 1.02mm

(b) Bow tie water tree (c¢) Vented water tree

Figure 2.7: Water trees in XLPE. (Courtesy of Novinium, Inc.)
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(a) Bow tie tree, length: (b) Bow tie tree, length:
0.97mm 1.02mm

(c) Bow tie tree, length: 2.03mm

Figure 2.8: Water trees in XLPE. (Courtesy of Novinium, Inc.)
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(a) Large vented water tree (b) A vented water tree that
(center) with two electrical has caused a breakdown - note
trees forming at the base. the damage to the insulation

destroys the water tree that
caused the breakdown.

(c) Bow tie tree in EPR, this tree has ‘converted’ to a vented tree and the
breakdown process (conversion to electrical tree) has begun.

Figure 2.9: Water trees leading to breakdown. (Courtesy of Novinium, Inc.)
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(a) Vented Tree with Halo (b) Vented Tree with Halo

Halo and Vented Water Trees
Cable H 15X

(c) Vented Trees with Halo

Figure 2.10: Halos and water trees are both signs of significantly contaminated
insulation. These types of defects are normally discovered during manufacture,
but occasionally appear as early failing cables. (Courtesy of Novinium, Inc.)
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2.2.1 Definition

A precise definition of a ‘water tree’ is not completely agreed on, so taken
directly from [94], the following definition will be used for this work:

“Water trees are degradation structures in a polymer that are per-
manent, have grown due to at least humidity and an electric field,
have a lower electrical strength than the original polymer when
wet, but which are not a short circuit or local breakdown path,
and are substantially more hydrophilic than the original polymer. A
typical water content of wet water trees in polyethylene is > 1%.”
-Robert Ross [94]

This definition, while not universally accepted, is generally understood. The
terms ‘vented water tree’ and ‘bow tie water tree’ to denote water trees initiat-
ing from the edges of the insulation and the interior of the insulation respec-
tively, will also be used. Although use of these terms in this manner is also not
universally agreed, it is nearly universally understood [94].

2.2.2 Composition

Water tree composition has been extensively studied, and the environment in
which the tree grows is known to affect both its chemical and electrical proper-
ties [91]. Techniques for examining both the morphology and chemical struc-
ture of water trees have been applied [108], and the chemical structure of
water trees seems likely to be known in the near future.

What is currently suggested is that water trees initiate at a point of impurity,
possibly a transition metal ion, or a salt inclusion. The water tree is then
developed as a hydrophilic track, which often contains salt, but may also be
related to oxidation or other chemical changes to the polymer. The finding of
carbon in a water tree is a late sign and indicates the transition to an electrical
tree.

2.2.3 Initiation and Growth

The means by which water trees initiate and grow is an area of some con-
tention. What follows is a very brief overview of the theories surrounding wa-
ter tree initiation and growth. This plethora of theories regarding the causes of
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inception and growth of water trees lends some insight into the reason for the
wildly differing results gained at various laboratories when the conditions are
slightly different. Even under ostensibly identical conditions, the results vary
for unknown reasons [99].

Of note is the nature of the statistical distribution of each of these causes.
Causes based on the presence of impurities should yield a uniform distribu-
tion of water trees throughout the insulation. Those based on chemical effects
should show some preference for water treeing in a particular segment of in-
sulation. Thermal or electrical ageing would most likely concentrate near the
conductor core, while mechanical effects would be felt at the outer radius of
samples. Thus, by examining the location of water trees in a sample, it may be
possible to infer the principle cause of water treeing in the sample.

Environmental Stress Cracking

The environmental stress cracking (ESC) theory states that the key means of
growth of water trees is due to cracking caused by mechanical stress. For
example, one variant suggests there is an electrokinetic force that acts on a
dielectric under electrical stress that acts to ‘expand’ the polymer. This enables
water to penetrate micro-cracks more easily, thus decreasing the inception time
of water trees [83].

Residual Stresses/Bending

A cable that has been subjected to significant tensile stress tends to form water
trees more quickly than one that has been subjected to compressive stress [100,
18]. The decrease in inception time may be due to the expansion of micro-
cracks that would otherwise form a barrier to water due to surface tension.
Thus water trees form preferentially at the outside edge of bent cables
[100]. It has also been shown that water trees grow more rapidly under moder-
ate tensile stress. At 30% tensile stress, water trees grow approximately 100%
faster [18]. However, increased stress beyond 30% has no discernible effect.

Field Induced Fracture

When an electric field is applied to a dielectric, several forces are initiated. If
two materials of different permittivities (¢; and ¢;) are in contact with each
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other, there will be an interfacial force per unit area according to:

1 €
b= e - ) (B2 + 2 Ep) 2.1)
€2

(where E}; and E,,; are respectively the tangential and normal components
of the field with respect to the boundary, and a positive % indicating force
towards material 1 [100])

If a water filled void or crack is present, it will tend to concentrate the
electrical field at the ends of the void, making the electrical field two to five
times stronger than the applied field [24]. This force can lead to zones of
crazing - a low density area with many micro-voids, susceptible to increased
water treeing [100].

Fatigue

Water droplets will tend to deform under a high field [24], causing a water
filled void in an alternating electric field to continually elongate and relax.
This causes mechanical fatigue on the polymer surrounding a water droplet,
eventually leading to the creation of micro-cracks, thus increasing the size of
the water tree.

This theory suggests water tree growth should vary linearly with the fre-
quency of the supply, however the exact relationship is not yet known. In-
creasing the frequency does increase the ageing rate, but the relationship is
logarithmic rather than linear [24].

Contamination

Damage may also be caused to the polymer matrix by chemical processes. Al-
though the quality of XLPE has improved greatly since its introduction, it would
be somewhat optimistic to assume that there are no inclusions in a given com-
mercial cable. It is virtually assured that there will be NaCl (common salt) ions
in a given sample of commercial XLPE. But salt isn’t the only contaminant, and
some research suggests that other contaminants pose a greater threat to cable
life [24, 47].
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Condensation

Even without voids or inclusions in the polymer, water vapour may condense
between the polymer strands and exert a hydraulic pressure. A 2% supersatu-
ration of the air will exert a hydraulic pressure of 2.5 MPa - this is close to the
rupture point of the molecular bonds of XLPE [83].

Additionally, inclusions of water soluble ions will lower the vapour pressure
of water, which will increase the rate of condensation, decreasing the time to
inception of water trees. If the relative humidity of the air in the vicinity of the
insulation is above 75%, then conditions become favourable for the conden-
sation of water around NaCl inclusions. As NaCl inclusions in the insulation
are a practical certainty, 75% is considered the critical level of humidity for the
initiation of water trees [95].

Lastly, thermodynamic theory states that water will condense preferentially
in high field areas (e.g. voids). Thus in a humid environment (as that in which
the network operated by Ergon Energy is located) the condensation of water
around inclusions and other voids in the insulation is almost certain to occur,
resulting in water trees being present in virtually all direct buried cable.

Osmosis

XLPE may be regarded as a semi-permeable membrane; water will tend to
move from the surroundings into the insulation until a concentration equilib-
rium is established.

If there are any water soluble inclusions in the insulation, they will tend
to attract water molecules and thus an osmotic pressure will build up. This
pressure can lead to cracks in the polymer that will allow the water tree to
grow [24].

Oxidation

Another hypothesised growth process of water trees is the bond scission that
occurs due to electron injection or mechanical failure. Broken polymer chain
ends allow for the release of free oxygen radicals that in turn may cause more
bond scission.

The by-products of oxidation are also generally much more hydrophilic than
the surrounding polymer. This lends some support to the theory that oxidation
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plays a part in the growth of water trees [52, 19].

The evidence is not conclusive however; water tree initiation is not inhib-
ited by an oxygen free environment, and studies have indicated that the level
of oxidation in a water treed region is no greater than in the general polymer
matrix [24]. More work on sensitive measurements of polymer properties may
shed some light on this theory.

Dielectric Heating

Heat can accelerate the effects of chemical reactions and thus increase the rate
of water tree growth as it relates to the chemical processes outlined above.
Also, the polymer inside the insulation is usually not perfectly homogeneous.
Thus, there are locations of electrical field enhancement. Under impulse con-
ditions this field enhancement may cause excessive heating - causing polymer
deformation or damage [24].

Dielectrophoresis

Dielectrophoresis is the tendency of polar molecules to move from a low field
area to a high field area. As a water tree is a concentration of water molecules,
diffusion pushes molecules away from the water tree. Dielectrophoresis op-
poses the diffusive force, keeping water molecules at the site of the water tree,
and drawing more molecules to the water tree [86, 85].

Dielectrophoretic force is related to the shape of the particles, as well as the
intensity of the electric fields.

For a field-aligned ellipsoid of radius » and length [ (r < [) with complex
dielectric constant ¢ in a medium with complex dielectric constant ¢;, the
time-dependent dielectrophoretic force is given by:

2 er—er
FDEP = %&TLRC {p—*} \V4

12
FE (2.2)

€m

The complex dielectric constant is ¢* = ¢ + o where ¢ is the dielectric
constant, o is the electrical conductivity, w is the field frequency, and j is the
imaginary number.

I'This reference, however indicates that a device for accurately measuring the amount of
oxidation in XLPE is yet to become available, due to interference by water on the spectrographic
measurements. As such, it is difficult to draw conclusions from this set of data alone.
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One criticism of this theory is the fact that it should allow water trees to
grow under a DC field. This has not been supported by evidence [24], instead
it has been found that the rate of growth of water trees increases with higher
frequencies of supply, while the dielectrophoretic force will decrease (as seen
in equation 2.2).

However, this theory also suggests that short term morphological changes
may occur in water treed XLPE when a DC electrical field is applied (e.g. a
time-domain step test). Particularly relating to trapped charges (which tend to
gather at the tips of water trees [61, 58, 62]), which will tend to maintain an
electrical field in the absence of a continuously applied field, dielectrophoresis
may significantly affect the internal morphology of water treed XLPE. Detecting
and analysing a change in morphology is the basis for the DONL ageing factor
presented in this work, thus the theory of dielectrophoresis is significant to
this work, even if it is found not to contribute to the growth of water trees
significantly.

Electro-Osmosis

If there is an anomaly in the insulation, whether it be a void, an inclusion or
an intrusion, it will cause a field enhancement. Any water molecules that have
diffused into the insulation will tend to move from the low field area to the
high field area. This will create hydrostatic pressure and give the water tree a
larger reservoir to draw from [24].

Electrostriction

Alternatively known as Maxwell’s Forces, this theory comes from the fact that
when an electrical field is applied to a dielectric liquid in a surrounding medium,
a pressure change (AP) occurs. This change is related to both the permittivity
of the dielectric and the applied field:

AP =——qd=t (2.3)

Where d is the density of the liquid, ¢, is its permittivity, and F is the elec-
trical field [24].

When the field is time-varying, a water drop (which may be considered
dielectric in this case) inside the polymer will continually expand and contract,
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leading to fatigue and cracking.

2.3 Methods of Overcoming Water Treeing

In order to reduce or eliminate water trees from XLPE cables, a number of tech-
niques have been created and implemented into distribution networks. The
most successful method is eliminating water from the cable environment, us-
ing impermeable cable ducts or cable that contains a layer of aluminium below
the outer jacket.

There are also methods of treating XLPE that chemically changes it into a
form that is more resistant to water treeing. These methods result in a polymer
that has similar characteristics of ‘cured’ XLPE, namely higher losses and a non
linear response to applied voltage. The most successful modification to cable
manufacture with regards to water treeing has been the introduction of ‘dry
curing’ XLPE cable manufacture, as well as a significant reduction in the num-
ber of impurities in the bulk insulation as cleaner manufacturing techniques
are developed.

2.3.1 Tree Retardant XLPE (TR-XLPE)

Treatment of XLPE to reduce the growth of water trees typically involves de-
creasing the hydrophobicity of the bulk insulation so the water disperses through
the insulation rather than concentrating into water trees. The side effect of this
treatment is the cable usually has significantly higher dielectric loss.

2.3.2 Silicone Oil Treatment

Silicone oil treatment of both new and previously water treed cables has been
applied to several networks, often with good success. The use of silicon oil
derivatives to attempt to ‘treat’ water tree affected XLPE cable is a relatively
new process in Australia. While these methods have been somewhat successful
in the United States [13, 88], there have been some issues when this technology
has been applied in Europe [31].

The mechanism by which treatment with silicone oil derivatives treat water
treeing inside the insulation is twofold. Firstly, the fluid attracts and binds wa-
ter molecules into a stable structure with a comparatively high dielectric break-
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down strength (oglimerisation). This reduces the field enhancement effects
of water trees, prevents their further growth, and improves the breakdown
characteristics of the insulation. Secondly, the process dries out the cable, by
displacing water from the interior of the insulation and the conductor inter-
stices, binding free environmental water, thus decreasing the available water
for growing new water trees.

With many of the essential technical difficulties already ironed out of this
(relatively mature) process, the question that remains is more economic in na-
ture - does the cost of the treatment process give a commensurate increase in
lifespan, or is laying new cable a better decision in the long term? Answering
this question requires consideration of many factors not covered by the techni-
cal properties of the cable (for example, cable access, cost of installation and
upgrade schedules), however the factors elucidated by this work may go some

way in aiding the decision making process.

2.4 Detection of Water Trees

Several methods of detecting water trees have been proposed and tested both
in the field and in the laboratory. The nature of solid dielectrics is that the po-
larisation and depolarisation of the material requires long periods of time and
involves very low currents. Several techniques have been developed in labo-
ratory settings that have not translated well to field measurements. Variables
such as temperature and humidity, along with electrical interference render
laboratory instruments unreliable in the field. As such, most current research
is on gaining better information from more noise-tolerant instruments in order

to make field measurements more viable.

2.4.1 Dielectric Response of XLPE

The dielectric response of XLPE is governed by the solid dielectric relaxation
equations outlined by [43, 42]. In contrast to liquid dielectrics, the dipoles
in a solid dielectric are constrained in their movement by the structure of the
material. The presence of dipoles introduces a ‘screening’ effect, whereby more
mobile charges are balanced somewhat by less mobile charges. The effect of
screening is quite pronounced in XLPE, which is one reason for its low loss (and
therefore excellent insulating performance). As the dipoles are constrained
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and interactive, the dielectric relaxation of XLPE follows the ‘many body’ or
‘universal relaxation’ law.

This is in contrast to the discharge of an ideal capacitor, or indeed the re-
sponse of liquid dielectrics. The decay response of a capacitor is normally
defined by:

arP(t) R (1)

i(t) = - = —r 2.4

-
(Where P(t) is the polarisation function, F, the polarisation at ¢t = 0, and 7 the
so-called ‘time constant’ of the capacitor)

Giving the characteristic loss peak:

wT

T 14w wrx' (W) (25)

X" (w)

(Where w is the frequency, and x the frequency domain function)

This is the ‘classic’ or Debye relaxation, and is observed in materials where
the charges are free to move without interacting with each other. In contrast,
the proposed model of solid dielectric relaxation is the ‘universal’ law. The
foundation of the universal law of relaxation is an observation that:

9;//, ((:))) = cot (%) = const (2.6)

[Where n is a property of the material, varying from 0 — 1, with higher
values indicating lower losses. The value for n in XLPE is close to unity - it has
very low losses, and the loss angle is close to being constant in the frequency
domain.]

Stated another way, in solid dielectrics:

lost 1
energy lost per cycle const 2.7)
energy stored

The general law for the relaxation of a dielectric upon removal of a driving
field is given by:
A(T)
(Wpt)m+1 + (wpt)"

[Where w, is the low frequency loss peak - a property of the material, n is as

i(t) = (2.8)

above, and m is a second material constant that defines the ‘secondary’ relax-
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ation - after time w—lp a non-universal relaxation with greater rate of decay takes
over (this region is not well defined and difficult to analyse experimentally)]

To summarise, XLPE as a solid dielectric does not follow a simple capacitive
discharge curve, rather the many-body/universal solid dielectric relaxation law.
The results of measurements taken on XLPE cable should be interpreted in this
context.

2.4.2 Time-Domain Measurements

Time domain measurements are based on applying a defined voltage function
to a sample and measuring the current response. There are three main types:

1. Isothermal Relaxation Current
2. Return Voltage Measurement (also discharge current measurement)

3. Polarisation/Depolarisation Current

The theory behind isothermal relaxation current is analysis of charges trapped
during polarisation of a dielectric. When the potential is removed from the di-
electric, different charge traps will release their charges at different times. The
resulting current can be measured and analysed to estimate the condition of a
sample of XLPE. Under strictly controlled laboratory conditions, this test gives
a lot of information about the insulation.

Unfortunately, the variations (particularly thermal changes) which arise in
the field make this test somewhat unreliable. IRC measurements were per-
formed on these samples, but the issues with taking measurements outside a
laboratory environment were notable, along with the restriction of the equip-
ment not allowing the use of the raw measurement data [79].

Furthermore, the isothermal relaxation current method is based on Debye
relaxation of the sample, and (as mentioned earlier) this is not a good fit for
solid dielectric relaxation. There is some overlap between Debye and universal
relaxation, so the model may give some approximation to the ‘true’ process.

Internally, the isothermal relaxation current equipment estimates the con-
dition of a sample by computing several ‘factors’ by fitting a known function
to the measured data. The question of the correctness of the function fit to
the curve is secondary to the effectiveness of these factors in estimating the
condition of the insulation. However, in several cases the equipment failed to
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return a result, and this is possibly related to the deviation of the response of
the samples from the classic Debye response. In contrast, oil based insulation
should show a response more similar to the classic Debye response, and this
may make the equipment more suitable for this type of insulation.

Return voltage measurement and discharge current measurements both
measure the discharge current resulting from a charged dielectric being dis-
charged. This method is somewhat more flexible in its approach, as it doesn’t
always attempt to compute parameters based on Debye relaxation. As such, the
information is somewhat different to the isothermal relaxation current, and is
similar in many ways to the polarisation/depolarisation current measurements.

The return voltage method uses the resistive properties of a sample to in-
directly measure the current flowing by measuring the voltage between the
electrodes after the input is applied. This method is thought to be more re-
sistant to noise, as the reading of very small voltages is more accurate than
reading very small currents.

The most significant disadvantage of the return voltage method is the fact
that it requires the specimen to be ungrounded, which can result in distor-
tion of the returned signal by leakage current flowing over the surface of the
sample. The return voltage measurement equipment used in this test was still
under development and was unable to reliably return a set of dielectric mea-
surements on the samples. In this case, the accelerated ageing test bed acted
as a development environment for the test equipment, rather than the test set
providing insight into the condition of the samples.

The polarisation depolarisation current technique is the simplest, and is
commonly used in assessing the condition of oil paper or oil pressboard insula-
tion. The main disadvantage of this technique is the effects of electrical noise
on the measurements that can overcome the very small signals being measured
in XLPE cable.

This method attempts to characterise the state of the insulation by comput-
ing the resistivity of the sample. This may be computed directly, if the so-called
‘steady state’ charging stage is reached (the pseudo-DC state at which the sam-
ple is fully charged). However, reaching this state is not typically practical in
high-resistivity samples such as XLPE. Rather, the difference between the charg-
ing and discharging current is used to estimate the resistivity (this procedure
is outlined in chapter 6).



2.4. Detection of Water Trees

33

The equipment used to perform these measurements allowed for recording
the applied voltage and current as the measurements were performed. This
equipment was readily available ‘off the shelf’, comparatively cheap and reli-
able. Internally, the raw data measurements are available via a serial port on
the device. Access to this data allows for analysis according to the universal
relaxation law or the Debye model (or any other method desired) depending
on the circumstances, making this the most flexible piece of equipment used in
this test.

2.4.3 Frequency Domain Measurements

Frequency domain techniques have an advantage over time-domain techniques
in terms of elimination of electrical interference. However, the equipment is
large, complex and expensive in comparison to time-domain measurement de-
vices. This test applied frequency domain testing to the samples, the results of
which can be found in [103, 104, 102].

The frequency domain measurements can provide a lot of useful informa-
tion, but it must be interpreted with care, as ambient humidity can affect the
measurements to a significant degree. As with most of the methods discussed
here, these measurements make the best contribution when used to assess the
same sample over time.

2.4.4 Partial Discharge and Oscillating Wave Test

These tests were previously used to assess the condition of XLPE cable by ap-
plying a ‘shaped’ waveform and measuring the resulting returned waveform,
but are no longer recommended as it has been found that they damage the
cable under test [87].

2.4.5 Tan Delta Measurements

In recent times, analysis of the loss of cables at operating frequencies (so called
‘tan-delta’ measurements) have shown some promise with regards to predict-
ing the breakdown strength of XLPE cable. The breakdown strength has been
linked quite closely with the length of the longest water trees, as such this
shows promise with regards to predicting the level of water treeing at a point
in time. [44]






Chapter 3

Accelerated Ageing of XLPE Cable -
Description of Test Facility and
Procedures

If you're doing an experiment,
you should report everything
that you think might make it
invalid not only what you think
is right about it.

Richard P. Feynman

3.1 Rationale

Ergon Energy commissioned a test facility to be built to determine the effec-
tiveness of silicone oil treatment of water treed XLPE cable. Furthermore, the
facility was an excellent opportunity to develop and improve non-destructive
testing methods for use on the underground network.
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3.2 Test Facility

The test facility was built according to IEEE Standard 1407 [2]. The ageing
parameters were temperature, voltage stress, and salt and water in contact
with the insulation.

The facility was initially constructed with three sample groups in mind -
new unaged cable, field aged (old) untreated cable directly from a site experi-
encing multiple failures, and old field aged cable treated with silicone restora-
tion fluid (‘CableCure’).

However, the facility was unable to supply sufficient current to the sam-
ple groups to maintain the desired temperature. Calculations for the required
current and rating of the current supplying transformer did not adequately ac-
count for the inductive load of the loops of cable. As such, the transformer was
unable to supply the required current to heat all three tanks to the desired tem-
perature, and a decision was made to remove the field aged untreated samples
from the testing program.

3.2.1 Location

Construction of an accelerated ageing facility requires a substantial investment
in floor space. Furthermore, the high voltages that are continuously applied
create safety risks that must be carefully managed. Due to space and safety
considerations, the test facility was unable to be built on-campus at the Queens-
land University of Technology. Instead, Ergon Energy offered use of a testing
bay in their test and maintenance workshop located at Virginia, Queensland (a
suburb of Brisbane in Australia).

The test bay was approximately 8m by 5m with a control room overlooking
the test facility (see figure 3.1. There was a 2m chain link fence surrounding
the bay, with safety interlocks on all the gates. If any gate was opened, the
power to the test bay would be disconnected. The test bay is supplied by a
high current three phase 50Hz supply, as well as standard 240V/10A 50Hz
outlets.

3.2.2 Environment

The environment was intended to give an approximation of the environment
the samples would experience in the field while increasing the severity of the
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load to accelerate the ageing process.

3.2.2.1 Water

The water was intended to provide an approximation of the ionic content of the
groundwater in which the network operates. It was sourced from the town wa-
ter supply, with a deionising filter attached (thus it was referred to as deionised
water). The initial fill of the tanks was via the filter, and the water was then
cycled through the filter several times. Top up fills were applied via the filter.

The water purity was initially tested by measuring the resistivity of the wa-
ter. Prior to the addition of the salt, the measured amount of contamination
(based on electrical resistivity) was <10 ppm. The water analysing device was
not able to accurately monitor concentrations above 100ppm, thus the ‘salty’
water was not monitored. As salt is not lost via evaporation, it was considered
that the concentration would vary only with water level, and by maintaining
the water level the concentration would remain constant.

Several water samples were taken from cables in the field and analysed for
impurities:

Sample  Chloride [mg/L] Nitrate [mg/L] Sulphate [mg/L]

1 11 12 47
2 49 - 9
3 5 - -
4 10 1 11
5 13 1 2
6 13 2 2
Tap Water 60 - 22

After the initial top up fill and de-ionisation, laboratory grade sodium chlo-
ride was added to the tanks to simulate the groundwater conditions of the
region from which the samples were taken (a region near Innisfail in Queens-
land, Australia). It was decided to bring the ionic concentration of the water to
10mg/L of Chloride ions. Only a small amount of salt was required, per figure
3.2.

A significant difference between this test and other published tests (e.g.
[99]) is the lack of water inside the conductor strands. Due to the termina-
tion requirements of the treated samples (sealed terminations to prevent water
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Tank Dimensions = 1200 H x 1150 W x 1830 D

Tank Volume = 2.542 m?

Tank Material: HDPE

Cable Dimensions = 7m (length) x 34mm (diameter)
Cable Volume = 172 x m x 7000mm = 6355mL = 6.4L

Water volume (no dummy) = 2344 L
Water volume (with dummy) = 2338 L

Amount of NaCl added:
NaCl = 1.65 mg/L (based on Na = 23 Da + Cl = 35.5 Da)

Intended concentration 10mg/L of Cl anions:
Weight to be added (dummy/no dummy): 38.6kg / 38.7kg

Figure 3.2: Calculation for the amount of NaCl to add to the tank water.

ingress and contain the treatment fluid within the conductor strands - see fig-
ure 3.3), it was decided not to expose any of the sample conductor strands to
the salt water medium.

In order to minimise damage to the conductor strands, the HDPE outer
jacket was left in-situ. However segments were removed every 1m to ensure
adequate contact of water with the outer surface of the insulation.

The tanks were constructed from HDPE. It was noted that the tank material
is a possible cause for changes in time to failure of samples, however this link
has not been conclusively demonstrated. For the purposes of this test, as the
samples are being directly compared under identical conditions, the composi-
tion of the tanks was not regarded as a significant factor.

In order to improve water access to the insulation, segments of the HDPE
outer jacket were removed approximately every one metre. The jacket was not
totally removed, as it was judged that the risk of damage to the samples would
be too high.

This is a significant area of difference, and it makes the results of this test
less comparable to other tests. Furthermore, this is likely a significant factor
contributing to the good condition of the samples at the end of the ageing test.

Each tank was linked at the bottom by the inlet and outlet from the water
pump, and at the top by overflow valves. The water was circulated throughout
each tank at a constant 20L/min, governed by inlet flow restrictors (see figure
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Figure 3.3: Image of a CableCure termination, showing the port (connected to
the hose) into which the fluid is pumped into the cable.

3.4).

During the test, it was noted that, due to the high temperature of the water,
the rate of evaporation was very high - on the order of 10-15mm per day.
This initially caused the water level to drop significantly on two occasions,
prompting the unused third tank to be added as extra storage. A small pump
was installed to continuously pump water from the third storage tank to the
other two tanks, with the overflow flowing back into the storage tank. This
ensured the water level would remain at the maximum level.

3.2.2.2 Temperature

The temperature of the samples was elevated to the maximum that could safely
be applied without causing a phase change to the polymer insulation, in order
to accelerate the ageing as much as possible. There is some debate as to the safe
operating temperature of XLPE, however it is generally accepted that ageing
below 90 degrees Celsius will prevent thermal damage to the polymer. As such,
the current in the conductors was varied (up to 400A) in order to maintain an
internal temperature of 80 degrees Celsius.
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Figure 3.4: The flow of the water in the tanks.
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Stress Cones

Thermocouple Locations: Conductor Thermocouple (in air) Dummy Sample Only

Tank 1 Dead Centre Cable Surface Thermocouple (in air)

Tank 1 Front Centre
Tank 1 Rear Centre

Ambient Air Temp

Tank 1 Dummy Conductor in Air

Tank 1 Dummy Surface in Air Water Temperature

Tank 1 Dummy Conductor Bottom
Tank 1 Dummy Surface Bottom

Tank 1 Sample 5 In Air
Tank 1 Sample 5 Bottom Surface

Tank 1 Sample 5 Top Surface Cable Surface Thermocouple

Tank 3 Front Centre Conductor Thermocouple (Dummy Sample only)

Tank 3 Rear Centre
Tank 3 Dead Centre Water Temperature

Water Solution

Tank 3 Sample 5 Bottom Surface
Tank 3 Sample 5 Surface in Air Water Temperature

Oil Bath (Ambient Air)

Figure 3.5: The locations in the tanks and the samples where the thermocouples
were located.

Each tank had an inline heater that could be controlled independently. A
total of 16 thermocouples were placed, with temperature being monitored in
locations indicated in figure 3.5. In the duration of the test, several of the
thermocouple inputs to the PLC failed. The cause of the thermocouple failures
was never established, but was likely due to some kind of high-voltage transient
that made its way along the thermocouple to the PLC - possibly when a sample
broke down the water became briefly energised.

As well as monitoring the temperature of the water, several thermocouples
were used to monitor the surface temperature of various samples. The proce-
dure for attaching a thermocouple to the external surface of a sample was as
follows:

e Cleaned sample area of water and dirt
e Applied a small amount of thermal conducting paste

e Thermocouple placed under a small copper pad, with the void filled with
paste
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e Approximately 5 - 7 layers of PVC electrical insulation tape applied to
ensure the sensor is firmly fixed

e Tape or tie downs also used at a secondary location approx 100mm from
site for mechanical strength

In the instances when the conductor temperature was being measured, a
dummy sample was linked to the circuit using a 1:1 iron core. The induced
current was measured to be approximately 95% of the measured applied cur-
rent, thus it was assumed that the temperature of the dummy sample would
provided a good representation of the temperature in the test samples.

The procedure for measuring conductor core temperature was as follows
(see figure 3.6:

e Using a previously marked drill bit, a 4mm hole was drilled in the insula-
tion with care being taken not to damage the conductor strands

e Hole filled with thermal conducting paste

e Thermocouple sensor inserted and taped into place using 5 - 7 layers of
PVC electrical insulation tape

e Tape or tie downs also used at a secondary location approx 100mm from

site for mechanical strength

Tape was applied in both instances (external and internal mounting) to add
both mechanical strength and a small amount of thermal insulation to ensure
the temperature reading was not adversely affected by the water temperature.

Throughout the four year time-frame of the test, there were seasonal vari-
ations in ambient temperature, but the in-line heaters kept the water tem-
perature between 57°C and 61°C, with only a few significant changes when
down-time of more than a few days was encountered (the water would cool to
less than 20°C without active heating). The variation of the temperature inside
the tank was very slight - with the pump circulating the water through each
tank, the difference between the coldest thermocouple and the hottest was
only around 1°C (excluding the core temperature measurements of course).
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Thermocouple in situ

Hole filled with thermal
conducting paste

Figure 3.6: Diagram showing the location of the thermocouples used for measur-
ing conductor (‘core’) temperature.

3.2.3 Ageing

The main application of ageing stress to the samples involved the use of a high
voltage circuit to apply three times the rated voltage of the samples and a high

current circuit to maintain an internal temperature of 80 degrees Celsius.

3.2.3.1 High Voltage Circuit

The high voltage circuit was applied to the sample as in figure 3.7
The magnitude of the voltage was three times the rated voltage (38kV),
giving an electrical stress of 6.9 kV/mm.
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5.5mm 22kV XLPE
insulation

Tank1 / Tank 2 Tank 3
A

High Voltage
Supply

| Dummy Sample
Iron Core ( A

Current Transformer

1o @

(insulated to 40kV)

AAA

240 VAC Supply Variable Transformer J_Oi

Figure 3.7: Diagram indicating the wiring of the high voltage and low voltage
power connections to the samples.

3.2.3.2 Current/Heating Circuit

A heating current was applied to the samples as shown in figure 3.7. The heat-
ing current was cycled with a daily cycle - 8 hours on, 16 hours off, seven days
a week. The temperature was monitored at several locations, both above the
water line and below, however the ‘key’ measurement was the in-tank (under
water) temperature of the dummy conductor core. This was the measurement
used to control the temperature of the samples.

The current flowing in the dummy cable was not identical to that in the
samples (due to losses in the linking iron core), however the measured cur-
rent in the dummy sample was within 1% of the current in the main loop,
therefore the temperature was assumed to be equivalent, given the precision
of the instruments involved in measurement. A hysteresis controller was used
to maintain a temperature of the hottest point between 79 degrees Celsius and
81 degrees Celsius. In practice, this temperature was below the waterline, how-
ever the temperatures above the waterline were measured in order to prevent
thermal damage to the polymer.

The heating circuit required a custom built transformer that failed several
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times during the test. Using a coil to induce the required current in the samples
(as is the practice in cable proof testing) was not possible due to the inductance
of the cable loops. The unusual requirements of this transformer were a key
cause of the third sample group (field aged, untreated) being removed from
the test.

3.3 Sample Properties

The samples had the following properties:

Cable Sample Details New Sample Field Aged Treated Sample

Period of Manufacture late 1990s 1970s

Manufacturing process Triple extruded Triple extruded

Conductor 185mm? Compacted Stranded Aluminium Core, rated
400A continuous

Inner Semiconductor Fully Bonded \ Fully Bonded

Insulation 5.5mm XLPE, rated 22kV phase, 12.7kV line

Outer Semiconductor Strippable Fully Bonded

Earth Screen Stranded Copper Stranded Copper

Water Barrier Wound Tape barrier Nil

External Jacket HDPE HDPE

Termination Stress Control | Indoor stress cone 3M Weathershield sheds

Termination type Crimp lugs and shear head | CableCure crimp lugs and
lugs shear head lugs

Sample Length Total Length, 7.5m, submerged length 7m

Table 3.1: Test sample details.

3.4 Accelerated Ageing Program

3.4.1 Preconditioning

The newly manufactured cables were manufactured in 1994, and all samples
for this test were cut from a single continuous length from a single roll. After
sectioning, they were terminated using stress cones rated for 38kV, and crimp
lugs rated to 400A. In order to remove any residual cross-linking by-products,
the new samples were subjected to 40 hours preconditioning at 75°C after the
cable was sectioned into samples. These samples formed the contents of tank
3. Throughout this work, these samples are referred to as new or untreated.
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The two sets of field aged samples were taken from a direct-buried distri-
bution cable that had been retired to due in-service failures. Twenty samples
in total were taken from a single phase of the retired cable. These samples
had standard outdoor weather shield stress grading applied, and ten were ter-
minated with crimp lugs, while the other ten were subjected to the CableCure
process (which requires custom terminations).

The field aged samples were considered to have been preconditioned in the
field, and no further preconditioning was applied.

3.4.2 Electrical Measurements

During the course of the test, electrical measurements were made on the sam-
ples at regular intervals (see figure 3.8). Each week, the facility was taken
offline for a day of testing. Frequency domain tests took approximately 90
minutes per sample, and were performed every week. It took four days to
complete frequency domain tests of all the samples, therefore each sample was
testing in this manner once every four weeks.

Time domain tests (polarisation/depolarisation) took 30 minutes per sam-
ple, so it was possible to test all the samples in a tank (ten samples) each week.
Therefore each sample was tested every two weeks. Isothermal relaxation tests
were performed during periods of downtime, however results from these tests
were not good quality.

In order to avoid measurement artifacts, each sample was only tested with
one methodology each week. Thus the samples undergoing time domain tests
would not have frequency domain tests on the same day. This is to prevent the
effects of space charge on the measurements, as it was thought that energisa-
tion for a week would eliminate any space charges that may have been left by
DC testing.

The results of the frequency domain testing are reported in a thesis by Dr
Andrew Thomas from the University of Queensland, representing the work he
performed as part of a PhD program utilising the test facility described here,
with a sole focus on frequency domain analysis of electrical measurements on
XLPE cable.

There are published reports of undesirable effects on samples caused by
‘non-destructive’ testing (most notably high voltage DC testing or ‘thumping’,
which is no longer performed). As such, the schedule of testing is reported here
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to ensure the ability of future research to compare with the results obtained in
this test.

3.4.3 Fault Detection

A significant challenge in a facility such as this is detection of a failed sample,
due to the nature of water trees being a high impedance fault. The initial de-
sign was intended to shut down prior to the complete breakdown of a sample
due to electrical treeing, however disengaging a sample after failure is a tricky
problem. The use of fast blow fuses for each individual sample is the ideal
method, but this requires a substantial installation and maintenance invest-
ment, as well as constant monitoring for ‘false’ fuse failures. In this test, a low
current high speed circuit breaker was used on the primary side of the voltage
transformer to ensure the power was cut as soon as possible in the case of a
failure.

This method has the advantage of being simple and easy to maintain, how-
ever there is a larger amount of energy dissipated by a failed sample before
the power is removed. In the ideal situation it may be possible to analyse the
failure site with damage limited to a (high impedance) bridging electrical tree
(or, with even more care, the higher impedance bridging water tree). If this
were possible, a more confident assessment of the relationship of the length of
a water tree to the breakdown voltage could be made. Unfortunately this level
of detail was not possible in this test, but the fast acting circuit breaker was
able to lessen the damage to the sample at the failure point somewhat.

One advantage of the damage caused by a fault is the visibility of the dam-
age makes fault location a simple task. In the case of a high-impedance fault,
just locating the fault can be an extremely challenging task. The reward for
such a careful setup would be a significant new insight into the effect of water
tree caused failure of XLPE, however this task was beyond the facilities avail-
able in this project.

3.5 AC Breakdown (ACBD) Test

Four years after the project was commissioned (approximately 400 days of ap-
plied ageing), with time constraints requiring the test to conclude, the samples
were broken down in an AC breakdown test. Each sample was re-terminated
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with a high voltage termination that was tested to withstand 130kV, and a
voltage was applied in steps until each sample failed.

While the original goal of determining lifetime comparison between the
samples was not possible using this method, it was possible to compare the
electrical measurements taken directly before the breakdown tests with the
post-mortem analysis of the samples with a much greater degree of confidence.

3.5.1 Procedure

Immediately prior to this final breakdown test, dielectric measurements were
taken on each sample in order to correlate the final forensic assessment of the
samples with the electrical measurements. The breakdown voltage of each
sample was recorded, and this data was used in the analysis of the degradation
of the samples. The results of the breakdown test, along with the forensic
analysis is presented in chapter 4.

The samples were energised at the operating voltage overnight ( 8 hours)
to remove any possible space charge left by the measurements prior to break-
down. Upon being de-energised, the sample was immediately removed from
the tank and broken down within one hour. Minimising the time spent out of
the tank was intended to ensure the results of the breakdown would be con-
sistent with the maximum length water tree in the sample - it was considered
that the breakdown would need to be performed before the water was allowed
to dissipate from the water trees.

The breakdown test was performed in line with ‘standard’ procedure:

1. Final non-destructive test performed

N

. Ageing stress applied for eight hours (overnight)

3. Ageing stress removed

4. Removed directly from tank

5. Energised at 1kV for one minute

6. Applied voltage increased by one kV at the end of each minute

7. Recorded voltage was the highest voltage that did not lead to breakdown
within one minute
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There was an emphasis on having samples broken down as soon as possible,
to ensure the water trees are affected as little as possible by the removal of the
high voltage field. There was an estimated 30 minutes from de-energising to
breakdown. While the sample temperature was not measured at breakdown,
they were able to be handled manually and were approximately room temper-
ature. It is estimated that the core temperature would be between 25 and 35
degrees Celsius.

The analysis of failed samples of XLPE has been carried out since the origi-
nal use of the material as an insulator. The current de facto standard for analy-
sis is the ‘hydrophilic stain’ procedure [7]. The procedure involves heating thin
slices of sample material in a hydrophilic stain (Rhodamine B was used in this
project, Methylene Blue is another popular alternative), which ‘fixes’ the water
trees and allows for the sample to be examined under an optical microscope.
Typically a microtome is used to slice the samples to a thickness of between
10xm and 100um.

Other methods of analysis include Fourier spectroscopy to determine the
exact content of the water trees [96], novel stains to differentiate the differ-
ent impurities in the samples [47], electron microscopy to visualise the micro-
structure of water trees [76, 93], and IR spectroscopy to analyse the condition
of the polymer in the water tree [19].

These techniques focus on analysing the detailed structure of single water
trees, often grown in specialised samples that allow for the complex techni-
cal processing required for the method to operate. This project, by contrast,
examined the broad growth patterns of many water trees, measuring several
thousand in an attempt to perform some statistical analysis that might give
some insight into the growth patterns of water trees in real cable samples.

As such, only the optical analysis was performed on these samples. A new
method of visualising the water trees was developed in order to process the
samples more quickly and with better repeatability, and this allowed approxi-
mately 0.5% of the entire sample length to be analysed.
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3.6 Post-mortem analysis of water-treed XLPE

3.6.1 Ageing

The samples were aged in a facility as described in chapter 3. In short, a facility
was constructed for applying high voltage, high current ageing stress in a wet
ionic environment. However, in contrast to other studies, the water (along with
dissolved ions) was restricted to the outside of the samples with no water in the
conductor interstitium. This is a significant point of difference in comparison
to other similar studies, and was made necessary by the use of the treatment
regime which requires a sealed conductor core.

The application of these stresses was intended to simulate field ageing at a
more rapid rate than ‘operational’ ageing. However, there are likely to be dif-
ferences in the morphology of the water trees grown in an accelerated ageing
test compared to field aged samples.

During the early phases of the project, it was determined that the current
supply transformer would be unable to supply sufficient current (taking into
account resistive and reactive current requirements) to heat the conductors
of thirty samples. As such, the decision was made to remove the field aged
untreated samples from the test. This decision was made on the basis of the
requirement of the test to compare treated aged samples with new samples in
order to provide information for network management purposes.

There were two failures that occurred in the ageing test, and these were
replaced by field aged untreated samples. These samples provided some in-
valuable data regarding the sectioning and staining process.

3.6.2 Breakdown

Having aged the samples for a constrained period of time, it was decided to
break down the samples in order to compare the internal structure of the wa-
ter treed samples to the dielectric measurements taken directly prior to break-
down. Ideally, an accelerated ageing test of this type would be performed
according to a ‘truncated time to failure’ protocol. However, the design of the
experiment as a time to failure model precluded breaking down samples dur-
ing the test. At the time specified, the samples were broken down by an AC
breakdown step test.
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3.6.3 Analysis

There are several modes of analysis available when investigating water treed
XLPE. The following options were explored in the design phase of this project.

Optical analysis is the mainstay of water tree investigations. Optical anal-
ysis of stained XLPE has been well described, and is utilised in laboratories
throughout the world. The techniques for analysis tend to differ only in spe-
cific points of detail (e.g. the thickness of the slices, the type of stain used). In
this test, the samples were stained with Rhodamine B, and sliced to a thickness
of 0.1 mm. Most researchers slice the samples significantly thinner, in the range
of 0.01 to 0.001 mm. The thicker slices in this test were a result of the ‘spiral
cutting’ technique that produces a long spiral of sample which can be fed me-
chanically through a winding device that allows for rapid analysis of the water
trees in a sample. The lathe used to turn the samples was capable of cutting 0.1
mm minimum thickness, and this was therefore the thickness used. With fur-
ther refinements in this technique, improvements in contrast and detail of the
image could allow more detailed measurements. The increased time involved
in analysing thin slices may be offset by the use of computerised techniques to

automatically measure and count the water trees in a sample.

3.6.4 Statistical Analysis

3.6.5 Population Models

Due to the difficulty and expense in creating an experimental test facility for
growing water trees, there are few population studies of water trees beyond an
examination and estimation of the density of water trees in a cable. A literature
survey revealed many tests using test objects (small discs of polyethylene with
an intruding needle), several using accelerated ageing tests on model samples,
a few analyses of accelerated ageing tests on commercially available samples,
and no well designed examinations of the populations of water trees grown in
field aged cable.

There are two types of population analysis performed on the samples in
this work: extreme value analysis (regarding the length of the longest water
tree), and population distribution analysis (regarding the underlying popula-
tion distribution of bow tie water trees). Analysis of the longest water tree is a
well defined process that uses ‘Extreme Value Analysis’ in order to estimate the
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longest water tree in a population by examining the longest water trees found
in a series of samples. With a sufficiently large number of samples, the estimate
of the longest water tree likely to be found in a population can be made with
good accuracy.

The most commonly used statistical model for analysing the length of a
population of water trees is the Weibull distribution [91], however the use of
the log-normal distribution has also been proposed [6]. Determining popula-
tion parameters of water treed XLPE is very difficult for several reasons - the
samples are expensive and difficult to obtain, field aged samples are old and
aged under unknown conditions, accelerated ageing has effects on the popula-
tion parameters that may render these tests inapplicable to real networks, and
finding and measuring water trees in XLPE is time consuming and expensive.

For these reasons, a model for the length of bow tie water trees is not well
defined. The two models - log-normal and Weibull - have each been used,
and each have been supported by experimental evidence. In the published
literature, populations are typically sampled by ‘bootstrapping’ from a series
of experimental measurements into a large data set for analysis of population
parameters. While this technique is well known in statistical modelling, this
work presents a large enough experimental data set that these ‘data expanding’
techniques are unnecessary.

3.6.6 Extreme Value Analysis

In general, the remaining life of a sample can be considered a function of the
undamaged insulation thickness. That is, as the length of the longest water
tree increases, the chance of a failure occurring increases. This relationship
has been the subject of significant scrutiny, however an empirical relationship is
yet to be found, and is likely to depend on many factors (temperature, applied
stress, insulation morphology, etc.).

In this test, the remaining ‘good’ insulation thickness was estimated by per-
forming an AC breakdown test of the samples - it has been indicated that the
remaining insulation thickness is related to the remaining dielectric strength.
The failure will occur at the weakest point in the insulation - being the point
of the longest water tree - so this test was intended to give an indication of the
longest tree present in the insulation.

Unfortunately, the test itself destroys the very object it is testing for - namely
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the length of the longest water tree (see Figures 3.12 and 3.13). The charge
dissipated by the breakdown generally causes a complete destruction of the
point of initiation of failure. As such, it falls to the analysis of the remainder of
the sample to provide an estimate as to the length of the water tree that caused
the failure.

Computing the length of the longest tree in a sample is a somewhat chal-
lenging exercise, especially as the underlying distribution of water tree lengths
has not been well studied. In this test, the samples followed an approximately
log-normal distribution of lengths, however many other tests have not had the
benefit of determining the underlying distribution of the population with any
certainty, and have used alternative methods for estimating the length of the
longest water tree. See chapter 4 for more detail regarding Figure 3.9 and
the application of the log-normal distribution to the population of water trees
found in this test.

The analysis of chapter 4 indicates that neither of the commonly accepted
models (Weibull and log-normal) of analysing the length of water trees gives a
perfect fit. Furthermore, in many tests performed in other laboratories, too few
water trees are measured to make good estimates of the population parame-
ters. In order to characterise the effect of water tree length on AC breakdown
strength, an alternative method is required, which does not require a large
number of samples.

As shown in figures 3.10 and 3.11, while the vast majority of water trees
fall below a certain value (shown by the red line), the few trees longer than
this length are significantly longer. If we assume that the breakdown voltage,
and therefore the remaining life, is correlated to the length of the longest water
tree, then this clearly shows that these deviations from the ‘normal’ values are
very significant with regards to the remaining life of a sample.

In order to characterise these uncommon but significant events, we turn to
extreme value theory.

The theory of extreme value statistics is well documented, what follows
here is a brief introduction to the essential concepts. For more information,
consult Kotz or Leadbetter ([54, 59] respectively) which were used extensively
in preparing this section.

There is a well-known concept with regards to statistical modelling: the
theory of ‘central tendency’. This theory states that if a large group of random
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. The log-normal probability distribution was found to have a slightly better fit, but the data is not conclusive.
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Length of water trees in untreated XLPE

1.0
L]
0.8f
0.6} ° O
T
m ® ®
<
) °
C
4 °
g .
o] ° °
2094 ° ° ° ° e o O
° ° ° ° ° ° °
° ° ° Weibull 37% Level e
o ° ° ° °
° ° ° e e ° ° ° °
[ ) [ ) L] [ ) L[] [ ) ] L] L] L[]
° e o ° ° ® o e o ° oo °
[] [] [ ) L] ® [ ] e e0 O []
02 e e e e e e o oo e © © ® e oo ee @e e o o
° ° ° oo ° ° ° ° ° ° %
e eo0 o e e e 0 g ee e oo O ® o ®o0 e o o e q
e e o ao [ ) ] L ) L] L I ) ° [ )
L o o® ° ° L4 ° L4 ° ° o 0% °o ® L4 o® ° o %
Y [] [ ) ~ ® .~ Y .. e @ o0 o ° LI X ] ° ... o0 ® (1] Y [ ) [ ) e o ° [ )
[ ) L] [ ) [ ) L] [ )
e e o oo e o e e e o © e e eeo e e e o e ° e® e
[ ]
0.0

Figure 3.11: The observed water tree lengths, with the Weibull 37% extreme value. Notice that the vast majority fall below this value,
but the deviations above it can be significant.
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sequences X1, Xy, X3... are added together, the resulting distribution will be
normal - even if none of the random sequences are normally distributed. Fur-
thermore, it has been found that if the ‘expected’ value (the mean or average)
of a group of random sequences is considered, the distribution of the ‘expected’
values will be normal.

The most commonly used distribution resulting from this theory is the Weibull
distribution. It is used in lifetime estimations and reliability engineering. It is
widely used in part because it can model several distributions simply by chang-
ing the shape parameter.

The 3-parameter Weibull pdf is given by:

-1 ]
f(t) = g (15_77) e (57) (3.1)

where:

f(t) >0, whent > (0 or )

5>0

n >0

—00 27y 2 +00

and:

n = scale parameter, or characteristic life

( = shape parameter (or slope)

~ = location parameter (or failure free life)

The 2-parameter Weibull pdf is obtained by setting v = 0 and is given by:

0-36)"

The 1-parameter Weibull pdf is obtained by again setting v = 0 and assum-

)" (3.2)

3

ing § = C' = Constant assumed value or:

=< <3) ey (3.3)

where the only unknown parameter is the scale parameter, 7

In the formulation of the 1-parameter Weibull, the shape parameter (3 is
defined by experience with the populations under test (or by previous models).
This allows analysis of very limited data sets with few or no failures.
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The distribution being applied in this case is the 2-parameter Weibull dis-
tribution. This is commonly expressed in terms of the cumulative density func-
tion:

t—vy B
Ft)=1- e (57) (3.4)

This is also referred to as unreliability and designated as )(¢) by some au-
thors.

The reliability function of a distribution is one minus the cdf, the reliability
function for the 3-parameter Weibull distribution is therefore given by:

t;v)f"

R(t) = e_( n (3.5)
And for the 2-parameter Weibull:
t\B
R(t) = e () (3.6)

Of note, is the case ¢t = n. This point represents the maximum of the proba-
bility density function - the expected value of the distribution. The probability
of this value occurring is 1 — e~! ~ .632 hence the term the 63% level. This is
used as the estimate for the most likely maximum value, and this is computed
directly for the dielectric breakdown strength (as shown in table 4.2).

3.7 Novel Method of Analysing Failed XLPE Cable

This method was developed for use in this test in order to analyse a much
greater proportion of the sample than has previously been published. Using
this method, 510mm of the total cable length was analysed.

3.7.1 Sectioning

Although the supply current in the AC breakdown test was limited, the ca-
pacitance of the cable supplied sufficient current to cause a defect that could
be located with the naked eye quite easily. Figures 3.12 and 3.13 show the
appearance of the failure sites after the cable jacket has been removed.

The samples were rough-cut into sections approximately 700 mm long with
the failure site in the middle. They were then turned on a lathe into sections
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(a) Sample T1-1 Failure Point (b) Sample T1-2 Failure Point

(c) Sample T1-4 Failure Point (d) Sample T1-5 Failure Point

(e) Sample T1-10 Failure Point

Figure 3.12: Photographs of the failure points of the samples from Tank 1.

10mm thick at the locations indicated in figure 3.14.
At the failure site, this resulted in a series of concentric rings of insulation
rather than the continuous spiral at the nearby sites.

3.7.2 Staining

The samples were stained using Rhodamine B in a water bath at 90 degrees
Celsius. This is an adaptation of the original method created for visualisation
of water trees [7]. Rather than requiring a basic environment for fixing the dye
to the water trees, the use of Rhodamine B allows staining to take place in a
neutral aqueous environment.

The samples were placed in a 1g/L solution of Rhodamine B, and warmed
in a water bath at 75°C - 90°C for 6-8 hours. The time spent in the water
bath was not as critical as the temperature reached. If the temperature did not
exceed 80°C, the stain was faint and water trees difficult to see. In this case,
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(a) Sample T3-1 Failure Point

(b) Sample T3-2 Failure Point

(c) Sample T3-3 Failure Point

(e) Sample T3-5 Failure Point (f) Sample T3-6 Failure Point
(g) Sample T3-7 Failure Point (h) Sample T3-8 Failure Point
(i) Sample T3-9 Failure Point (j) Sample T3-10 Failure Point

Figure 3.13: Photographs of the failure points of the samples from Tank 3.

Figure 3.14: The sites at which spiral samples were lathed from the failed cable
sample. The 10mm sections were analysed.
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the sample was re-stained by repeating the procedure.

After staining, the samples were rinsed thoroughly in tap water and dried
by hand. Care was taken to remove any surface stains which could obscure the
optical analysis.

Once the samples are cleaned and dried, the inner semiconducting layer
was removed, as it interferes with the mechanics of the projecting device. One
group of samples in this test had semiconductor layers of the strippable type
which can easily be removed by pulling away the semiconductor layer by hand.
The fully bonded semiconductor layer was also able to be removed by hand,
however it required more care to avoid damaging the insulation in the process.

Most samples were analysed directly after staining; only two sets required
a second staining procedure when the temperature was not sufficiently high to
adequately stain the sample.

3.7.3 Viewing

In contrast to most published methods, the samples were analysed using a
projector rather than a microscope. The field of view of a projector allows
for a cross section of the insulation to be visualised at once. The projector
screen setup is shown in figure 3.15. As indicated in the figure, the length
and location of each water tree can be measured as they pass under the fixed
measuring ruler.

Microscope examination of water trees typically happens at 100x, with de-
tails of the structure of the water tree often visible (see figure 3.16a). The
projected image in this work was magnified 50x. This was the maximum mag-
nification that could fit within the boundaries of the projector screen. While the
projector had lenses allowing magnification to 100x, the benefit of this higher
level of detail was considered less important than being able to capture both
length and spatial information on the samples in a single pass (figure 3.16c).
At 50x, water trees > 0.02mm in length (magnified size 1mm) would be visible.

For the segments directly at the failure site, where lathing the sample pro-
duced a series of ‘C’ shaped segments, a microfiche reader was utilised instead
of the projector (figure 3.16b). The images from the microfiche reader had
somewhat better contrast, albeit at a lower magnification (30x rather than
50x). It was considered that the improved contrast would counteract the re-
duced magnification of the microfiche. Thus it was considered that a water tree
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Figure 3.15: The projector setup used for measuring water trees.

0.02mm (1mm on the projector, 0.6mm on the microfiche) would still be visi-
ble. This resolution can be compared to a microscope, in which the resolution
is approximately 2.5 ym (0.0025 mm) [27].

3.7.4 Measurement Error

There are several opportunities in the measurement of the samples for making
measurement errors. The most difficult error to control is the irregular border
of water trees. For example, the water trees in figure 2.4 are recorded as being
different by 0.02mm in length, but one is hard pressed to draw a clear line
indicating the length of these water trees. In a similar fashion, exacerbated
by the relatively low contrast nature of the projected image, it is difficult to
exactly determine the boundary of a water tree.

This error was controlled in two ways. Firstly, a rule was determined for
measuring the length of water trees. The boundary was defined as the point
at which the stain was not visible, with the longest vertical length forming the
overall length. The second (and arguably most effective) technique was having
the same person perform all the measurements.

The magnification was calibrated by using objects of known size. This was
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(a) Bow tie water tree as viewed under a medium pow-
ered microscope (Methylene Blue stain)

(b) Bow tie water tree as viewed with a microfiche at
30x (Rhodamine B stain)

(c) Vented water tree as viewed with the projector de-
scribed in section 3.7 (Rhodamine B stain)

Figure 3.16: The three methods of visualising water trees utilised in this test.
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especially important in the case of the microfiche reader, where the magnifica-
tion is variable. The projected image was shown to be 50 x within the accuracy
of the equipment used to test it.

The actual measurements were taken by a transparent ruler with mm mark-
ings. Thus there was an error of Imm (0.5mm at each end) in each measure-
ment. This corresponds to an error of 0.02mm on the projected water trees,
and 0.03mm in the measurements made using the microfiche reader.

3.7.5 Ageing Timeline and Downtime

As with any large complex system, there were some issues with the test facility
during the course of the test. The unusual requirements for the current trans-
former put a lot of strain on the custom built transformer, which failed twice
in the four years of operation, resulting in a total 400 days of effective ageing.

Furthermore, the transformer was operating very close to its specified lim-
its, and it was discovered that the samples displayed a significant power factor,
which was unable to be corrected. As such, the transformer was unable to ade-
quately supply three tanks of ten samples each, and it was decided early in the
project to reduce the number of samples to twenty, ten field aged and treated
and ten new untreated samples.

The unused field aged samples were used to replace any sample failures,
and indeed there were failures in this group (that is, the replacement sample
failed). These failed samples were used to establish the post-mortem analysis
procedures and the data gained from these samples is included in this thesis,
where applicable.

There were some problems with the terminations on the samples overheat-
ing - this was solved with the use of shear head lugs rather than crimp type lugs.
It was suggested by the manufacturer (of the shear head lugs) that the use of
a crimp connector, which compresses to a certain diameter, is less reliable and
much more sensitive to wear on the operating parts of the tool compared to
shear head connectors. Shear head connectors tightened to a specified torque,
theoretically giving a more consistent connection.

Overall, there were a three periods of extensive downtime (more than a
month offline), during which some tests were still performed on the samples.
The downtime makes interpretation of the testing data a little more complex,
and makes it more difficult to draw long-term trends from the measurements.
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In contrast to most of the published literature on accelerated ageing, water
was not inserted into the conductor strands of the samples in this test. This was
due to the use of the treated samples that had been dried, treated and sealed,
resulting in a closed environment that would not permit the introduction of
water without damaging the terminations.

In order to maintain consistency, water was not applied to the untreated
samples, even though this would have been technically feasible with this group.
This decision is the most likely cause for the relatively low number of water
trees found in this test, and the good condition of the samples at the conclusion
of the test.

An interesting side issue was encountered during this test. While the crimp
lugs are rated for 400A continuous current without overheating, the actual cur-
rent that can be maintained is heavily dependent on the workmanship of the
joint. While few in-service failures of cable terminations due to joint overheat-
ing are reported by maintenance staff at Ergon Energy, thermal issues were
encountered in many of the joints employed in this test. It was suggested that
in-service cables do not have to carry the rated current continuously for many
hours (as this test required) and therefore joint workmanship is less of a prob-
lem.

Of the 40 terminations used in this test, thirteen overheated at the joint dur-
ing this test. In addition, even after replacing the lugs, some joints continued to
overheat. Therefore, during the third year of the project (after approximately
150 days of ageing), all the samples were re-terminated with shear head con-
nectors. These connectors utilise a fixed torque technique, as opposed to the
crimp lugs which use a fixed diameter. Due to the fixed diameter nature of the
crimping process, tool wear and manufacturing variation can have a significant
effect on the pressure applied to the joint when using crimp type lugs, and this
variation can increase the resistance of the joint.

By contrast, shear head connectors apply a fixed torque regardless of diam-
eter, and always apply a predetermined amount of pressure to the joint. The
shear head connectors were much better at handling the current applied in
this test, and overheating of the connectors was not a problem once they were
changed.

Initial calculations based on previous works suggested that with the param-
eters outlined above, most samples would fail within 600 days. Thus, it was
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expected that most of the samples (if not all) would have failed within the (ini-
tial) three year timespan of the project. Unfortunately downtime reduced the
effective ageing time to 400 days, and during this period there were only two
failures. With only two failures in 400 days, it was considered to be unlikely
that the test could conclude in a timely manner.

Therefore the decision was made to break down the samples by AC break-
down after 400 days of ageing, and the forensic analysis linked to the break-
down voltage to analyse the state of the insulation at breakdown. Rather than
giving direct lifetime comparisons, the breakdown voltages were analysed (us-
ing Weibull extreme value analysis) in order to estimate the condition of the
samples at breakdown - this is a proxy for remaining life, but does not give a
direct estimation of remaining life.

The extreme value analysis of the breakdown voltages was combined with
a similar extreme value analysis of the water tree lengths found in the forensic
study. The final dielectric measurements were correlated with the forensic data
taken post failure, in order to assess the effectiveness of the degree of non-
linearity as a monitoring tool. Thus, the condition of the samples was assessed
for their functional condition as well as their physical state.

This is a slightly different outcome from the original aim of determining
the remaining life of a sample from the dielectric measurements, however this
information is still valuable when considering the management of an under-
ground XLPE network.



Chapter 4

Results of Accelerated Ageing Test

In every branch of knowledge
the progress is proportional to
the amount of facts on which to
build, and therefore to the
facility of obtaining data.

James Clerk Maxwell

Presented in this chapter are the results of the tests performed on the sam-
ples described in chapter 3. The samples were broken down by an AC break-
down step test, and then sectioned, stained and water trees were visualised
using a projector and screen.

4.1 Results of the ACBD Test

The procedure for the ACBD test is described in chapter 3. The breakdown
strength of each sample is shown in table 4.1. By fitting the failure voltages
to a Weibull distribution, the ‘expected’ breakdown voltage of each sample
was computed (the Weibull ‘63%’ value). This value gives a summary of the
breakdown strength of the samples contained within the tank.

The breakdown strength was compared to the length of the longest water
tree in each tank, computed in a similar manner using a Weibull distribution
(this value is the Weibull ‘37%’ value). The breakdown strength correlates well
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with the length of the longest water tree, with the treated samples having lower
breakdown strength and longer water trees than the new samples.

The confidence limits of the voltage estimates do not overlap, suggesting
there is a statistically significant difference between the groups. ACBD Strength
Tank 1: 86 [84,89], Tank 3: 115 [114.66, 114.69]. The ‘spread’ of the values
is rather higher for the Tank 1 group - this is in keeping with the greater spread
of water tree lengths found.

| Sample || ACBD Strength | Max WT Length | WB 37% | WB 63% |

T3-1 123 0.28 0.34 115
T3-2 124 0.40 0.34 115
T3-3 110 0.36 0.34 115
13-4 110 0.84 0.34 115
T3-5 103 0.40 0.34 115
T3-6 131 0.54 0.34 115
T3-7 89 0.32 0.34 115
T3-8 96 0.26 0.34 115
T3-9 89 0.50 0.34 115
T3-10 110 0.20 0.34 115
T1-1 61 0.47 0.63 86
T1-2 82 0.78 0.63 86
T1-4 103 0.56 0.63 86
T1-5 82 0.82 0.63 86
T1-7 75 0.66 0.63 86
T1-8 75 0.60 0.63 86
T1-9 89 0.66 0.63 86
T1-10 96 0.69 0.63 86

Table 4.1: Summary of the results from the accelerated ageing test

4.2 Morphology of Water Trees

This test discovered the presence of a subgroup of water trees in the samples
examined. The water trees observed in samples taken from the group of treated
cables had a noticeably different structure than those observed in the untreated
samples. While vented and bow tie water trees were present in both sets of
samples, these groups were further classified into ‘dark’ trees and ‘fuzzy’ trees.

The untreated samples tended to have more defined trees, with a clearly
defined boundary between the bulk insulation and the stained water tree, while
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Figure 4.1: Weibull Plot of ACBD voltages.

the treated samples, in addition to these ‘dark’ trees, had water trees that were
shorter, wider and ‘fuzzy’ (see figure 4.2). This was the basis of classifying the
measured trees into two groups.

‘Dark’ water trees were found in every sample. These could be both bow
tie trees or vented, and typically were quite long. They were easily seen on the
screen, and there is a high confidence that they were all located and measured.

The ‘dark’ water trees observed in the untreated samples were similar to
those seen in the published literature (for example [105]). They tended to be
longer than wider, they had a clearly defined treelike structure, and they were
well defined. Fuzzy water trees on the other hand, were still clearly visible as a
pink patch, but the boundary between the stained tree and the bulk insulation
was indistinct. Additionally the shape of the tree was somewhat compressed;
being noticeably wider and shorter than the dark water trees.

‘Fuzzy’ water trees were of the bow tie type, and were only found in the
treated samples. They ranged from somewhat dark (although noticeably lighter
than the ‘dark’ water trees), to very faint, almost invisible. Generally the light-
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(a) Fuzzy Tree (b) Dark Tree

Figure 4.2: A fuzzy water tree (left) compared to a dark water tree (right).

ness of the ‘fuzzy’ water tree was correlated to its size: the larger trees tended
to be darker than the smaller ones.

This fuzziness is possibly due to these trees being ‘cured’ water trees; water
trees that were in the field aged samples prior to the ‘curing’ treatment. The
fluid is intended to bind the water trees into an inert structure, but it is possi-
ble that this bound water may retain some of the dye used in staining, and as
such show up as a fuzzy water tree - the lightness caused by the lower solu-
bility of the captured water in the dye compared to hydrophilic channels in an
untreated water tree.

The presence of two types of water trees suggests that the treatment does
not prevent the formation of new water trees, with new trees produced in the
ageing test staining to a dark colour due to their high free water content. This
raises a possibility that the reason for the field aged samples having many more
water trees is due to water trees grown in the field during 30+ years of ageing.

That the more dangerous of the two are the dark water trees is indicated
by two properties. Firstly, all the vented trees seen were of the dark type, and
vented trees are considered the more dangerous type of water tree. Secondly,
the length of the dark trees was generally longer than that of the fuzzy trees.
While there were large trees of both types, the fuzzy trees tended to be smaller
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and shorter with regards to their width (that is, they tended to be shorter and
fatter), while the dark water trees tended to be longer for a given width. This
may indicate that the dark water trees are growing faster - for a given volume
of water a thinner dark tree will be longer than a fatter fuzzy one.

The breakdown analysis considered the longest water tree, regardless of
type, as it was considered that anything that retains the dye is a point of
weakness in the insulation. Any tree or defect may contribute to the loss of
breakdown strength, but it is hypothesised that the dark water trees increase
in length most rapidly, causing premature failure of a cable sample.

Unfortunately clear conclusions cannot be drawn on this data set for several
reasons. The different water trees were noticed after sectioning and staining
had taken place, and several confounding features were not controlled prior
to this stage. The most significant confounding factor is the relatively uncon-
trolled staining procedure. An effort was made to ensure consistency between
the samples, however as the staining procedure was somewhat unrefined, there
was some significant difference between the treatment received by each sample
in relation to temperature and time in the stain bath.

4.3 Analysis of Length of Vented Water Trees

Vented trees are considered the most dangerous type of water tree, because a
vented tree will continue to grow from its initiation point on the boundary of
the insulation until the insulation is weakened sufficiently to cause breakdown.
The vented tree lengths measured in this test are shown in figure 4.3.

The longest water tree (most frequently a vented water tree) in a sample
represents the weakest point of the insulation. As such, it is this tree that
creates the source of the breakdown in the breakdown test. The energy re-
leased by the breakdown destroys this part of the insulation, so the length of
the longest tree in a broken down sample cannot be measured - it must be
estimated instead.

Using extreme value theory as outlined in [41], the expected value of the
longest water tree was estimated using the ‘37%’ level, the results of this anal-
ysis are shown in table 4.2.

The results indicated in this table may appear somewhat counter-intuitive.
Each sample in Tank 1 has a relatively short 'longest expected water tree’ com-
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| Sample || ACBD Strength | Max WT Length | Sample WB 37% | Tank WB 63% |

T3-1 123 0.28 N/A 115
T3-2 124 0.40 0.40 115
T3-3 110 0.36 0.36 115
T3-4 110 0.84 0.19 115
T3-5 103 0.40 0.24 115
T3-6 131 0.54 0.20 115
T3-7 89 0.32 0.20 115
T3-8 96 0.26 0.09 115
T3-9 89 0.50 0.14 115
T3-10 110 0.20 0.10 115
T1-1 61 0.47 0.06 86
T1-2 82 0.78 0.08 86
T1-4 103 0.56 0.04 86
T1-5 82 0.82 0.06 86
T1-7 75 0.66 0.08 86
T1-8 75 0.60 0.12 86
T1-9 89 0.66 N/A 86
T1-10 96 0.69 0.08 86

Table 4.2: The extreme value calculations for each sample, showing the expected
longest water tree length for each sample and the expected ACBD strength for
each tank, along with the longest measured water tree and the AC breakdown
voltage.

pared to Tank 3, however the Tank 1 group has the longest expected water tree
overall. This is a result of applying the Weibull method to an entire population,
rather than the maxima of a series of populations. As such, the vast number
of small water trees cause the longest expected value to decrease, with a very
large scatter on the results. These values are included for interest, the overall
‘Tank’ values are much more reliable estimates.

The vented water trees grown in this test were relatively small in compar-
ison to the thickness of the insulation. The longest water trees were less than
1mm in length, breaching less than 20% of the insulation thickness (see figure
4.16 on page 103). As such, these samples might be considered to be ‘mid-
dle aged’ rather than ‘severely degraded’. The relatively good condition of the
samples makes the electrical measurements much more difficult to interpret.

This result is confirmed by the ACBD test, which indicated samples in a
‘mid-life’ condition. The ‘63%’ level of the samples in Tanks 1 and 3 were 86kV
and 115kV respectively. This corresponds to stress levels of 15.6 kV/mm and
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20.9 kV/mm. In-service insulation must withstand approximately 2.3kV/mm,
and a cable that can withstand 12.5kV/mm is almost indistinguishable from a
new cable [36].

The proposed reason for the good condition of the samples is twofold: dry
central conductors and ageing test downtime. Both of these factors are ‘en-
gineering’ considerations that relate to the practicality of operating the test,
rather than a ‘scientific’ consideration of the effectiveness of the experiment to
highlight a phenomenon. This result provides support for the theory of wet
central conductors causing more rapid water treeing, and highlights the need
for careful planning and experience in the construction and maintenance of a
facility of this type.

One feature this test highlights is the positive effect of creating a dry internal
environment. To that end, the CableCure process of drying and sealing the
central core would certainly contribute to improving the lifespan of a treated
cable, and this benefit may be realised even in cables in near-new condition.
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4.4 Analysis of Length of Bow tie Water Trees

Using the techniques outlined in the previous sections, a large population of
bow tie trees was sampled. In comparison to other similar tests, the larger
number of bow tie trees measured allows for an analysis of the population of
water trees with much higher confidence.

One debate with regards to water tree population modelling is the superi-
ority of log-normal or Weibull statistical distributions when modelling water
tree length populations. It has been impossible to provide convincing evidence
on either side, due to the fact that the two distributions are quite similar and
the small number of samples measured are not sufficient to differentiate them
[91, 6].

By analysing a much greater length of insulation, and sampling many bow
tie water trees, this test has given some evidence for the use of the log-normal
population distribution over the Weibull population distribution.

The observations of bow tie water trees are shown in figure 4.4. It can
be readily seen that many more bow tie trees were found in the field aged
samples, likely due to the time spent ageing in the field, but also possibly due
to a greater number of inclusions in this very old cable.

The length of the bow tie trees were analysed in order to assess which
statistical distribution gives the best fit for the length of water trees. The data
was plotted against a normal distribution, a log-normal distribution, and a
Weibull distribution. The probability plots for each sample are presented along
with other sample information in appendix B. The probability plots for each
tank are shown in Figure 4.5 and Figure 4.6.

The Weibull distribution is used often when discussing the estimated length
of water trees found in a sample. The argument for the Weibull distribu-
tion stems from the field of reliability statistics, where it is used extensively
in analysing the expected life of artefacts, as well as other processes related
to ageing and failure [91]. Applying the Weibull distribution to the length of
water trees that lead to failure was a logical step.

The Log-normal distribution comes from the field of growth analysis. The
growth of fatigue cracking is often modelled well by the log-normal distribu-
tion, and the analogy of a water tree being a fatigue induced crack in a material
leading to failure yields an argument for the log-normal distribution [28].

The Normal (Gaussian) distribution was included for completeness - in the
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Figure 4.4: The observations of each bow tie water tree - each line represents a single water tree. Note the greater number of bow tie

trees found in tank 1.
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literature survey other models were typically used, but no evidence was found
rejecting the case for a normal distribution of water tree length.

As expected, the curvature seen in the Gaussian probability plots indicate
this model is not a good fit for the data; this is confirmed by several of the
samples failing the test for normality. This is not a surprising result - most cur-
rent models of water tree length suggest the use of the Weibull or log-normal
probability distribution.

Separating the log-normal probability distribution from the Weibull distri-
bution is somewhat trickier, with some authors resorting to statistical simula-
tion techniques to attempt to separate these models [27]. Probability plots of
both distributions with this data suggests either could be a possibility. In both
cases there is deviation at the ‘base’ of the graph (in the 0.1mm range of water
tree lengths). This region is of a similar order of magnitude of the detection
floor of the equipment used to measure the water tree lengths, and as such
is likely to have a significantly higher error of measurement than the longer
water tree lengths found. At the longer lengths, the log-normal probability
distribution has a slightly better fit, with some minor curvature of the Weibull
probability plot.

An additional point of interest may be seen in the probability plots for Tank
1. With a little imagination, one may observe a possibly bi-modal distribution
of the lengths of water trees found in Tank 1 in the log-normal probability plot
(Figure 4.5 top). If the log-normal probability distribution is an accurate fit
(this experiment shows evidence, but it is not conclusive), then this point of
flexure at the 0.1 cumulative probability level may indicate a second population
within this group of samples.

The presence of a bi-modal population in Tank 1, with a unimodal distri-
bution in Tank 3 could be explained by the two different modes of ageing the
samples underwent. While both sets of samples were subjected to the high
stress ageing in the accelerated ageing facility, only samples in Tank 1 were
aged in the field. This time of ‘normal’ ageing could reasonably be expected
to produce a large number of small to moderately sized water trees, while it
would be expected that the high stress accelerated ageing would result in the
fewer, but longer water trees.

Continuing with this possibility, a bi-modal population would explain the
large number of outlying points on the box-plots in Figure 4.18 (top left). If
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this were the case, and the results of the accelerated ageing test were the longer
of the two groups of water trees, the medians in this plot would be an under-
estimate of the higher population.

The presence of two different types of water trees, as outlined in the pre-
vious section, further supports the theory that the samples from Tank 1 have
a bimodal population distribution. Whether the two populations are related
to accelerated ageing vs. field ageing, or pre-treatment vs. post-treatment is
not conclusively shown by the data obtained in this experiment. However, it
seems likely that the more dangerous dark water trees, with their higher water
content and longer length, are the result of ageing under more stressful condi-
tions. As such, this would represent examples of the population grown under
accelerated ageing, which is coincidentally also post-treatment.

It should be noted that even if the population is bimodal, the analysis pre-
sented in section 4.3 would still be valid. The extreme value method only
considers the longest water tree in a group, and this value will most likely be
from the ‘accelerated ageing’ population. Furthermore, the Weibull analysis is
valid regardless of the underlying distribution (even an unknown distribution).

Particularly with regards to the length of water trees, a model for the un-
derlying distribution of the length has yet to be determined. One of the most
significant contributions of this method of forensic analysis is the large num-
ber of points available for statistical testing. The comparatively large number
of water trees measured in this test allows for some evidence supporting the
use of the log-normal probability distribution for modelling the length of water
trees in XLPE.

With the fewer samples typically measured in other tests, it may not be pos-
sible to distinguish the difference between the log-normal and Weibull proba-
bility plots, however the larger number of samples analysed in this test (espe-
cially in Tank 1) provides evidence against the use of the Weibull distribution
when modelling the length of bow tie water trees.

In the samples from Tank 1 (of which there were significantly more water
trees found), the curvature of the Weibull probability plot is much less notice-
able, if it is even present. However, there is some interference from the shorter
length water trees - these have noticeably affected the fit line. Whether this is
due to measurement noise or an actual population model deficit is not entirely
clear from this data.
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If only a small number of water trees are examined (as is often the case),
the resulting statistical models have a large uncertainty in the estimation of
parameters, even when assuming a particular population distribution. An ex-
ploration of the underlying distribution is even more difficult, as there are even
more degrees of freedom. In many cases, authors use data meta-analysis to in-
fer differences in populations, and while these techniques are well established,
the use of a greater number of samples to analyse the quality of a model fit is
still the gold standard.

Statistical Tests

While observation of probability plots can give an indication into the goodness
of fit of a certain distribution, it is helpful to have a quantitative assessment
of the goodness of fit of the models as well. In this way, it may be possible to
determine if a certain model is a better fit, even if none of the models offer
a perfect fit. Thus, to ascertain the differences between the samples, the data
was subjected to two different statistical tests - the Lilliefors test for normality,
and the Jarque-Bera test for normality.

Both tests are used for testing if the data is normally distributed, however
each uses a different aspect of the data to come to a conclusion. The Lilliefors
test is based on the deviation of the cumulative distribution of the data from
the cumulative distribution of an ideal normal distribution with parameters
identical to those estimated from the data. The Jarque-Bera test for normality
is based on estimates of the moments of the data (skewness and kurtosis), both
of which are zero in normally distributed data, and significant deviation from
zero indicate a loss of normality of the data.

The water trees were divided into four categories that would conceivably
have different distributions, as indicated in table 4.3

Tank 1 Tank 3
No. Samples No. W.T.s No. Samples No. W.T.s
Bow Tie 7 2441 10 144
Vented 7 126 9 125

Table 4.3: The four categories and the number of samples and number of water
trees in each category.

As can be seen from table 4.3, there were many more bow tie trees found
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in the field aged (and treated) samples than the new unaged samples. This has
a significant effect on the confidence of the estimated parameters.

The first test was analysing the water tree length for normality. Since it
has already been suggested that the length of water trees follows either a log-
normal or a Weibull distribution, this test should show deviation from nor-
mality. Two methods were used to test for normality - the Lilliefors test (a
modification of the Kolmogorov-Smirnov test that can be used when the pa-
rameters of the underlying distribution are not known, this test is based on the
deviation of the CDF of the samples from the CDF of an ideal normal with the
estimated parameters) and the Jarque-Bera test (based on the skewness and
kurtosis of the samples, which should be zero in an ideal normal population).
The results of these tests are shown in tables 4.4 and 4.5.

The tests for normality indicated that the hypothesis of normality of the data
could not be rejected in many cases. Rather than showing an underlying trend
in the distribution of the data, these results were likely caused by a lack of data
- due to the low number of samples in most cases, the hypothesis of normality
could not be rejected. In the samples with many data points (as in bow tie trees
in tank 1), there was sufficient deviation to reject the hypothesis of normality.
This demonstrates a key property of the ‘testing’ method of analysis - where the
underlying distribution is unknown, it takes many samples to be able to reject
a null hypothesis. This highlights the importance of the techniques outlined in
this chapter in measuring many more water trees than most similar tests.

Having rejected the hypothesis of normality, the data was analysed to deter-
mine what other distribution may give a better fit. This type of analysis must
be approached with a high degree of suspicion - as was seen in the tests for
normality, it can be difficult to reject the null hypothesis (HO: that the data is
distributed according to the distribution under scrutiny) without a significant
number of samples. In order to minimise the chance of a spurious false positive
result being obtained, the analysis was restricted to the two most commonly
used distributions - the log-normal and the Weibull distributions. These dis-
tributions were chosen because of their use in the literature to model water
trees.

The method of analysis was to fit the data to a CDF with parameters es-
timated from the data. The errors were then analysed for normality. If the
underlying curve of a set of data is estimated correctly, the deviation from the
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Tank 1: Vented Trees \

Lilliefors Test
Name X ~ N(o,u) | p-value i o N

T1 1 vented 0 0.0062 | 0.1055 | 0.0984 | 22
T1 2 vented 0 0.0171 | 0.1157 | 0.0733 | 21
T1 4 vented 0 0.0067 | 0.0554 | 0.0273 | 13
T1 5 vented 0 <0.01 | 0.0898 | 0.0771 | 47
T1 8 vented 1 0.1135 | 0.1836 | 0.1581 | 11
T1 10 vented 1 0.2533 | 0.1422 | 0.1250 | 9

Jarque-Bera Test

Name X ~ N(o,u) | p-value i o N
T1 1 vented 0 <0.01 | 0.1055 | 0.0984 | 22
T1 2 vented 1 0.0829 | 0.1157 | 0.0733 | 21
T1 4 vented 0 0.0075 | 0.0554 | 0.0273 | 13
T1 5 vented 0 <0.01 | 0.0898 | 0.0771 | 47
T1 8 vented 0 0.0042 | 0.1836 | 0.1581 | 11
T1 10 vented 1 0.1446 | 0.1422 | 0.1250 | 9

] Tank 1: Bow tie Trees \

Lilliefors Test
Name X ~ N(o,u) | p-value il o N

T1 1 bow tie 0 <0.01 | 0.2737 | 0.1173 | 276
T1 2 bow tie 0 <0.01 | 0.2989 | 0.1183 | 285
T1 4 bow tie 0 <0.01 | 0.2737 | 0.1100 | 245
T1 5 bow tie 0 <0.01 | 0.2824 | 0.1224 | 481
T1 7 bow tie 0 <0.01 | 0.2566 | 0.1191 | 528
T1 8 bow tie 0 <0.01 | 0.2693 | 0.0979 | 343
T1 10 bow tie 0 <0.01 | 0.2850 | 0.0995 | 283

Jarque-Bera Test

Name X ~ N(o,u) | p-value i G N
T1 1 bow tie 0 <0.01 | 0.2737 | 0.1173 | 276
T1 2 bow tie 0 <0.01 | 0.2989 | 0.1183 | 285
T1 4 bow tie 0 <0.01 | 0.2737 | 0.1100 | 245
T1 5 bow tie 0 <0.01 | 0.2824 | 0.1224 | 481
T1 7 bow tie 0 <0.01 | 0.2566 | 0.1191 | 528
T1 8 bow tie 0 <0.01 | 0.2693 | 0.0979 | 343
T1 10 bow tie 0 <0.01 | 0.2850 | 0.0995 | 283

Table 4.4: The tests for normality of the data (X ~ N(o,u): Normal distribu-
tion, 1 indicating the test showed the population to be normal, 0 indicating the
population is not normal; p-value the chance of getting this data if the population
is normally distributed; ji: estimate of the mean from the data; &: estimate of
the standard deviation from the data; N the number of samples in this group).
Note the significantly smaller p-values for the groups with many samples - these
tests are the most reliable. In the groups with only a small number of samples,
it is more difficult to reject the null hypothesis (null hypothesis is that the data is
normally distributed).
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] Tank 3: Vented Trees \

Lilliefors Test

Name X ~ N(o,u) | p-value il ol N
T3 4 vented 0 0.0022 | 0.2539 | 0.1416 | 69
T3 5 vented 1 0.2233 | 0.2618 | 0.0744 | 17
T3 6 vented 0 0.0184 | 0.2524 | 0.1212 | 21
T3 7 vented 1 0.4656 | 0.2171 | 0.0734 | 7
T3 9 vented 0 0.0082 | 0.2125 | 0.1926 | 4

Jarque-Bera Test

Name X ~ N(o,u) | p-value il o N
T3 4 vented 0 <0.01 | 0.2539 | 0.1416 | 69
T3 5 vented 1 0.5000 | 0.2618 | 0.0744 | 17
T3 6 vented 1 0.0840 | 0.2524 | 0.1212 | 21
T3 7 vented 1 0.5000 | 0.2171 | 0.0734 | 7
T3 9 vented 0 0.0199 | 0.2125 | 0.1926 | 4

] Tank 3: Bow tie Trees \

Lilliefors Test
Name X ~ N(o,u) | p-value f G N

T3 1 bow tie 1 0.2109 | 0.1640 | 0.0641 | 15
T3 2 bow tie 1 0.1486 | 0.1550 | 0.0857 | 6
T3 3 bow tie 1 0.0767 | 0.1472 | 0.0784 | 18
T3 4 bow tie 1 0.5000 | 0.2133 | 0.1086 | 6
T3 5 bow tie 1 0.1282 | 0.1381 | 0.0767 | 21
T3 6 bow tie 1 0.0738 | 0.1267 | 0.0745 | 12
T3 7 bow tie 1 0.0657 | 0.0982 | 0.0475 | 11
T3 8 bow tie 1 0.5000 | 0.1328 | 0.0552 | 18
T3 9 bow tie 0 0.0113 | 0.1250 | 0.0411 | 22
T3 10 bow tie 1 0.3388 | 0.1440 | 0.0503 | 15

Jarque-Bera Test

Name X ~ N(o,u) | p-value i o N
T3 1 bow tie 1 0.5000 | 0.1640 | 0.0641 | 15
T3 2 bow tie 1 0.3644 | 0.1550 | 0.0857 | 6
T3 3 bow tie 0 0.0284 | 0.1472 | 0.0784 | 18
T3 4 bow tie 1 0.4510 | 0.2133 | 0.1086 | 6
T3 5 bow tie 0 0.0194 | 0.1381 | 0.0767 | 21
T3 6 bow tie 1 0.3827 | 0.1267 | 0.0745 | 12
T3 7 bow tie 1 0.0850 | 0.0982 | 0.0475 | 11
T3 8 bow tie 1 0.4174 | 0.1328 | 0.0552 | 18
T3 9 bow tie 1 0.4382 | 0.1250 | 0.0411 | 22

T3 10 bow tie 1 0.2949 | 0.1440 | 0.0503 | 15

Table 4.5: Two tests for normality of the data (Name: sample name and type of
tree under scrutiny; X ~ N(o,p): 1/0 indicating if the data follows a standard
normal distribution at the standard 5% level; p-value: The ‘significance’ of the test
- p indicates the probability of this data occurring if the underlying distribution
is normal (a higher p-value indicates a higher chance the data is normally dis-
tributed); ji: the estimate of the sample mean (the first moment); 6: the estimate
of the sample variance (the second moment)
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Tank 1: Vented Trees
Sample Name Normal Distribution Weibull Distribution Log-normal Distribution
MSE | Err ~ N(pu,0) | MSE | Err ~ N(u,0) | MSE | Err~ N(u,0)
T1 1vented | 0.059 1 0.040 1 0.052 1
T1 2 vented | 0.055 1 0.051 1 0.052 1
T1 4 vented | 0.086 1 0.069 1 0.064 1
T1 5vented | 0.070 1 0.057 1 0.057 1
T1 8 vented 0.078 1 0.062 1 0.065 1
T1 10 vented | 0.059 1 0.063 1 0.076 1
Tank 3: Vented Trees
Sample Name Normal Distribution Weibull Distribution Log-normal Distribution
MSE | Err ~ N(u,0) | MSE | Err ~ N(u,0) | MSE | Err~ N(u,0)
T3 4 vented | 0.040 1 0.037 0 0.039 1
T3 5vented | 0.063 1 0.064 1 0.064 1
T3 6 vented | 0.032 1 0.032 1 0.039 0
T3 7 vented | 0.071 1 0.077 1 0.049 1

Tank 1: Bow tie Trees

Sample Name

T1 1 bow tie
T1 2 bow tie
T1 4 bow tie
T1 5 bow tie
T1 7 bow tie
T1 8 bow tie
T1 10 bow tie

Normal Distribution

MSE
0.036
0.030
0.056
0.022
0.028
0.049
0.026

Err ~ N(u,0)

el eoNoNoNoNoNe)

Weibull Distribution
MSE | Err ~ N(u,0)
0.034
0.029
0.056
0.021
0.027
0.049
0.026

QOO OO OO0o

Log-normal Distribution
MSE | Err ~ N(u,o0)
0.033
0.028
0.055
0.020
0.026
0.048
0.024

el eoNoNoNeNeNe

Tank 3: Bow tie Trees

Sample Name

T3 1 bow tie
T3 2 bow tie
T3 3 bow tie
T3 4 bow tie
T3 5 bow tie
T3 6 bow tie
T3 7 bow tie
T3 8 bow tie
T3 9 bow tie
T3 10 bow tie

Normal Distribution

MSE
0.069
0.052
0.054
0.068
0.067
0.101
0.141
0.047
0.078
0.088

Err ~ N(u,0)

T A N O G G

Weibull Distribution
MSE | Err ~ N(u,0)
0.071
0.064
0.052
0.069
0.059
0.087
0.129
0.043
0.076
0.091

T g g S i

Log-normal Distribution
MSE | Err ~ N(u,o0)
0.086
0.080
0.056
0.087
0.059
0.075
0.113
0.049
0.072
0.090

g VG O G

Table 4.6:

data; Err ~ N(u,0):

An analysis of the ‘goodness of fit’ of the data to three different sta-
tistical distributions (Normal, Weibull, and Log-normal). MSE: the mean squared
difference between the data and the model using parameters estimated from the

1/0 indicating whether the error is normally distributed.

If a model is a good fit, the residuals should be normally distributed - indicating
random noise
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fit will be the random noise present in all measurements taken experimentally.
Measurement noise is widely accepted as being normally distributed around
the ‘true’ value, as such the error (also referred to as the residuals) of a curve
fit to experimental data should be normally distributed. The inclusion of the
Gaussian model in the analysis serves to provide a ‘control’ model - if the test
suggests the data can be fit with a Gaussian model, the number of data points
is insufficient to make accurate estimates of the underlying distribution.

If there are many samples, it is relatively easy to disprove normality of
the errors, but if there are only small numbers of samples, it becomes trickier
to analyse. As can be seen from Tables 4.6, once again the small number of
samples limits the reliability of testing the hypothesis in some groups. In many
cases, the residuals were considered normally distributed by the Lilliefors test
(that is, there was not sufficient evidence to reject the hypothesis of normality
at the 5% level), however graphical plots of the distributions tell a different
story, with the sparse points showing a poor fit to the curve. In the case of the
group with the highest number of water trees (T1 Bow tie) the residuals were
found not to be normally distributed. This suggests that modelling water trees
grown under these conditions with the log-normal or the Weibull distribution
gives a poor fit.

An examination of the magnitude of the residuals suggests that there may
be two different models for the length of water trees grown in XLPE insu-
lation. The error of the Weibull distribution was lower than the log-normal
for the vented water trees and the errors were also indicated to be normally
distributed. However, the small number of vented water trees found make it
difficult to conclusively state that the errors are normally distributed (in this
case, the data must clearly indicate a rejection of the null hypothesis - HO: that
the errors are normally distributed - in order to give a conclusive result). Con-
sidering the data set as a whole, combining these two pieces of evidence give
some support for the use of the Weibull distribution for modelling the length
of vented water trees.

In contrast, there were many bow tie trees measured and analysed, and
this gives the analysis of the bow tie tree length a much greater sensitivity to
deviations from normality. In this group, the log-normal distribution shows a
better fit than either the normal or Weibull distribution in 11 out of 17 samples,
with these samples having the most data points. All of Tank 1 (2441 water trees



4.4. Analysis of Length of Bow tie Water Trees

87

total), and 5 out of 10 samples (81 of 144 water trees) in tank 3 had a lower
error when considering the fit of the data to a log-normal distribution instead
of a Weibull distribution.

To restate, Tank 1 had the most bow tie trees, and in this group none of the
errors were shown to be normally distributed, and out of the commonly used
distributions the log-normal distribution shows a better fit than Weibull.

Thus, while evidence was found for both distributions being systematically
different from the ‘true’ distribution, the log-normal had consistently lower
errors associated with the fit of the distribution. This suggests that the log-
normal distribution gives a better fit than the Weibull distribution for modelling
the length of bow tie trees grown in XLPE.

There is a further implication of fitting the data to a log-normal distribu-
tion. If this distribution does indeed model some aspect of the growth of water
trees, then this suggests that water tree length may be a result of the product
of several random processes. In a similar manner to the normal distribution
modelling the sum of random processes, the log-normal distribution models
the product of random processes. If this were the case, it would go some way
towards explaining the fact that varying ageing parameters (supply frequency,
voltage, temperature, etc.) seems to change the lifespan in a non-linear man-
ner.

If the underlying process were the product of random processes, variables
that are unknown or not adequately controlled will exert a disproportionate
effect on the results of the test. For example, water tree length has been seen to
be related almost but not quite linearly to the frequency of the supply, perhaps
the deviation from the linear fit is related to other variables being changed by
changing frequency (e.g. changing the frequency will also change the thermal
energy dissipated by the sample).

In summary, the analysis of these samples found some evidence for the
use of the log-normal distribution for modelling the length of bow tie water
trees, weaker evidence for the use of the Weibull distribution for modelling
the length of vented water trees, and strong evidence rejecting the use of the
normal distribution in both cases.
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4.5 Location of Bow tie Water Trees

Another contribution of this study is an examination of the relative location of
the bow tie water trees inside the insulation. A study on the location of bow
tie water trees within XLPE insulation was not found in the literature search.

The use of a projecting screen with a measuring overlay allowed for the
center of each bow tie tree to be located. The center of each bow tie tree was
used as a proxy for the initiation point, as observation of bow tie trees suggest
they are close to being symmetrical. While it is likely that they will grow more
in one direction than another to some extent, the water trees grown in these
samples did at least appear symmetrical.

Figures 4.7 4.8 4.9 show the length and location of each bow tie water tree
measured. Note the clustering in the center of the insulation of both length
and number of bow tie trees. As can be seen, the length and location do not
correlate with each other. The data derived from tanks 1 and 2 are very similar,
these groups were taken from a single length of field-aged cable. These popu-
lations contrast strongly with the population measured in tank 3 (new cable)
where much fewer water trees were measured, and they tended to cluster near
the central core. As with most of the analysis of bow tie tree populations, the
data from tank 3 is somewhat less useful due to the small number of water
trees found.

Figure 4.10 and figure 4.11 show that the distribution of bow tie water
trees within the insulation is clearly not a uniform distribution, even when
corrected for the relative change in volume of the insulation. The uniform
distribution is what would occur if the initiation of a water tree was based on
the presence of impurities. Instead, the histogram seems to follow a normal or
Russian distribution. It is proposed that several of the mechanisms highlighted
previously in chapter 2 are at play at the same time. By overlaying the various
distributions each process would take, an approximately normal distribution is
the result (as the means of the various distributions would approach a normal
distribution).

A further consideration then is the ‘fertility’ of the environment for water
tree growth. If many overlapping factors cause the initiation of water trees, are
there any specific factors that increase the growth rate? This can be assessed
by considering the lengths of the bow tie trees at each location.

Figures 4.12 4.13 4.14 show the spread of water trees at each location in-
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side the insulation (the thickness is divided into eight segments). This figure
shows the central region has longer water trees in tanks 1 and 2. Two possible
explanations for these longer trees in the center of the insulation are proposed:
older water trees or faster growing water trees. The data from this experiment
is unable to determine which of these possibilities took place. However, in ei-
ther case, the conditions for longer water tree growth are more favourable. As
such, this suggests that the processes outlined in chapter 2 may act synergisti-
cally and therefore the growth of bow tie trees is promoted in regions where
heat, electrical field strength and mechanical strain overlap.

In contrast, the water trees in tank 3 tended to be longer at the boundaries
of the insulation. This may represent a requirement of time to ‘saturate’ the
insulation with water, or may indicate a different ageing population entirely.
This data does not lend solid support to any conclusions, as the number of
data points is rather sparse. However, the measured population would fit with
current thinking - that of water penetrating the insulation and electrical stress
causing water tree growth.

Initially there will be more water trees close to the boundaries, and over
time water trees may begin to grow in the center of the insulation, as the water
reaches saturation at this point. Alternatively, the boundaries of the insulation
may continue to harbour longer water trees than the center (due to the higher
stresses present), and some of these may ‘convert’ to vented water trees, which
continue to grow and lead to failure. Investigation of this process would be
better served by a ‘truncated time-to-failure’ test which would allow analysis of
the water tree population as it develops over time.

4.6 Comparison of Water Tree Length

Populations in each Tank

The first set of statistical tests compared the mean lengths of the water trees to
determine if the samples had statistically different water tree lengths. It was
found that most of the the samples from each tank had statistically similar wa-
ter tree lengths to other samples from the same tank, and statistically different
lengths to the samples from the other tank (Figure 4.15).

Figure 4.15 shows that the samples from Tank 1 each had a unique expected
value. The increased number of data points in this group allows for relatively
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narrow confidence intervals on the parameter estimations in this group. Thus
even if the average values of these samples are similar, they may still be statis-
tically different. Furthermore, if the distribution of the lengths in this group is
bimodal (as previously discussed), this will skew the estimates of the expected
values.

In contrast, the samples from Tank 3 (Figure 4.15, bottom right) were
shown as belonging to the same population as other samples from this tank
in many cases. This can be explained firstly by the possibility that many of the
samples in this group do in fact share their population characteristics, and this
group has a unimodal population distribution that is not skewed by having two
distinct populations being combined. Alternatively, the relatively small number
of measurements in this group causes larger errors in the estimation of popu-
lation parameters, and this will make the samples harder to distinguish from
each other, even if they do have different means.

A significant aspect of the data that is shown in this table is that samples
from opposite groups do not correlate well. Even the relatively small number of
measurements taken from the samples in Tank 3 are sufficient to differentiate
them from the samples in Tank 1. This can be seen by the lack of high p-values
in the top right and bottom left. This is the first piece of evidence for the two
groups having different populations.

Figure 4.16 shows the length of all water trees measured in tanks 1 and 3.
The first thing that is obvious in this figure is the much larger number of water
trees grown in tank 3. However, the length of the longest trees found were
comparable in both tanks.

In either case, the total insulation breached was only a small part of the
whole thickness (Figure 4.16 right). This makes the absolute difference be-
tween the groups rather small, and in turn, suggests the insulation to still be in
fairly good condition. While small, however, the difference between the groups
is statistically significant. The two populations do not share a common average
(Figure 4.16 center).

Figure 4.17 shows the contribution of the different types of water trees to
the total population. Unfortunately, the results found here are more confusing
than enlightening. While Tank 1 with its lower breakdown strength (Figure
4.17 right) has the longest overall water trees (Figure 4.17 center right), it
was found to have shorter vented water trees overall, and does not possess the
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longest water tree, as one might expect.

A possible explanation is that the longer length of bow tie trees found sug-
gests the possibility of Tank 1 having processes at work that cause longer water
trees to grow in this group. Furthermore, the larger size of the failure sites
in Tank 1 (Figure 3.12) coupled with the small number of vented trees found
in both sample groups, allows for the possibility that the longest vented wa-
ter trees were destroyed in the breakdown process, and the remaining vented
water trees are not representative of the longest vented trees in the sample.

This theory is further supported by the analysis in section 4.3, which applies
extreme value analysis to the water trees measured in each sample to estimate
the longest water tree one might expect to find in a given length of cable.
In this analysis (which is based on the longest water tree measured in each
individual cable sample, rather than the aggregate of all water trees in a tank)
it is shown that one might expect a longer water tree to be found in Tank
1. This matches with the lower breakdown strength, and the lower expected
breakdown strength (also in section 4.3).

This apparent inconsistency can be explained in more detail when looking
at Figure 4.18 where it can be seen that the samples in Tank 1 had generally
longer water trees, with higher median and interquartile values than Tank 3,
despite the fact that Tank 3 had the longest water trees overall. This tendency
to higher values is consistent with the results from section 4.3 indicating this
group has a higher expected value of water tree length.

Considering the information contained in Figures 4.16, 4.17 and 4.18, good
evidence was found in this experiment indicating the two tanks did in fact have
different populations of water trees. Even without any additional information
on the underlying population distribution of each tank or sample, it can be
stated with good confidence that the samples in Tank 1 were more degraded
than the samples in Tank 3.
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Figure 4.5: The probability plots of Tank 1 (treated samples), from top to bottom:
Log-normal probability plot, Normal probability plot, Weibull probability plot.
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Figure 4.6: The probability plots of Tank 3 (untreated samples), from top to
bottom: Log-normal probability plot, Normal probability plot, Weibull probability
plot.
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Figure 4.7: The location of the midpoint of each bow tie tree, plotted against its length - each data point represents a single bow tie
water tree. The x-axis represents the distance from the inner semiconductor boundary (the ‘conductor core’ is at the left of the image),
while the y-axis represents the length of the measured water tree in mm. From top to bottom: Field aged and treated, field aged
untreated, new untreated.
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Figure 4.9: The location of the midpoint of each bow tie tree, plotted against its length - each data point represents a single bow tie
water tree. The x-axis represents the distance from the inner semiconductor boundary (the ‘conductor core’ is at the left of the image),
while the y-axis represents the length of the measured water tree in mm. From top to bottom: Field aged and treated, field aged
untreated, new untreated.



97

‘pajeaiun Mau ‘pajeaniun
pa3de p[oy ‘paieanl pue pagde p[RI4 :woloq 01 dol woi "UOMe[NSUL 9l Ul UOHEIO[ [JBd Je $331) 311 MOq JO IaqunN :Q['y 2In3ig

4.6. Comparison of Water Tree Length Populations in each Tank

[ww] aBpa uoireINSUl JBUUI WOy ddUeIsIq

S'S 0'S Sy 0t G'E 0'€ S'¢ 0°¢ ST 0T S0 00°0 3
NN N AN I TN IN I I X T T T T T X T Yy LN T X any T o
K KX X YATATASTASTASTANSTAN A AA A A X K A "3
- AA K XK a K\ A A/ XK 1100 5
i A X KX A |snn &
A A 00 3
3 1€00 &
Y A =
| 4170°0 m
[|€uel a-a lso0 B
L L L L L L L L L L @O.o w
€ >ue] Ul 1012NpuU0)) [BJlud) WUl ddUrISIq SA S93a4] a1 mog Jo Aduanbaliy 9

[ww] abpa uone|nNsul Jsuul wodj adueisiq

S'S 0'S Sy 0’y S'€ 0'€ S'¢ 0'¢ S'T 0’1l S0

iz Jue]l eo—e

000

4100
120°0
1€0°0
{¥0°0
1500

90’0

Zuel c,_ Lopu:ncou _mbc,mu Eot, wucmpm_m SA mmwk._. e >>mm_ 10 \Grrw:_umzu_

[wuw] 86psd uone|nNsul Jauul woJi ddueisia
'S 0'S S’y o't S'€E 0'€ S'¢ 0°¢ ST 0T S0

00°0

4100

1200
1€0°0
{¥0°0
150°0

1 uel c,_ Bﬁ:nooU _mbc,wu Eot, wucmum_,n_ SA mwwk._. E >>mm_ 10 >uc,wscw._“_ ,

90'0

s9aJ4] Ja1em Jo uoluodold

S23.4] J91em Jo uoluodold



Chapter 4. Results of Accelerated Ageing Test

98

8 10 Cumulative Distribution of Bow Tie Trees in Tank 1

(0] . T T T T T T

= 0.8l B8 Tank 1}]

®

2 0.6 1

(o]

c O.h.\ T

©

5 0.2 E

[oX

m o.o L L L L L L L L

a 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
Insulation thickness

] 10 Cumulative Distribution of Bow Tie Trees in Tank 2

(0] . T T T T T T

®

2 0.6 1

G

c Ob.\ T

o

5 0.2 R

o

m OO L L L 1 1 1 1 | 1

a 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

Insulation thickness

4 Cumulative Distribution of Bow Tie Trees in Tank 3

m “_.O T T T QQQQQQQQQ \ y \4 \4

o v v Tank 3]
g 0. . AN

S uvPVVVIVYY ]
> o.

°© 05 Y .
S 0.41 g
£ 0.3f 1
WPV 0.2tv R
a 01 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

Insulation thickness

Figure 4.11: Cumulative distribution of bow tie trees from center of insulation. From top to bottom: Field aged and treated, field
aged untreated, new untreated.
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Figure 4.19: Frequency histogram of the vented water trees in each tank.
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Figure 4.21: Frequency histogram of the bow tie water trees in each tank.



109

4.6. Comparison of Water Tree Length Populations in each Tank

“uel yoes ul SYISUs[ 9213 913 MOq JO UOHINGLIISIP dANB[NWNY :gg'{ N1

[ww] yibuaT o] Jo1em
0T 80 90 0 0 0

B0
20
0
90
8'0

0’1l

I due] ul mco_um?wmgo yibua wm;,._. Ja1epn anmog

[ww] yibua o341 I3
0T 80 90 7’0 0 0

8o
20
LAY
9'0
8'0

0T

€ue] ul mco_um?wmgo yibus wwL,._. 1918\ 21Imog

X > uoljodold 934 Ja1ep

X > uoljodoid 934] Jo1ep






Chapter 5

Non-Linear effects of water treed
XLPE - A proposed factor for
assessing cable age

Prediction is very difficult,
especially if it’s about the
future.

Niels Bohr

5.1 The Effect of Water Treeing on Linearity of
Electrical Measurements

This work is primarily concerned with estimating the remaining life of a sample
of XLPE by using non-destructive techniques. The means by which the remain-
ing life is estimated is by estimating the length of the longest water tree. This
chapter deals with a means of estimating the length of the longest water tree
in a sample of XLPE non-destructively.

The method described here is referred to as the degree of non-linearity or
DONL. The essence of the method is that a change in response of a sample to
changing voltage away from the ideal linear response will give an estimate of
the longest water tree.

111
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The proposed theory is that changing the voltage will change the internal
morphology of a water treed sample, while an untreed sample will not undergo
the same change in morphology. The proposed mechanism for this change is
the change in dielectrophoretic force on free water.

In an untreed sample, there will be only a single dielectric, and thus the
current measured by an appropriate instrument will be linearly related to the
applied voltage. In water treed XLPE there are two proposed changes. Firstly,
as defined in the very start of this work, water trees represent permanent de-
fects, that may or may not be filled with water. Secondly, when taking electrical
measurements, there will be an available reservoir of water that may or may
not be contained inside the water trees.

When two dissimilar dielectrics are in direct contact, and an electrical field
is applied, there is a resulting force on the two dielectrics that may be computed
by the theory of dielectrophoresis (see chapter 2, and [86, 85]. Obviously only
the ‘free’ water in the insulation is able to move, and it will be constrained by
the internal structure of the insulation.

Over time, ageing stress will cause water filled cracks to gradually appear
and grow (water trees). These cracks are permanent deformations of the in-
ternal structure (breaking polymer bonds, etc.) and as such will remain even
if the ageing stressors are removed. Water, being free to move, will only be
found inside the water trees when the forces pushing it out of the insulation
(gravity, thermal gradient, plastic deformation/restoration) are balanced by a
force pushing it into the water trees.

The proposed force pushing the water into the water trees is dielectrophore-
sis. The dielectrophoretic force is directly related to the applied voltage (see
equation 2.2) [86, 85]. As such, the dynamic balance of forces pushing water
into and out of the water trees is related to the applied voltage.

This finally brings us to the theory of the degree of non-linearity. This
proposed theory makes use of the changing dynamic force on the water inside
water trees to estimate the length of the longest water tree. The means by
which a non-linear response is elicited from a sample of XLPE is the change
in water tree lengths due to the change in balance of dynamic forces on free
water at different electrical field strengths. In short, at low fields, the water
trees are relatively shorter than at high fields.

The conductivity of a sample is assumed to be dependant on the length of
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the water trees in the sample, by way of shortening the path from one electrode
(conducting via the relatively low resistivity water trees) to the other. Thus as
the applied voltage rises, the conductivity of water treed XLPE should increase.
Analysis of this increase will give an estimate of the condition of the sample.
That is, by examining the change in conductivity (a large change in conductiv-
ity indicates a large change in water tree length) the state of water treeing in a
sample may be deduced.

The degree of non-linearity (DONL) as presented here is computed by cal-
culating the apparent conductivity of the sample, comparing this value at a
lower voltage (1kV in this case) with a higher voltage (5kV). The apparent
conductivity is computed by analysing the charging and discharging curves of
the samples in the time domain.

If a dielectric is modelled as a lossy capacitor, that is a capacitor with a
parallel resistance, the charging and discharge measurements can be used to
characterise the insulation. In the charging phase, the measured current /; will
be the sum of the capacitive and resistive currents (/. + I,). In the discharge
phase however, the measured current will be entirely due to the discharging of
the capacitor, and will result in measuring /. on its own. Finding the difference
between the charging current I, and the discharge current /. will give the re-
sistive current /.. Knowing the applied voltage, current and capacitance of the
object, it is then possible to estimate the conductivity of the object under test
(equation 5.2).

This analysis is concerned with the change in the resistive component of
the sample, as this will be most affected by the change in effective insulation
thickness. The conductivity is used to normalise the samples for comparison.
The units for conductivity (¢) are Amperes per Volt-Metre (%), and the value
is computed by using a co-axial capacitor model of the cable:
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Where 0, is the apparent conductivity, /.,.rgins the charging current (1,cs;stive+
L apacitive), 14 the discharge current (purely / ,pqcitive) and Vg, the applied volt-
age. The capacitance of each sample is listed in appendix A. With a value for
the material permittivity of XLPE, one may compute the conductivity of the
samples directly. However, as this value will not take into account the effects
of the semiconducting layer, the samples were compared using their measured
capacitance. As the (unknown) material constants will not change, the ratio of
the conductivities will remain the same.

In an ideal dielectric, since I, is directly proportional to V,,,, the appar-
ent conductivity should not vary with different applied voltages. However, if
changing the applied voltage changes the internal morphology of the sample,
there will be a deviation of the response from this ideal case. This deviation
from the ideal response, causing the current to become non-linear with respect
to the applied voltage, is the basis of the theory of the degree of non-linearity.
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5.2 Data Collection

The data for all the measurements presented in this chapter was taken from the
accelerated ageing test described in chapter 3. The measurements presented
here were taken directly before breakdown of the samples by an AC step break-
down test, as it was considered that these measurements would most closely
correlate with the forensic data (presented in chapter 4).

Each sample had a time domain DC step test taken at 1kV and 5kV, and
the capacitance measured!. These measurements were used to compute the
conductivity, and thence the degree of non-linearity for each sample. Some
samples were removed from the test by early failure - in two cases there were
insulation failures due to ageing, and in one case there was a termination fail-
ure. In total, there were 17 samples analysed, 7 field aged and treated with
restoration fluid before ageing, and 10 samples of new cable.

The charging currents measured, along with the curve fits are detailed in
appendix B, the estimates of the apparent conductivity and the variation of this
value over time can also be seen there. Of note is the flatness of the plot of I,
after a short time, allowing the fit of a constant resistivity to be made with good
confidence.

5.3 Computation of DONL

The conductivity of the sample is assumed to be affected largely by the length
of the water trees in the sample due to the nature of water trees being a con-
ductive impurity into the insulation. The lessening of the effective insulation
thickness at any point will increase the conductivity of the sample as a whole.

The degree of non-linearity (DON L) was computed by dividing the con-
ductivities, as defined by the following equation:

DONL = 2 (5.3)

O1kV

Computing the conductivity by subtracting the charging and discharging
currents gives a time varying value for the conductivity due to the measure-

!The capacitance was measured using a simple LCR meter, giving a version of the DC
capacitance. This value is based principally on the geometry of the cable sample (including
length, radius, and dielectric material) and is used to compute the conductivity. It does not
reflect the complex interplay of the time-varying polarisation measured using the DC step test.
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ments containing electrical noise, as well as other physical phenomena not
found in the idealised model. The first part of the analysis deals with reducing
this time series to a single representative value.

Having chosen a method of representing the time series value, there is a
single DONL value for each sample. This value was compared with the wa-
ter tree length using the estimated longest water tree (see section 4.3) and a
box-plot of the water tree lengths. This comparison was used to validate the
relationship of the DONL with the length of the longest water tree.

Finally, the DONL value was incorporated into a wider ‘ageing landscape’
by plotting the DONL for each sample against the conductivity at 1kV. The 1kV
conductivity in this case is being used as an estimate of the ‘non-water treed’
state of the insulation. This ageing landscape is a useful real-world tool that
allows all the information gathered to be used to give an idea of the condition
of a sample in a real world setting.

The ageing landscape takes into account the effects of joints and termina-
tions in the samples, and gives an indication of the condition of a sample and
whether a problem is due to water treeing, or cable accessories.

5.4 Results

When examining the results obtained from this test, it should be kept in mind
that the values for the non-linearity computed are rather high when compared
to measurements taken on other samples (e.g. [78], which applied the same
testing methodology to in-service samples, with a non-linearity of less than 1.2
for samples in good condition). The exact reasons for the large non-linearity
measured are not known, but it seems likely that it is the very low conductivity
of the samples that may play a part. Another possible factor is that the ex-
perimental samples, which have relatively few attached accessories and a con-
trolled environment, may tend to exaggerate the non-linear effects that might
otherwise be masked somewhat by leakage currents via other mechanisms.
The simulated non-linearity (chapter 6) was closer in magnitude to the
measurements taken from the field (presented in [78]), which suggest that
there may in fact be some confounding factor in the experimental samples that
is not accounted for. It may be possible that the effect of the terminations
(which represent a large fraction of the cable length in these samples, when
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compared to installed cable), or temperature effects (experimental measure-
ments are taken at higher temperatures due to the heated water in the tanks)
also play a part in enhancing the non-linear response beyond what may be seen
practically.

Although the measurements may not give a truly accurate reflection of real-
world effects, the trends observed in these samples do follow the trends seen in
both the simulations and the real-world measurements. Thus the analysis will
give some qualitative indication of the DONL, even if the quantitative effects
remain to be discovered.

Figure 5.1 shows the measured charging and discharge current of a sample
at 1kV and 5kV, as well as the time-varying DONL ratio. As can be seen from
the indicated lines, the ratio quickly approaches a fairly constant value, and
there is a relatively small amount of noise. The time varying DONL value for
this sample is also represented as a box-plot in figure 5.2

In order to reduce this time-varying function to a representative value, the
DONL at each point in time was aggregated into a box-plot to gain an un-
derstanding of the spread of the values and the population parameters. The
box-plot for each sample is shown in in figure 5.2.

The close clustering of the points in figure 5.2 means that almost any con-
venient sample can be taken (the DONL at 30s or 60s for example) to represent
the DONL of a particular sample. The risk when using simple measures is that
random noise may affect the value chosen. Thus for most of the computations
presented here, the median of the conductivity was used. In practical terms
the choice of value made little difference to the values obtained.

Observing the good fit of the line and the close clustering of the box-plots,
for field work the representative value of the DONL may simply be taken as
the value at 60 seconds. This value requires no computation, and gives a good
representation of the function. In addition, the measurement need only be
taken for a relatively short time to obtain this value.

Figure 5.2 shows all the results of these tests. The differences of non-
linearity between each sample and each tank are not as clear as the difference
between the water tree lengths measured. Firstly, it should be noted that in
some cases the degree of non-linearity was less than 1, and in one case (T3-6)
the conductivity was negative! This can be explained by the good quality of
this sample, as evidenced by its high breakdown strength. When measuring
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Figure 5.1: Measurements taken on a sample showing the method of computing
the degree of non-linearity. From top to bottom, the charging current is measured,
the discharge current is measured, the difference between them normalised to
the geometric capacitance, and finally the ratio of the conductivity at 5kV to the
conductivity at 1kV - the degree of non-linearity.
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Figure 5.2: The degree of non-linearity for all the samples in the test. From top
to bottom: the apparent conductivity, the non-linearity, the breakdown strength
of the sample, and finally the water trees measured.



Chapter 5. Non-Linear effects of water treed XLPE - A proposed factor for assessing
120 cable age

such a low conductivity, the errors in the measurement can overcome the ‘true’
measurement. Observing the measurements taken on T3-6 (Appendix B.13),
one can see that the charging current measurement does not follow the same
curve as the other samples, and this may be due to noise or other measurement
error overcoming the very small current being measured in this sample.

In other cases, the degree of non-linearity has a wide spread, or a value
below unity. This is particularly evident in the 1kV measurements, where the
lower currents are more susceptible to ambient noise. Even relatively minor
temperature variations in the measurements can affect the absolute value of
the conductivity. The degree of non-linearity is used because it is somewhat
resistant to such confounding factors, although it is still not a perfect measure-
ment on its own.

Another interesting feature of figure 5.2 is the effect of the conductivity on
the non-linearity factor. This is particularly evident in samples T1-7 and T1-
8. These samples had significantly lower non-linearity factors than the rest of
tank 1, combined with a significantly higher conductivity. This is in the context
of a lower breakdown strength and longer water trees found in these samples.

The divergence of the 5kV conductivity from the 1kV conductivity as the
sample ages is the means by which the degree of non-linearity assesses the
state of the insulation. This value does not tell the whole story however, as
the absolute value of the conductivity of the sample is also significant. Be-
sides water treeing, there are other parts to the cable construction that may
display a non-linear response, and it is useful to use the absolute conductivity
to differentiate some of these phenomena.

The effects of joints and terminations for example, can cause non-linear ef-
fects on the measurements due to the changes in field grading and the different
paths that may conduct current. In situations where the conductivity is high,
the relatively small effect of the change in morphology may easily be swamped
by a large conductive current. When taking field measurements, this must be
taken into account, as large measured currents give an indication of a poor
joint or termination. These must be corrected before an accurate assessment
of the water treed state of the insulation may be made.

The second and third graphs in figure 5.2 compare the degree of non-
linearity to the breakdown strength, with a tendency to higher non-linearity
values in in tank 1 corresponding to a lower AC breakdown strength. Com-
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Figure 5.3: Box-plot of the lengths of the water trees measured in the tanks, in-
dicating the slightly longer water trees found in tank 1, and the lower breakdown
strength in tank 1.

paring further, the bottom graph in figure 5.3 indicates the length of the water
trees (the total population of all water trees) found in tank 1 was also longer.

Further to the above comment relating the conductivity along with the non-
linearity, the results of this test were plotted on an ‘ageing landscape’ (figure
5.4). Plotting the conductivity of the sample on the y axis and the degree of
non-linearity on the x axis, the ‘ageing’ state of the sample may be examined.

In the top right of the ageing landscape, the sample has high degree of non-
linearity and high conductivity - this may be due to water treeing, but also may
be due to external factors (joint or termination). Samples in this region would
warrant further investigation into the quality of the joints and terminations.
Notice that none of the samples in this test fell in this area, suggesting the
terminations on these samples were still in good shape at breakdown (further
supported by their withstanding several times their rated voltage!).

The bottom right, low conductivity and high non-linearity, is suggestive of
significant water treeing. While water trees will increase the conductivity, they
will increase the non-linearity earlier and to a greater degree. Note the samples
extending into this area tended towards lower breakdown strengths (see table
4.1 for details of breakdown strength).

The bottom left region has low degree of non-linearity and low conductivity,
this suggests cable in good or new condition. Many of the samples in this test
fell in this region, where their similar state and generally good condition make
them difficult to differentiate.

Finally the top left area, with low degree of non-linearity and high conduc-
tivity, indicates a sample that may have an overwhelming joint or termination
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Figure 5.4: The ‘ageing landscape’ of conductivity vs. DONL. The size of the
points indicate the ACBD value - larger points a higher breakdown strength. See
appendix A for a larger version of the linear plot.

problem, or other factor affecting the measurement. In this test, a few sam-
ples overheated, and this may have caused a structural deformity that affected
the electrical measurements (although no changes were visible on inspection,
and it was thought the damaged sections were removed when the terminations
were replaced). When taking field measurements, samples that respond in this
manner will require further measurements to analyse for the presence of water
treeing.

In order to remove some of the confounding factors of electrical measure-
ments, a computer simulation was created to further investigate the effects of
water treeing on the linearity of the measurements. This model is presented in
chapter 6. The goal of this model was to investigate the possibility of dielec-
trophoresis being responsible for the non-linear effect observed in the samples.
The non-linear effect was intended to be simulated by changing the length of
water trees in the samples, to see if the effects seen in the real samples could
be modelled by changing water tree lengths.



Chapter 6

Modelling of Water Trees in XLPE
Cable - Review, Procedure and
Comparison of Simulation to
Measurements

To those who ask what the
infinitely small quantity in
mathematics is, we answer that
it is actually zero. Hence there
are not so many mysteries
hidden in this concept as they

are usually believed to be.

Leonhard Euler

6.1 Background

When constructing an ageing facility for XLPE samples, it is very difficult (if
not impossible) to control for all the variables affecting the ageing process and
the measurements taken on the samples. These confounding factors can signif-
icantly affect the results of the test, even when they are not known [99]. The
value of a testing facility lies in the ability to reproduce real-world conditions,

123



Chapter 6. Modelling of Water Trees in XLPE Cable - Review, Procedure and
124 Comparison of Simulation to Measurements

and study the effects of interventions on real samples under real conditions. In
contrast, when attempting to analyse the mechanism of operation of a theory,
the many unknown factors make drawing conclusions from real world tests
difficult.

One valuable aspect of computer modelling is that it allows the scientist
to perform tests on idealised samples to examine the mechanism of a theory
under development. In effect, it allows a researcher to isolate a single variable
or process and observe how changes in this variable affect the sample as a
whole.

Presented in this work is the concept of the degree of non-linearity being
related to the phenomenon of dielectrophoresis, and one means by which this
theory is presented is the construction of a three dimensional model that allows
experiments and calculations of the electric field under time-varying conditions
to be performed. By creating a computer model, the effect of polymer morphol-
ogy on the electric field may be isolated from the many confounding processes
that occur in a real world test.

When designing this experiment, it was found that the skills and techniques
used in constructing and maintaining a large scale high voltage high power
experimental facility did not significantly overlap with the skills required to
construct a detailed and nuanced electrical simulation of a complex system.

It was found that the available tools for modelling systems in the engineer-
ing field tended to be focused on electromagnetic field simulations with em-
phasis on the magnetic field or dispersion of high frequency electromagnetic
waves. In contrast, what was required for this project is a relatively simple
electrostatic model with the ability to extend the model into the time domain.

Rather than spending considerable time and effort examining, testing and
modifying existing commercial electromagnetic field simulation software for
this purpose, it was decided to make use of a tool that had been developed
at QUT for teaching the theory of electromagnetic field theory to undergrad-
uate students. This tool was used to develop a model of the system without
requiring the complex mathematical methods employed in most commercially
available software.

Development using this tool allowed construction of a model that was cus-
tomised to the nature of this particular project without many of the extra fea-
tures that would needlessly complexify analysis of the phenomena under study.
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This tool is based on a novel method referred to as flux modelling [64] which fo-
cuses on a visual/practical method of understanding electrical field properties
in order to make conceptualisation of the underlying theory easier - this is the
basis of its use as a teaching tool. By basing the model on the theories related to
electrical (and magnetic) flux, this method allows the model to sidestep most
of the complex high-order mathematics typical of most simulation packages.

6.2 Review of Methods of Modelling Electrical
Fields

6.3 Flux Modelling

6.3.1 Basic Method

The aim of this model is to investigate the relationship between a morpholog-
ical change in water trees and the charge arising from time domain measure-
ments. If a relationship between the measured charge in a sample and the
morphology of the water trees in the sample can be established, then it may
be possible to analyse multi-voltage degree of non-linearity measurements to
establish the likely length of the longest water tree.

The simulation was devised as a means of isolating the effects of changing
the internal morphology of the insulation from confounding effects associated
with increasing the voltage applied to a sample of aged XLPE. As no commer-
cially available software was found to fit the purpose, the model was based on
a teaching tool developed at QUT for teaching field theory to electrical engi-
neering students.

Rather than defining points or cells by partial differential or integral equa-
tions, this method uses the theory and properties of electrical flux. The model
is divided into small volumes (cells), with each cell assumed to contain uniform
flux!. In a region where the flux can be assumed to be uniform, the following
relationships are defined:

'Uniform flux has a constant magnitude and direction - the flux density vector of a region
having uniform flux is identical in any point in the region.
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I = (Vo = V) 20

] Zl (6.1)

Where [, is the current flowing through the nth boundary of a cell, 1} is
the potential at the centroid of cell, while V,, is the potential of the centroid of
the nth neighbour, ~,, is the conductivity of the material within the cell, ¢,, is
the electrical permittivity of the material (in this model, each cell can contain
only a single homogeneous material), A, is the area of the nth boundary of the
cell, d,, is the (small) distance between V; and V,, and V,, is the electrical flux
flowing over the nth border.

By dividing a given structure into a set of cells and assuming the flux is uni-
form inside each cell, the potential at each point may be computed by solving
the set of linear homogeneous equations generated by equations 6.1, rather
than the set of differential equations often encountered in electrical field mod-
elling. By combining many simple cells, each with known properties, the ‘emer-
gent’ behaviour of a complex system may be observed.

The method is interesting because of its flexibility and simplicity. The prop-
erties of flux lines and equipotential surfaces are easily visualised, and the
complexities of dielectric relaxation of a complex structure may be modelled
using a simple and well defined set of processes. By focusing on the require-
ments of the model instead of the detailed underlying mathematics, a model
has been developed that allows analysis of the proposed theory to compare
with the results obtained from the electrical measurements.

The model is created in three steps (figure 6.1). Firstly, an array of a size
constrained by available computing power is created. Secondly, the environ-
ment is sampled at each point in the array. Finally, the relationship between
each cell is defined by the material properties and the initial conditions.

The first step, creating the array, has the largest impact on the detail of
the simulation. In this work, a cube or rectangular prism was simulated. The
simulation ‘environment’ was bounded by the boundaries of the prism, and
sampled homogeneously at each point of the array. The number of points in
the array, combined with the size of the environment being simulated, gives the
spacing between each point, and thus the smallest detail that can be accurately
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simulated.

As an example, one model made use of an array sized 50 x 50 x 50 (figures
6.1 and 6.2). This was used to simulate a cube of a quarter of a sample of XLPE
cable. A sample of XLPE occupies approximately 14mm from centre conductor
to surrounding earth screen. Thus the spacing in this model is .28mm between
each point. This is 280um, which is somewhat too large for simulating individ-
ual water trees, but it gives an initial outline of the gross field inside a sample
of XLPE. This method of using a low resolution model is similar to that used in
[5] in simulating water treed XLPE segments.

Once the sampling dimensions have been established, the next step is as-
signing each point in the array a type of material. The model is designed that
each cell can contain only a single pure type of material, for which the time
domain properties should be well known by some function.

In the case of the model shown in Figure 6.1 (parts 3 and 4), XLPE is mate-
rial type 1 (cyan and black in parts 3 and 4 respectively), ‘conductor’ is defined
by material type 2 (black, then red), and water by material type 3 (red, white).
There is no limit to the number of types of materials, and their properties as
long as they can be defined by the resistivity and electrical permittivity.

The issue of material properties was the most problematic in the construc-
tion of the model. The properties of some materials are easy to define (e.g.
resistivity of copper and aluminium), while the properties of other materials
were not able to be located in the literature. Most notably, there was no time-
domain function for charging or discharging of XLPE available in the literature
surveyed.

In this work, water was modelled as a pure resistor, although it was given
a nominal permittivity for reference purposes. Since the conductivity of wa-
ter is very high compared to XLPE, the resulting field grading would be small
(the electrical field E is close enough to zero). Thus it was considered that
approximating it as a conductive material with an internal field of zero would
not degrade the quality of the simulation significantly. This approximation is
also used in other works (e.g. [25]).

Defining the properties of pure XLPE was somewhat more problematic. If
this issue had been foreseen by the authors, detailed and accurate time domain
measurements of pure samples of XLPE may have been performed. However,
time and budgetary constraints prevented this, and instead the gross measure-



Chapter 6. Modelling of Water Trees in XLPE Cable - Review, Procedure and

Comparison of Simulation to Measurements

128

oy A7

Figure 6.1: The stages of creating a model for simulation (showing slice number 11 of 50). From left to right, defining the region of
interest (boundaries in white, ‘free’ cells in black), defining the initial potential (white: 10kV, black 0V), defining the resistivity (third
image, note the low resistivity of the boundary conductors in black, the higher resistivity of the water trees, and the highest resistivity
of XLPE) and permittivity (far right, the conductors are nominally assigned zero permittivity, with the higher permittivity of water
being visible on the lower permittivity XLPE, coloured white and black respectively). By observing the ‘mask’ created by the free cells
(first image), one can see that the conducting boundaries are not simulated - these regions are fixed at either V,,,, or 0V /GND.
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ments of the samples were used to model pure XLPE. This is not an ideal sit-
uation, as the measurements taken will include the effects of semiconductors,
joints and terminations, but the lack of readily available information made this
approximation necessary.

The model has the flexibility in this area for future measurement data to
be ‘plugged in’ to the simulation being performed. Without modification of the
software (only the simulation being created) a set of more detailed measure-
ments can be added easily.

Finally, the relationship between each cell and its neighbours is defined by
the material properties and the initial conditions of the model. The basis of the
model, the flux balance method, allows each cell to be modelled by an ideal
capacitor parallel to an ideal resistor (figure 6.7). Typically the network was
initialised with the capacitor discharged, however any charge state could be
initialised (if, for example one wished to analyse the decay process of a ‘space
charged’ sample of XLPE).

As all the materials being simulated have a linear voltage response over
the ranges being considered, the applied voltage can be simplified to a unit
value, with the resulting response multiplied by the desired applied voltage
post-simulation. Thus, the effect of increasing voltage will be entirely linear.

Conceptually, the basis of the theory is the concept of the ‘flux tube’. A flux
tube is a volume inside an electrical field containing equipotential surfaces at
each end (see figure 6.3). Flux lines entering (and exiting) a flux tube can do
so only at an end, and only at right angles. Flux lines cannot cross the surface
of the flux tube, because the tube is oriented to be tangential to the flux density
vector. By calculating the density of flux within each flux tube, the potential
at each end-plate may be solved. The end-plates correspond to the nodes of
the simulation, thus computing the potential of each end-plate computes the
potential at each point in the simulation.

With equipotential ends, and no flux lines crossing the surface, the total
flux within a flux tube must be constant. Thus, if the flux tube has a constant
cross sectional area, the flux density within the tube must remain constant.
With a constant flux density and equipotential boundaries, the electric field
within a flux tube must be uniform. The only caveat to this reasoning is that
the flux tube can contain only a single type of material (if it contains different
materials, the flux density will still be constant, but the field may change at the
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Since V1 and Vo
are equipotential,
the flux lines
must enter and
exit at right
angles.

Since the cross-
section of the cell
is constant, the
flux density must
also be constant.

Figure 6.3: The approximation of an electric field by the flux tube. The green
lines represent equipotential surfaces, therefore the flux lines must cross at right
angles. By keeping the cross sectional area of the cells constant, the flux density
in each cell must be uniform. This results in a cell geometry dependant on prior

knowledge of the equipotential surfaces.

interface of the materials).

By constraining each cell to have a single common boundary with each
neighbour (each boundary surface must join exactly two cells), and contain
only a single type of material, the flux tubes connecting neighbouring cells
become relatively simple to analyse according to equation 6.1. Since ¢,,, A,,
and d,, are all known, and AFE may be approximated by Vod;nV”, Vo and V,, be-
come part of a large set of linear homogeneous equations that can be solved by

applying boundary conditions.

In more formal terms, the theory is based on three equations:

fﬁ'dngenc

(6.2)

(6.3)
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E=-VV=— (6.4)
€m

With equation 6.4 being approximated by:

E = Adv (6.5)

Where V is the electrical flux, @.,. the charge, D the flux density vector, V/
the potential at a point, d,, the (small) distance separating two points within
an electrical field, ¢,, is the electrical permittivity of the material, and E is the
electrical field vector.

In most cells, the enclosed charge Q.. is zero. Furthermore, if the cells
are cuboidal (as they are in this model), and the flux across the boundary is
uniform (as it is assumed to be, given a small enough cell), the surface integral
may be reduced to the sum of the area of the sides multiplied by the average
flux on each side. That is, § D - dS becomes 22:1[5711471]- Thus combining
equations 6.3, 6.4, and 6.5

> [DnA,] =0
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6
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Where ¢, is the electrical permittivity of the material in the cell under
scrutiny, A, is the area of a side of the cell, d,, the distance from the centroid
of this cell to its neighbour, n being the nth neighbour, 1} the potential at the
centroid of this cell, and V,, the potential of the centroid of the nth neighbour.
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The area A, of each boundary is the same in this example, and can be replaced
by the constant A, similarly with the distance between each centroid d,, being
replaced by d.

The above treatment applies to the most common cells - those surrounded
by similar material (XLPE in this case). For the cells with an interface (e.g.
water/XLPE or electrode/XLPE), the equation is modified slightly: the distance
d, is adjusted to reflect the fact that conductive cells have an equipotential
interior, and therefore the centroid is the same voltage as the boundary.

Thus a set of linear homogeneous equations is created, with the bound-
aries defined by the model (either an electrode with fixed voltage, an ‘infinite’
boundary with zero potential, or a line of symmetry). This allows the compu-
tation of the potential at any point in the field, under the assumption that the
dielectric may be modelled by an ideal (lossless) capacitor.

This is analogous to a network of ideal capacitors connecting the centroid
of each cell to its neighbours, with the properties of the capacitor defined by
the properties of the material and the geometry of the cells.

The question arises, if the model is based on assuming a uniform flux be-
tween equipotential surfaces, how can the computation be performed prior to
calculating the location of the equipotential surfaces? As the potential distribu-
tion of the simulation must be known in order to calculate the location of the
equipotential surfaces, this is not an efficient solution to the problem.

The answer lies in a closer inspection of equation 6.4. While the approx-
imation in equation 6.5 certainly applies in the region between equipotential
surfaces, this is not a necessary condition. Rather, what is necessary is that
E = —VV be approximated by a constant value. This implies a constant po-
tential difference between the surfaces of the cell, rather than the surfaces
being constrained to be equipotential. Thus the approximation is valid for cells
of any orientation, as long as the cell size is small relative to the gradient of
the field (figure 6.4).

One benefit for work in modelling any system is the great strides in com-
putational power recently available to researchers (and indeed, independent
experimenters). The last decade has seen great increases in the speed of pro-
cessors available. However, the most recent developments have been focused
on creating computers that are ever more parallel in their operation. In this
manner, the model has been developed to take advantage of many parallel pro-
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Figure 6.4: Since the equipotential field lines are unknown when dividing the
environment into cells, the method must function with any cell orientation. The
method correctly computes a result if the difference between the cell boundaries
may be approximated by a constant value.

cessors, and allow the simulation time to scale well with increasing numbers
of processors.

In order to achieve this goal, the model was designed to enable each time-
slice to be computed separately from the rest. This technique may seem counter-
intuitive when the goal is to analyse the effects of the polarising insulation over
time, but this model examines the effects of interacting cells where each cell’s
time domain response is pre-decided. The idea is that the many interacting
cells may display some signature behaviour that can be related to real-world
test results.

The means by which the parallelisation was achieved is described later in
this chapter. In brief, the essence of the method is mapping the time-domain
effects of polarisation to a material change that can be computed in advance
of the simulation. The result is that each time-step consists of only parallel
ideal resistors and capacitors, and therefore require no information on either
the preceding or proceeding charge state. As such, each time-step can then
be calculated independently of the others, and the system can be computed in
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parallel.

The degree to which the computed result follows the actual field is depen-
dant somewhat on the geometry of the problem and the geometry of the cells.
Generally speaking, with a fine grained mesh, the solution can be made quite
close to the analytical solution. The more rapidly the surfaces change, the
smaller the cells must be to maintain accuracy. The effect of resolution is par-
ticularly important in water tree modelling, as the structures under scrutiny
are very small relative to the bulk insulation.

The work presented here has a relatively abstracted shape of a water tree,
limited by available computing power. The nature of the model allows it to
take benefit from the modern shift of computing technology to favour many
parallel processes. As more computing power becomes available, the model
may be extended without modification into higher resolutions, even with the
possibility of fractal modelling of individual water trees in the future.

The simulation of a ‘new’ sample of cable was modelled by a coaxial con-
ductor. Since this is a simple geometry for which the closed form solution is
known, this was used as a basis for validating the model. With the addition
of water trees to the model, there was an expected deviation from the ideal
coaxial capacitive model, and this was analysed for insight into the effect of
water treeing on XLPE measurements. The effects of changing morphology on
the simulated current are presented in following sections.

6.3.2 Modifications for Lossy Dielectrics

In order to model the time varying properties of a solid dielectric, the change
in the material under an electric field must be taken into account. This is in
contrast to an ‘ideal’ capacitor, which may be visualised as a set of parallel con-
ducting plates in free space. In a solid dielectric, the dipoles of the material are
somewhat constrained, and so move slowly. As such, the effective capacitance
of a block of dielectric will depend not only on its dimensions, but also on the
effects of previous applied fields.

Using idealised capacitors will calculate the so-called ‘free space’ distribu-
tion of the modelled structure, but in a purely capacitive system, there is no
time-based component of the potential distribution (consider the equation for
the potential across a capacitor in an RC circuit: v(t) = Vy(1—ere), with R = 0,
this reduces to v(t) = V4). Solid dielectrics have a time domain response based
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on the changing polarisation field of the dielectric when a driving field remains
applied. Thus, it is desirable to compute the time-domain response of the sam-
ple, and this requires some time-varying component of the model in order to
produce a time-varying distribution that will result in a current flowing across
the conductor boundary.

The effect of polarisation on a dielectric may be analysed by considering the
initial and final field distribution when a potential is applied to a sample. Ini-
tially, (after a few nanoseconds) the internal field may be modelled by the free
space permittivity, which is created nearly instantaneously on application of a
potential difference to the conductor boundaries. This state may be modelled
by a capacitance determined by the free space permittivity e.

Over time, the domains become more ‘polarised’, that is, they line up to
oppose the driving field. The internal field, called the polarisation field (P),
opposes the driving field, and lowers the flux gradient inside a dielectric. Ex-
amination of 6.4 shows that a change in field magnitude may be modelled as
a change in material permittivity. After a long time, the permittivity may be a
different value ¢,,. The flux density inside the dielectric is the sum of the free
space field and the opposing polarisation field.

More formally, the flux density D inside a dielectric is given by the equation

D=¢cE+ P (6.7)

where P is the polarisation of the dielectric, E the applied electric field, and
€o is the permittivity of free space.

Considering the polarisation to be linear with respect to E, the polarisation
field varies by material according to the electrical susceptibility x,,, which is
normalised against ¢:

(6.8)
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This can be modelled as a single capacitor, with permittivity of the dielectric
being (¢,,), and the boundaries being defined by the geometry of the volume.
This is the traditional form of the ideal capacitor with a dielectric between the
plates.

The modification to this equation for the purpose of this model is to replace
the material constant ¢,, with a time-varying function ¢,,(¢). In this manner, the
time-dependant polarisation can be simulated by a time series of ideal capaci-
tors, with the capacitance changing in time according to a pre-computed time
response (f(t), discussed further below). The polarisation function is taken by
analysing the time-domain response of the samples from the test. In this way,
it is both theoretical and measured. This method was intended to give a closer
response of the model to the measurements taken from samples.

In order to realise the simulation, the dielectric function must be computed.
This may be calculated by taking measurements of the time-domain response
of a samples of XLPE, and using the definition of the dielectric function:

d

£t = ] (6.9)

Applying a constant voltage to a sample of ideal dielectric will yield a cur-
rent (/(t)) per unit area (displacement current):

d -
I(t) = —|D
(t) = =D (6.10)
D = e+ egxmFE

Assume E is constant - as is the case in linear isotropic material under
constant applied voltage.

d - .
I(t) = d—t[€0E + €oXmE]

d - d
- - 6.11
o [eoE] + o leoXmE] ( )

) L d
= ¢|E10(0) +60EE[Xm]

—

For the purposes of this experiment, the delta function at time zero can be
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neglected:

d. 1)
bl oF
I1(t)
t - =
f(t) o
Icasured(t) = ]f I(t)d$ (6.12)
Using: Cy = %
[measured(t)
t) = _measuredl?)
(1) = e

Where Cj is the capacitance of the sample and V is the (constant) applied
voltage. In this manner, the measurements (applying a constant known volt-
age and measuring the current and capacitance) taken on the samples in the
test may be used to determine f(t). Having determined f(¢), it is possible to
determine y,, and use equation 6.8 to determine ¢,,(¢) for XLPE.

In the model, the time varying ¢,(1 + x,,) was collected into a single term
em(t), which was defined for each material. Thus, equation 6.6 is modified
by the information gained in applying equation 6.12: [Note that the cells are
assumed to be identical in this case, therefore A, and d,, are replaced by the
constant terms A and d]

WIS

6
S Vo — Vilem(t)n = 0 (6.13)
n=1

Since the change in polarisation is a property of the material rather than the
specific system being modelled, the field computations of a charging dielectric
may be separated in time; each time step may be computed independently of
the others. The significance of this separation is the increase in processing
speed allowed by utilising a parallel processing setup.

This result may be surprising, considering the RC network that is being anal-
ysed might be expected to have a time-dependant or memory component based
on the charging of capacitors over time. The result given here can be imagined
by firstly considering the charging time of an ideal capacitor connected directly
to a voltage source. Since in this ideal system R = 0, the charging time of the
capacitor must also be zero (the time constant of the network is zero). The
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addition of a resistance might cause a finite time constant and result in a fi-
nite charging time, but only if the resistance is in series with the capacitor. A
quick observation of the equivalent circuit (figure 6.7) of the network defined
in this model will show that there are no series RC components, only parallel.
Therefore, the charging time of the whole system will be zero, and the system
will be memoryless. The charge on the boundary of each cell will be defined
by the geometry of the cell and the material within the cell, and likewise the
current flowing into the cell will be equal to the current flowing out of the cell
- crossing the boundaries via a resistive path.

Furthermore, the presence of a resistive component in each cell serves to
ensure the potential across each capacitor will remain constant (assuming all
resistances are constant), and therefore the polarisation of each cell may be
computed independently in time.

Having determined the polarisation function for a material from careful
laboratory experiments, complex dielectric systems may be simulated in a con-
current manner. This provides substantial gains in simulation speed, as current
technology is towards many concurrent processors rather than a single high
speed processor.

The function used to model the dielectric response was based on measure-
ments taken from the samples in the accelerated ageing test. Polarisation
and depolarisation currents were measured on the samples, and these cur-
rents were curve-fit to a triple exponential model (of the form A;e*? + Ajer2t +
Asze3t), Initially, a means of combining the responses of the samples was tested
(using averages and medians), however the slight variations in the samples
caused significant differences in the measurements, and this method did not
give good estimates of the variables.

Instead, the samples which displayed a response that was modelled well
by the triple exponential curve were examined, and a representative sample
was chosen (figure 6.5, samples T1-1 and T3-2). The values from this sample
were then compared to the other samples, and values that were similar were
incorporated into the model. The resulting curve did not closely follow any of
the samples, but gave a reasonable estimate of the collection as a whole.

In particular, this method of curve fitting did not give a good fit of the
variation in the current found in the samples. While the current varied by two
to three orders of magnitude from the peak at around 5s, to the lowest point
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Figure 6.5: Samples with good fits and poor fits respectively. T1-1 and T3-2
show a good fit of the model (dashed line) with the measured data (symbols).
In contrast, samples T1-10 shows significant deviation at later times, and T3-1
shows a continuing gradient that is suspect.
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Simulated XLPE Sample with Varying Water Tree Lengths
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Figure 6.6: The current and charge resulting from various simulated water tree
lengths.

at the end of the measurement, the simulated responses remained close to one
order of magnitude of the starting value (see figure 6.6, the current ranges
from 107¢ to 10~%, and compare with figure 6.5 where the current varies from
1077 to 10719). The use of the triple exponential model for fitting these samples
does not seem to give a good fit overall.

This function was chosen based on the suggestions and experience of the
members of the team. Function fitting to non-linear models is a project in itself.
The techniques often used in other areas (regression, least squares) are not as
effective in this case, and this is reflected in the results obtained using these
methods in this project. This is a specific area that would inform any future
developments of this model, as time constraints prevented a rigorous analysis
of the curve fitting process.
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This model would benefit from a series of detailed measurements on pure
samples of XLPE in order to more fully establish the ‘true’ nature of the time-
domain response. However, the fit-curve method used here was adequate for
examining the phenomenon under scrutiny, even if the exact function is not
well known, the ratio of conductivity estimates should still produce similar
effects in simulation as in measurements.

When modelling a dielectric material, the in-phase component of the per-
mittivity results in dissipation of energy in the material (typically as heat). This
loss of energy is grouped with other effects of conduction (such as electron hop-
ping) into a single term that represents the conductive losses of the material.
This conduction current (sometimes also called pseudo-DC current) may not
precisely reflect the physical processes at work (this measurable current is par-
tially related to electron hopping rather than ‘normal’ conduction), but it may
be approximated by giving the material a finite resistivity.

In order to add conduction effects to the model, it was extended to include a
resistive component, the value for which was taken from published data defin-
ing the conductivity of pure XLPE. If a parallel resistance is added, there will
be unbound charges (Q,) crossing the cell boundary due to the conduction of
electrons via the resistive pathway. The total flux crossing the boundary will
therefore represent both the ‘free’ charges moving across the boundary (the
time integral of this flux will equal the current) and the flux generated by any
enclosed charge. This is represented by the continuity equation:

L. d
]{J -dS = —%[/vpvdv] (6.14)

Where J is the current density, and p is the volume charge density.

Qenc = /PvdU (615)

Typically, the enclosed charge Q... is zero in almost all cells, however this
is not a necessary condition.

L oo d
]fJ S+~ [Qend = 0 (6.16)

In order for the parallelisation method to correctly produce a result, the
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charge in each cell must remain constant (always zero in the case of the simu-
lations presented here), thus equation 6.14 is equal to zero, and ¢ J - dS must
also be zero. This is not an absolute requirement of the model - accumulating
charge can be simulated correctly, however the advantages of parallelisation
are lost.

In a cell of cuboidal shape, where I, is the current flowing over the nth
face:

6

Z[In] + %[Qm] =0 (6.17)

n=1

Using the properties of the material, it is a simple task to solve the first half
of this equation, since /,, may be calculated directly from (1, — V,,)/R,, (wWhere
Vj is the potential of the centroid of the cell under scrutiny, V,, is the potential of
the centroid of the cell that shares face n, and R,, the resistance of the material
over the same space). In order to solve the second half of the equation, we
apply the principles of flux modelling - that of uniform flux within the cell:

(A,, is the surface area of the face n)

Qenc =%
7( D-dS=wv
D=¢enE
‘ (6.18)
7~ AV
~ dn
6
Vo —Va
Qenc = Z[An(od—)em]
n=1 n

Which allows both Q.. and I,, to be expressed in terms of V/,.
This is approximated over a time step by assuming that the current is con-
stant over the period At:
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6
§ enc

Perforrmng a ‘Riemann style’ integration in time: (6.19)
6

0="> (I,A) + A,

n=1

Thus, the final set of equations for a model implementing N neighbours
all having resistive and capacitive components is (in a cell with no enclosed
charge):

N
vo —v,)A + Z (vg — vn VA€, A, (6.20)

n=1 n=1

Mz

Unlike the method used to compute the permittivity (the basis for the polar-
isation function f(t)), the resistivity was taken from published data ([26, 25]).
The value for the resistivity of XLPE was taken as 1.5 x 10Qm.

The model has the capability for adding bound charges to cells, and with
relaxation of the requirement for parallel processing, each cell may store or
release charge. This feature would be particularly helpful in allowing a model
to accumulate space charges and assess the effect on the field (and therefore
the electrical measurements) of space charge. This feature was not used in this
work, the measurements were made in such a way as to minimise the effect of
space charges, and for the model they were not added in order to focus on the
effects of morphology.

By observation of equation 6.20, it may be seen that an analogue may be
produced using ideal resistors and capacitors, where the values are given at
each time (making the circuit non-linear in the sense that the values of the
components may change in time, but linear in the sense that the circuit displays
the expected behaviour within each time step). The model ultimately can be
expressed by an equivalent circuit as shown in figure 6.7.

Where R is the resistance of the material (calculated by the dimensions of
the cell, and the resistivity taken from published data); and C(t) is the time
varying capacitance that is defined by the dielectric function (ideally taken
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Figure 6.7: The equivalent circuit, used to model a single small volume of insu-
lation.

from laboratory measurements, but taken from gross sample measurements in
this work). This mesh is the basis of the implemented model.

6.4 Model of Water Treed XLPE

The simulation of water treed XLPE presents an interesting challenge in the
construction of a structural model. The goal of the XLPE cable model is to
model the effects of a micro structure in a somewhat macro sense. That is,
while cable insulation thickness may be measured in millimetres (e.g. 22kV
insulation as used here is 5.5mm thick), the dimensions of a water tree may
often be measured in micrometers (um). Furthermore, while water tree length
may be measured in mm, the thickness of its parts will typically still be in the
micrometer range.

This large range of sizes to be simulated tends to produce a model with a
very large number of elements. If a 5.5mm cable sample is divided isotropi-
cally into cells 0.1mm in size, the result is a model containing approximately
553 cells. As the cell size decreases, the number of cells rises cubically: with
each halving of cell length there are eight times the number of cells (0.1mm
= 166,375 cells, 0.05mm = 1,331,000 cells, and so on). In order to simu-
late water tree structure with any significant detail, a mesh in the 1, range is
necessary - this results in a simulation space in the region of 166 x 10° points.

The most detailed models created in this project had a size of approximately
2 million simulation points. This model took a 3mm thin slice of quarter-
symmetry XLPE and simulated it with a grid of 256 x 256 x 60, in order to get
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a good sense of the field distortion of individual water trees. This model had a
cell spacing of 20um, which is still somewhat coarse when modelling individual
water trees.

The high resolution model was used in the ‘Degree of Non-Linearity’ calcu-
lations, and to produce figures 6.9 6.8, and forms the basis for the conclusions
in this chapter. The lower resolution model shown above was used for concep-
tual testing. The results of these two models were identical in idealised test
cases, with subtle changes being visible in the higher resolution model when
the water treed models were simulated.

This cell size used was considered sufficient to model the effects of longer
water trees, with a usable degree of accuracy. As available computing power
increases, the resolution may be improved. Even at this somewhat modest reso-
lution, effects of changing the morphology can be seen, giving some interesting
results for comparison to the measurements taken.

The proposed theory is that there will be a noticeable change in the length
of water trees as the applied voltage varies from zero to a multiple of the
operational voltage. This change in length is due to the dielectrophoretic force
on the water inside the water trees and should change the wet length, and
therefore the charge accumulated on the tip of, any vented water trees present.
Furthermore, the increased length of water trees will raise the conductivity of
the sample as a whole, as this represents a shorter path for the conductive
processes to allow a DC current.

Thus a deviation of the current from the expected linear response to increas-
ing applied voltage gives an indication of the presence of vented water trees
inside the insulation. The challenge then is to distinguish the change in current
due to water tree length from the change in current due to other processes.

In the field this poses a very challenging problem, as the effect of joints,
terminations and measuring equipment cannot be easily accounted for. In the
case of a computer model, however, these elements may be removed, allowing
for a study specifically related to the effect of the variable under scrutiny. In
this manner, the model was used to isolate the effects of changing morphology
of the insulation from other effects found in the time domain measurements.

An accurate correlation of the model with real world measurements is de-
pendant on having accurate information regarding the properties of the mate-
rials present in the desired structure. Unfortunately detailed time-domain data
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on solid XLPE is scarce; the properties of XLPE used in this model were based
on the measurements taken from the ageing test. This data has various fac-
tors that may influence the response (terminations, environment, equipment,
etc.). There is scope for improvement of the model by making laboratory time-
domain measurements of various materials.

Water was modelled as a purely resistive material. While water does act
as a dielectric, the capacitive effect is negligible compared to the effect of the
resistivity of the material in this context. Other authors also model water as
a resistive substance, and this model is in keeping with the general theme of
reviewed literature (e.g. [26, 25, 101]).

In order to model an inhomogeneous environment, the different material
properties of each substance must be known in some detail. Then each cell
is assigned a single material type, and the equivalent network for each cell
is defined by the material of the cell. In this way, the model may simulate
any type of environment, provided the morphology of the environment can be
ascertained, and the properties of the materials present may be estimated.

The goal of this model was to investigate the possibility of dielectrophoresis
being responsible for the non-linear effect observed in the samples. The non-
linear effect was intended to be simulated by changing the length of water trees
in the samples, to see if the effects seen in the real samples could be modelled
by changing water tree lengths.

To this end, the charging current was used to compute a variation of the
degree of non-linearity. The essence of the method is dividing the current
measured when the water trees are ‘long’ by the current measured when they
are ‘short’. In real-world samples, long water trees are created by increasing
the test voltage, which increases the dielectrophoretic force on water, which
causes the trees to fill with water. In the simulation, the means by which a
higher voltage was simulated was by the addition of longer water trees to the
model.

If this change in morphology of the insulation is significant, there will be
a non-linear response of the insulation to longer water trees, and this will be
detectable as a higher current flowing when the water trees are longer. The
ultimate goal of the model is to predict the length of water trees that give rise
to a certain amount of non-linearity. This can then be the basis of a ‘look-
up’ table that will allow an estimate of the longest water tree in a sample by
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knowing the non-linearity of the sample.

Due to the relatively short lengths of water trees grown in this project (fig-
ure 4.16), and the relatively good condition the samples were in, the differ-
ences between samples was rather subtle. While the correlation between the
model and the measurements was not good enough to detect the small dif-
ference, the effects observed in the model were broadly similar to the mea-
surements, giving some support to the theory that it is the change in length of
water trees that gives rise to the non-linear response of the sample in the time
domain.

The degree of non-linearity was computed on simulated samples using the
same techniques as used when computing the non-linearity of measured data
from real samples (e.g. [78]). However, since the model has precisely known
dimensions, it is not necessary to compute the conductivity of the sample; it is
sufficient to compare the currents.

Having simulated the electrical field of the model at each time step, the
flux crossing each boundary of each cell was known. The measured current
is the flux crossing the boundary of the conductor - in the resistive case, this
represents charges crossing out of the conductor and into the insulation, and
in the capacitive case, the change in flux over time results in a displacement
current flowing across the boundary.

The current is therefore calculated by adding the resistive current flowing
across the conductor boundary to the rate of change of flux over the time-step.
This gives the charging current of the sample.

[c argin,
DONLsimulated = M (621)

51 charging:

In the case of the simulation, the presence of a higher voltage was simu-
lated by lengthening the water trees in the model. By assuming the effect of
dielectrophoresis was at play, the model computes the charging non-linearity
by the following mechanism:

Ion
DONLsimulated = tong (622)

]virgin
If the change in the length of water trees does not introduce a non-linearity
into the measurement, the simulated charge should not change and the ratio
between the water treed model and the non-water treed model (‘virgin’ model)
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should remain at unity. By extension, the ratio of a short water treed model
(as a means of representing a lower voltage measurement) to the longer water
treed model should also be unity if the length of water trees does not have an
effect on the measured current.

Simulated Degree of Non-Linearity

1.08|

Degree of Non-Linearity [unitless]

1.04 Y

@®9 Simulated

2.0 2.5 3.0 3.5

=05 0.0 0.5 10 15
Water tree length [mm]

Figure 6.8: The simulated degree of non-linearity, computed by II ters. The non-

short

linearity increases with increasing water tree length, but note the small range of
the y-axis. A non-linearity of unity indicates a linear response (no non-linearity).

Figure 6.8 contains a plot of the non-linearity of each simulated water tree
length (current in a simulation with water trees of length indicated divided by
the current in a simulation with no water trees). In contrast to the measure-
ments taken from the samples, there is no change of the non-linearity with time
(see for example, fig 5.1). The whole time-series can be represented by a single
DONL value. These values were computed by dividing the sample with a water
tree of a given length (say 0.5mm) with the values taken from a simulation of
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Simulated Degree of Non-Linearity and Measured Degree of Non-Linearity
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Figure 6.9: The simulated degree of non-linearity, combined with the measured
degree of non-linearity. Note the upward trend of the non-linearity as the water
tree length increases. The measured water tree length is the longest water tree
found. See appendix A for an overview of the non-linearity and other properties
of each sample.

a sample with zero water treeing (‘virgin’ sample). Thus, a plot of non-linearity
vs. water tree length is created.

Although the method developed for field work computes the conductivity of
the sample (thereby eliminating the effect of the polarising field), and uses this
as a basis for comparison, the method described for computing the degree of
non-linearity on simulated samples includes the polarisation component. The
reason for this is the timing of the development of each technique. As the
model was being developed concurrently with the measurement techniques,
the model was designed to compare the total current. When it became appar-
ent that field measurements would be more reliable if the conductivity of the
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sample was used, it was too late to perform the necessary modifications for
modelling this part of the technique. It is a logical next step, and would not
require modification to the underlying software, but would require generation
of a new set of models and simulations.

If the low-voltage measurements taken on a sample can be likened to the
‘virgin’ state of insulation (that is, all water in water trees collapsed into the
environment), and the high voltage measurements taken to be the ‘maximum’
water tree length (sufficient potential applied to fully ‘inflate’ all water trees),
then plotting the water tree length against the non-linearity should show an
increase in non-linearity as the length of water trees in the sample increases.

This can be seen in figure 6.9, where there is a definite trend of increasing
non-linearity as water tree length increases. Note the rather conservative esti-
mate of the non-linearity given by the model, varying from 1 to around 1.12
vs. measured non-linearity up to 8. There is a similar trend in the measured
data (see figure 6.9), that of increasing non-linearity with increasing water tree
length (the value for water tree length is the longest water tree found).

The simulated non-linearity indicates that the measured non-linearity should
be close to unity for new insulation, and rise to about 1.10 for heavily wa-
ter treed insulation. This finding is similar to the results taken from real
world measurements using the same technique ([78]), which describes a non-
linearity of > than 1.2 being found in heavily water treed cable.

The results of this test do not closely match those taken from the acceler-
ated ageing test however, and the reasons for this are unknown. It is notable
that the measured conductivity of the samples was very low, and this makes
the measurements more susceptible to noise or other dielectric effects that can
manifest as very small perturbations in the measured current. The measure-
ments were taken with great care, and guarding was used to minimise the ef-
fects of terminations and creepage current, however even small changes (e.g.
due to field distorting effects at the conductor terminals) may have a significant
effect.

Furthermore, the model is based on using gross cable measurements to
estimate the properties of ‘perfect’ bulk insulation. As such, there is almost
certainly an error introduced by the dielectric and other factors that contribute
to measurements on real cables. As such, while the similarity of the general
patterns seems to give evidence for dielectrophoresis as the mechanism for the
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changes in aged cables, this model would benefit from further careful labora-
tory measurements in order to more fully simulate real samples.

The use of the non-linearity is only applicable in the absence of other signif-
icant cable pathology. Other factors that reduce the resistivity of the insulation
will mask this effect (for example damaged joints or terminations), while con-
versely, very good samples may potentially have high amounts of non-linearity
due to the relatively large amount of noise on the measurements.

The effects noticed in the simulation resulted in somewhat conservative es-
timates of the effect of water treeing on samples, giving some evidence that
the effect of changing morphology can be analysed by non-destructive mea-
surements. This provides support for the theory of dielectrophoresis being a
cause of this change in morphology.

6.5 Discussion and Future Directions

A major unforeseen obstacle in the construction of the model was the lack of
carefully analysed material constants for XLPE made on pure samples under
laboratory conditions. While values for the physical properties and resistivity
were finally found, there seems to be an opportunity for a project in taking
detailed measurements of the complex permittivity and resistivity constants of
the material. Lacking this detailed material data, the constants were estimated
from measurements taken from real samples. These estimates do not provide a
reliable source of information relating to pure XLPE, as they include the effects
of the semiconducting layer, joints, terminations, and environment.

However, even with these issues, there is a clearly similar trend seen in
the simulations and the measurements of the current in the samples. This
gives some confidence in the results of the simulations. While the ‘scale’ of the
simulations seems somewhat different to the measurements, the shape is quite
similar.

In a similar manner, the effects of changing the water tree length were not
as significant in the simulations as discovered in the measurements. It is possi-
ble that, due to the rather conservative estimates of the resistive currents, the
amount of non-linearity is similarly conservative. However, there was a defi-
nite relationship found, and this gives support to the theory of dielectrophoresis
changing the length of the water trees in the sample, and therefore creating a
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non-linear response of the insulation with respect to the applied voltage.

The nature of a simulated test is that it removes confounding factors that
may influence the interpretation of data obtained. In some cases, the factors
removed prove to be integral to the properties of measured data. Therefore,
though there was good correlation of the simulation to the field tests taken
during the project ([78]), this similarity should be considered with caution.
Nevertheless, having similar changes in both datasets highlights the impor-
tance of small change in the non-linearity being significant indication of water
treeing.

While the ultimate goal of creating a simulation that could accurately corre-
late a level of non-linearity to a measured water tree length in a sample of real
XLPE was not reached, this model provides a good starting point for reaching
this goal. With more detailed material properties, increasing computing power,
and additional development of the model, this goal becomes more possible.

The next major step is to include the effects of conductivity into the final
analysis, as found in the ‘ageing landscape’ proposed in chapter 4. By charac-
terising the causes of increased conductivity as well as increased non-linearity,
the goal of sifting out the effects of water trees from other confounding effects
may become realisable.






Chapter 7

Conclusion

I have discovered a truly
remarkable proof of this
theorem which this margin is

too small to contain.

Pierre de Fermat

This work has presented the details and results of a large scale ageing test
that operated for 4 years, albeit with many periods of downtime, resulting in
an effective ageing time of 400 days. Electrical measurements were performed
on the samples and a novel technique of forensic analysis was applied to the
failed samples. A teaching tool in use at QUT was demonstrated as a useful
research tool, able to simulate the effect of dielectrophoresis and give some
correlation to real world measurements on water treed XLPE.

The first part of this project, construction and maintenance of an acceler-
ated ageing facility, is a part that could significantly benefit from more infor-
mation in the literature. While work in this area is not considered research in
the sense that the details of the setup, and problems and solutions encountered
during this process, are not generally publishable, and information especially
related to staining methods and dyes would be a valuable addition to the IEEE
Standard 1407 to ensure tests are more comparable across sites, and assist
those embarking on similar undertakings in the future.

In particular, Standard 1407 outlines many of the electrical and environ-

155



156

Chapter 7. Conclusion

mental characteristics of the test set - specifying terminations, water impuri-
ties/additions, and temperatures. While it may be somewhat outside the scope
of a ‘typical’ standard, it may be useful to outline the impedance of other estab-
lished test-sets, in order to allow for the sizing of appropriate current supply
for a new facility.

Specifying the tank material seems to be a crucial aspect (although the ex-
act mechanism is unknown), as outlined in [99]. A worthy addition to the
Standard would also be an outline of the ‘expected’ life of samples under var-
ious ageing stresses (if such could be compiled), in order to project time lines
of accelerated ageing. Furthermore, the outline of the statistical basis of the
choice of test might be expanded (this project changed from time-to-failure
to ACBD, however a truncated time-to-failure test would likely have provided
better quality data). Specifying the temperature of the samples at breakdown
would also be a useful addition.

Finally, the aspect of the Standard that would most benefit from further
review is the staining process. While it is rather straightforward in many as-
pects, the fact that most sites perform the process using ‘local’ techniques make
comparison of water tree morphology across sites somewhat tricky. Indeed,
this is an area of deficit in this test - that of evolving the method of staining
preventing effective assessment of the ‘dark’ vs. ‘fuzzy’ water trees.

An unfortunate aspect of a technically demanding project taking place in
a busy commercial workshop are issues relating to access and resource allo-
cation. This is not a criticism of the staff of the Ergon workshop where the
project was housed, rather an acknowledgement that high quality research re-
quires some unusual demands on time and resources, which can become very
expensive in a commercial environment. By way of example, many of the mea-
surements during this test were taken after hours, however the use of certain
equipment (such as access to high voltage control panels) was not routinely
made available after hours for safety concerns. In comparison, a research in-
stitution will tend to have procedures and facilities in place for 24/7 operation
that simply would not be cost effective in a commercial environment where
staff are often paid by the hour (and penalty rates apply).

Much of the knowledge and equipment for creating this facility was not
available at QUT, however, and there are no institutions in Brisbane with the
capability of a test of this size. Indeed, one wonders if there are any public
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institutions in Australia that could house such a project! This test could not
have been executed and completed without the skills and dedication of the
staff of Ergon Energy.

It is the nature of projects such as this, that push many components to their
limits, to encounter equipment failures over time. All in all, equipment fail-
ures and maintenance accounted for approximately two years of the four year
project. The main equipment issues were related to the high current supply for
the samples, and the high voltage supply for the frequency domain test set.

After the initial prototype current transformer overheated and caught fire, a
custom oil cooled transformer was ordered. The transformer supplied did not
meet the requirements, and suffered a thermal failure, requiring refurbishing
and modification of the test facility to accommodate a lower current supply.
This was the principal reason for the removal of Tank 2 (field aged, non-treated
samples) to be removed from this test.

Procurement and commissioning of the high voltage supply for the fre-
quency domain spectrometer used in [103, 104] also occupied several months.
The initial procurement process was complicated by issues with supply of the
equipment, and in the commissioning tests, the high voltage unit flashed over
and required repairs lasting several months.

Ultimately, the work here was based on the use of a cheaper and more read-
ily available DC testing tool that could be supplied immediately with replace-
ment parts and units available quickly if necessary. While the use of variable
frequency spectroscopic measurements did form useful part of the project, the
equipment does not seem quite ready for large scale use.

These issues of facility design and construction, equipment procurement
and policy creation represent a sunk cost that is required for performing re-
search of this kind, but could greatly benefit future projects on the same facil-
ity. This project would have been an ideal candidate for a long term laboratory
at a larger public institution, and it seems unfortunate that the systems will be
dismantled and the facilities decommissioned.

The experimental setup provided a serviceable facility for examining the
effects of time and water on XLPE, with the results of the water tree population
study and the effects of water tree length on breakdown strength the most
reliable useful parts of the test.

The method of forensic analysis outlined in chapter 4 is an incremental
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improvement on currently employed methods, but nevertheless gave signif-
icant information that allowed for the statistical analysis to be performed.
This method, using a projector and screen rather than a microscope, could
be adapted into a fully automatic water tree analysis setup, and indeed steps
were taken in this direction, however time constraints limited this to a non-
functional prototype.

The forensic analysis of the samples post-mortem, and the resulting statisti-
cal analysis of the populations of water trees represents the most scientifically
rigorous part of this work, and the evidence supporting the use of the log-
normal distribution when modelling the lengths of water trees (particularly
bow tie water trees) is the most reliable contribution from this test.

In the literature, there was little information found regarding the popula-
tion distribution of water trees, and the examination of bow tie trees performed
here appears to be the first of its kind. The statistical evidence for the use of
the log-normal distribution is one of the most significant contributions of this
work.

The implications of establishing the population distribution are not well
understood at this stage, however it may be possible to use this knowledge to
estimate the chance of finding water trees over a certain length in water treed
XLPE based on forensic analysis of a part of the sample. This may prove useful
in reliability analysis, as analysis of failed segments removed from service could
potentially provide an insight into the condition of the cable as a whole.

The analysis of the samples by extreme value theory was performed in line
with currently accepted methodologies, with the unsurprising result of the
more heavily water treed samples having a lower breakdown strength. The
main point of information gained from this study is that there is a real mea-
surable difference between the sample groups, and this is borne out in their
different water tree lengths and breakdown strengths.

In contrast to the more established techniques above, the comparison of
treated aged samples with new samples did not give conclusive results. There
is evidence that water trees will grow in XLPE post-treatment, and a suggestion
that there is a ‘point of no return’ after which treatment has limited benefit. The
only in-service failures were from the treated group, and the presence of fuzzy
and clear water trees in the treated sample group serve as evidence of this.

What is less clear is whether the treatment program will be beneficial for
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in-service cables that are subjected to more moderate stresses. The costs and
expected gains will need to be measured against the improvements of cable
technology gained by replacing cable. The tests performed here suggest im-
provement in cable condition - in keeping with electrical cable utility experi-
ences - however, the treatment program is not a ‘silver bullet’. Treated cables
will require replacement in time, and assessing their condition is both difficult
and necessary.

The effects of this treeing on the electrical measurements is even less clear.
There was certainly a suggestion that increasing water tree length increases the
non-linearity of the sample when measured at 1kV and 5kV, however the exact
relationship remains elusive. This relationship is further complicated by the
effects of changing conductivity on the non-linearity; the relationship between
water treeing, non-linearity and conductivity has yet to be fully elucidated.

There is evidence from this test that the degree of non-linearity can form
a basis for assessing the presence and danger of water trees in XLPE. This
measure, which is based on a morphological change of water trees under an
applied voltage, may be used to assess the condition of an underground cable
in-situ, using relatively cheap and simple time-domain based equipment.

The means by which this can be used to predict failure is unique to each
sample, as each installed cable will have different properties, different attached
accessories, and a different environment in which the ageing will occur. By
analysing each sample on an individual basis, the change in ageing factors with
time can be analysed to compute an ‘ageing trajectory’, which will enable the
organisation to manage the asset based on condition and estimated remaining
life.

The use of flux modelling as a means of teaching and research is a contri-
bution that may have less significance with time, as powerful computational
models, along with skilled programmers and mathematicians to operate them,
become more commonplace. Nevertheless, in the current environment, with
the available models being beyond the realm of the individual to install and
operate, flux modelling as a means of creating a custom model for electrostatic
field modelling is a useful tool. It is especially useful in teaching the theory
of electromagnetic fields, as it provides a good visualisation of the concepts
without sacrificing mathematical rigour or accuracy.

The results of the simulation in this work gave somewhat conservative esti-
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mates of the effect of water treeing on the non-linearity of XLPE. It is likely the
main diverging factor of the model from the real samples is the conductivity
and the effect of various processes on the conductivity of water treed XLPE.
This limitation could be overcome with careful measurements of XLPE sam-
ples in different stages of ageing. Ultimately, discovering the specific causes of
the increased conductivity of aged XLPE could provide the missing key to the
model.

Finally, the effects of non-linearity were combined with the effects of in-
creasing conductivity to produce an ‘ageing landscape’. This plot takes into
account both of these factors and attempts to classify the samples accordingly.
As a real world test, this is the most useful part of this work - this can be used
immediately by utility companies, using only simple off the shelf test equip-
ment. While the data points presented in this work are only the beginning of a
complete picture, with many measurements on many samples (as might be per-
formed in a condition-monitoring maintenance program), the expected state of
samples at various locations in the landscape can be established by comparing
measurements to those from samples taken out of service and analysed.

Further developments in computer simulation may give greater insight into
the results of electrical measurements taken on in-service samples. If this ad-
vancement can be combined with an improved model of the population of wa-
ter trees in a cable, it may become possible to assign probabilities of localised
ageing causing failure. In essence, it may be possible to interpret measure-
ments on a cable in such a way as to describe the population parameters of the
water trees in the cable.

Reaching this goal would give utilities a powerful tool for managing cable
replacement and refurbishment priorities. Establishing the log-normal distri-
bution as a population model is a first step, and more detailed forensic analysis
will confirm or elucidate the nature of the underlying distribution of water
trees in XLPE cable. With a firm grasp of the population model, and its effect
on electrical measurements, the expected lifetime of a cable will be a fairly
simple statistical computation.

Finally, an understanding of the factors that create a fertile environment for
water treeing will uncover targets for future modifications to the composition
of XLPE cable, improving again the resistance of this material to water treeing.
While it seems unlikely that the detrimental effects of water on XLPE can ever
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be conquered, the task of managing an ageing network will become just that
little bit easier.
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Tank details and data

A.1 Cable Capacitance

Sample Name Measured Capacitance [nF]

Tank 1
T1-1
T1-2
T1-3
T1-4
T1-5
T1-6
T1-7
T1-8
T1-9
T1-10
Tank 3
T3-1
T3-2
T3-3
T3-4
T3-5
T3-6
T3-7
T3-8
T3-9
T3-10

1.70
1.69
1.70
1.70
1.74
1.70
1.73
1.75
1.76
1.74

1.69
1.71
1.72
1.73
1.77
1.80
1.79
1.86
1.82
1.93

A.2 Cable Thermal History

The temperature effects discussed here apply only to the termination lugs on

the samples. This was discovered to be a problem area early in the test, with

several of the lugs overheating. While some of the lugs exceeded 110°C, the

thermal effects were somewhat localised (as visualised by a thermal camera),
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due partly to the cooling effect of the water on the sample below the waterline.

The thermal events listed here were not observed more than 600mm from the

termination.

The sample lugs were monitored by thermal camera first, followed by colour-

change stickers that would permanently change colour at temperatures of 70°C,

80°C, 90°C. ‘Excessive temperature’ was recorded if a sticker had indicated the

termination had exceeded 90°C.

Sample Name Thermal Events

Tank 1
T1-1
T1-2
T1-3
T1-4
T1-5
T1-6
T1-7
T1-8
T1-9
T1-10
Tank 3
T3-1
T3-2
T3-3
T3-4
T3-5
T3-6
T3-7
T3-8
T3-9
T3-10

Termination split - possibly due to overheating and presence of injected flu
Experienced excessive temperature
Experienced excessive temperature
Experienced excessive temperature
Experienced excessive temperature
No events

No events

Experienced excessive temperature
Experienced excessive temperature
Experienced excessive temperature
No events

No events
No events
Experienced excessive temperature
Experienced excessive temperature
No events
No events
No events
No events
Experienced excessive temperature
Experienced excessive temperature
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| Sample || ACBD Strength | Max WT Length | DONL | o5,y | oy |

T3-1 123 0.28 1.99 | -1.50e-15 | -7.52e-16
T3-2 124 0.40 3.10 | 6.07e-15 | 1.96e-15
T3-3 110 0.36 1.52 | 3.22e-15 | 2.12e-15
T3-4 110 0.84 1.52 3.32e-15 | 2.18e-15
T3-5 103 0.40 1.65 | 2.66e-14 | 1.61e-14
T3-6 131 0.54 -0.14 | -6.23e-16 | 4.51e-15
T3-7 89 0.32 1.73 | -1.46e-15 | -8.44e-16
T3-8 96 0.26 6.40 | 4.33e-15 | 6.77e-16
T3-9 89 0.50 2.50 1.98e-15 | 7.91e-16
T3-10 110 0.20 2.61 | -1.46e-16 | -5.59e-17
T1-1 61 0.47 3.03 | 45915 | 1.51e-15
T1-2 82 0.78 453 | 8.64e-15 | 1.91e-15
T1-4 103 0.56 3.15 | 2.32¢-15 | 7.30e-15
T1-5 82 0.82 3.67 | 5.92e-15 | 1.62e-15
T1-7 75 0.66 1.35 | 1.56e-14 | 1.16e-14
T1-8 75 0.60 1.45 | 2.58¢-14 | 1.78¢-14
T1-9 89 0.66 : : :

T1-10 96 0.69 8.01 2.11e-15 | 2.63e-16

Table A.1: Overview of sample data.

A.3 Sample Data Overview

A.4 Ageing Landscape

Plot of conductivity vs degree of non-linearity. Sample name and breakdown

strength are listed at each point.
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Figure A.1: The ‘ageing landscape’ of conductivity vs. DONL. The size of the
points indicate the ACBD value - larger points a higher breakdown strength.
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B.1 Tank 1 Sample 1

Current [A]
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S5Iv

DONL (charging) @ 60s [ 4%
DONL (discharge) @ 30s [51;1’9:‘/
DONL (discharge) @ 60s [51151%]

Sample Name T1-1
Sample AC Breakdown Strength [kV] 61
Longest Vented Tree [mm] 0.47
Longest Bow Tie Tree [mm] 0.63
Number of Bow Tie Trees 276
Number of Vented Trees 22
Length of Insulation Analysed [mm] 30
Sample Water Tree Density [trees/mm] 9.00
Sample Measured Capacitance [nF] 1.70

Sample Apparent Conductivity @ 5kV [S/m] 5.21e-15
Sample Apparent Conductivity @ 1kV [S/m] 1.72e-15
DONL [conductivity]

DONL (charging) @ 30s [ 23]

3.03
2.22
2.74
1.01
0.99

Sample T1-1 charging current [A]
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Figure B.1: Charging current of sample T1-1.
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Figure B.3: Difference between charging and discharge current in sample T1-1,
normalised by sample capacitance.
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Figure B.4: Degree of Non-Linearity of sample T1-1.
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B.2 Tank 1 Sample 2

Current [A]
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Sample Name
Sample AC Breakdown Strength [kV]
Longest Vented Tree [mm]

T1-2

Longest Bow Tie Tree [mm]
Number of Bow Tie Trees
Number of Vented Trees

S5Iv

DONL (charging) @ 60s [ 4%
DONL (discharge) @ 30s [51;1’9:‘/
DONL (discharge) @ 60s [51151%]

Length of Insulation Analysed [mm]

Sample Water Tree Density [trees/mm]
Sample Measured Capacitance [nF]

Sample Apparent Conductivity @ 5kV [S/m]
Sample Apparent Conductivity @ 1kV [S/m]
DONL [conductivity]

DONL (charging) @ 30s [ 23]

T1-2

82

0.30
0.78
285

21

30

10.00
1.69
9.87e-15
2.18e-15
4.53
2.59
2.61
0.80
0.79

Sample T1-2 charging current [A]
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Figure B.5: Charging current of sample T1-2.
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Figure B.6: Discharge current of sample T1-2.
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Figure B.7: Difference between charging and discharge current in sample T1-2,
normalised by sample capacitance.
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Figure B.8: Degree of Non-Linearity of sample T1-2.
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B.3 Tank 1 Sample 4
T1-4

Sample Name

Sample AC Breakdown Strength [kV]
Longest Vented Tree [mm]

Longest Bow Tie Tree [mm]

Number of Bow Tie Trees

Number of Vented Trees

Length of Insulation Analysed [mm]

Sample Water Tree Density [trees/mm]
Sample Measured Capacitance [nF]

Sample Apparent Conductivity @ 5kV [S/m]
Sample Apparent Conductivity @ 1kV [S/m]
DONL [conductivity]

DONL (charging) @ 30s [51151%

DONL (charging) @ 60s [%

DONL (discharge) @ 30s [511'1%

DONL (discharge) @ 60s [%

T1-4

103

0.13
0.60

245

13

30

8.00
1.70
8.29e-15
2.63e-15
3.15
2.29
2.50
0.86
0.80

Sample T1-4 charging current [A]
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Figure B.9: Charging current of sample T1-4.
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Figure B.10: Discharge current of sample T1-4.
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Figure B.11: Difference between charging and discharge current in sample T1-4,
normalised by sample capacitance.
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Figure B.12: Degree of Non-Linearity of sample T1-4.
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Appendix B. Sample details and data

B.4 Tank 1 Sample 5
T1-5

Sample Name T1-5
Sample AC Breakdown Strength [kV] 82
Longest Vented Tree [mm] 0.46
Longest Bow Tie Tree [mm] 0.82
Number of Bow Tie Trees 481
Number of Vented Trees 47
Length of Insulation Analysed [mm] 30
Sample Water Tree Density [trees/mm] 17.00
Sample Measured Capacitance [nF] 1.74
Sample Apparent Conductivity @ 5kV [S/m] 6.57e-15
Sample Apparent Conductivity @ 1kV [S/m] 1.79e-15
DONL [conductivity] 3.67
DONL (charging) @ 30s [£;--] 2.34
DONL (charging) @ 60s [47-% 2.58
DONL (discharge) @ 30s [51;1% 0.90
DONL (discharge) @ 60s [£7: 1.02
107 ‘ . 'S‘avmxple T1—5 chargvin‘g ;qrrgpt [A] ‘ N
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— 5kV Charging
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Figure B.13: Charging current of sample T1-5.
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Figure B.14: Discharge current of sample T1-5.
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Figure B.15: Difference between charging and discharge current in sample T1-5,
normalised by sample capacitance.
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Figure B.16: Degree of Non-Linearity of sample T1-5.
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Appendix B. Sample details and data

B.5 Tank 1 Sample 7

T1-7

Sample Name

Longest Vented Tree [mm]
Longest Bow Tie Tree [mm]
Number of Bow Tie Trees
Number of Vented Trees

DONL [conductivity]

DONL (charging) @ 30s [51151%
DONL (charging) @ 60s [
DONL (discharge) @ 30s [511’1%
DONL (discharge) @ 60s [#7-

Sample AC Breakdown Strength [kV]

Length of Insulation Analysed [mm]

Sample Water Tree Density [trees/mm]
Sample Measured Capacitance [nF]

Sample Apparent Conductivity @ 5kV [S/m]
Sample Apparent Conductivity @ 1kV [S/m]

T1-7

0.22
0.66

528

3

30

17.00
1.73
1.74e-14
1.29e-14
1.35
1.33
1.29
1.10
1.26

Sample T1-7 charging current [A]

107
— 1kV Charging
— 5kV Charging
<
o 10°} 1
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10° 10 10 10

Figure B.17: Charging current of sample T1-7.
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Figure B.18: Discharge current of sample T1-7.
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Figure B.19: Difference between charging and discharge current in sample T1-7,
normalised by sample capacitance.
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Figure B.20: Degree of Non-Linearity of sample T1-7.
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Appendix B. Sample details and data

B.6 Tank 1 Sample 8

T1-8

Sample Name T1-8
Sample AC Breakdown Strength [kV] 75
Longest Vented Tree [mm] 0.60
Longest Bow Tie Tree [mm] 0.63
Number of Bow Tie Trees 343
Number of Vented Trees 11
Length of Insulation Analysed [mm] 30
Sample Water Tree Density [trees/mm] 11.00
Sample Measured Capacitance [nF] 1.75
Sample Apparent Conductivity @ 5kV [S/m] 2.84e-14
Sample Apparent Conductivity @ 1kV [S/m] 1.96e-14
DONL [conductivity] 1.45
DONL (charging) @ 30s [£7--] 1.32
DONL (charging) @ 60s [SIflkaV 1.33
DONL (discharge) @ 30s [51;1%] 0.87
DONL (discharge) @ 60s [51;1% 0.75
107 ‘ . 'S‘avmxple T1—$ chargving ;qrrgpt [A] ‘ N
— 1kV Charging
— 5kV Charging
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E 10° |
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Figure B.21: Charging current of sample T1-8.
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o7 , - vSarvnvae T1-8 disvchavrgve current [A] , -
—— 1kV Discharge
5kV Discharge
< 107} 3
=
g
S 109} 3
10—10 ! I
10° 10 10° 10°
Figure B.22: Discharge current of sample T1-8.
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Figure B.23: Difference between charging and discharge current in sample T1-8,
normalised by sample capacitance.
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Figure B.24: Degree of Non-Linearity of sample T1-8.
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Appendix B. Sample details and data

B.7 Tank 1 Sample 10
T1-10

Sample Name T1-10
Sample AC Breakdown Strength [kV] 96
Longest Vented Tree [mm] 0.36
Longest Bow Tie Tree [mm] 0.69
Number of Bow Tie Trees 283
Number of Vented Trees 9
Length of Insulation Analysed [mm] 30
Sample Water Tree Density [trees/mm] 9.00
Sample Measured Capacitance [nF] 1.74

Sample Apparent Conductivity @ 5kV [S/m] 2.34e-15
Sample Apparent Conductivity @ 1kV [S/m] 2.92e-16

DONL [conductivity] 8.01
DONL (charging) @ 30s [£;--] 2.28
DONL (charging) @ 60s [47-% 2.57
DONL (discharge) @ 30s [¢7- 1.53
DONL (discharge) @ 60s [51;1% 1.69
107 Sample T1-10 charging current [A]
— 1kV Charging
— 5kV Charging
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Figure B.25: Charging current of sample T1-10.
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Figure B.26: Discharge current of sample T1-10.
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Figure B.27: Difference between charging and discharge current in sample T1-
10, normalised by sample capacitance.
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Appendix B. Sample details and data

B.8 Tank 3 Sample 1
T3-1

Sample Name T3-1

Sample AC Breakdown Strength [kV] 123

Longest Vented Tree [mm] 0.00

Longest Bow Tie Tree [mm] 0.28

Number of Bow Tie Trees 15

Number of Vented Trees 0

Length of Insulation Analysed [mm] 30

Sample Water Tree Density [trees/mm] 0.00

Sample Measured Capacitance [nF] 1.69

Sample Apparent Conductivity @ 5kV [S/m] -1.71e-15

Sample Apparent Conductivity @ 1kV [S/m] -8.59e-16

DONL [conductivity] 1.99

DONL (charging) @ 30s [%] 0.76

DONL (charging) @ 60s [47-% 0.58

DONL (discharge) @ 30s [¢7- 1.08

DONL (discharge) @ 60s [51;1% 1.46
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Figure B.29: Charging current of sample T3-1.
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Figure B.30: Discharge current of sample T3-1.
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Figure B.31: Difference between charging and discharge current in sample T3-1,
normalised by sample capacitance.
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Figure B.32: Degree of Non-Linearity of sample T3-1.
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Appendix B. Sample details and data

B.9 Tank 3 Sample 2
T3-2

Sample Name

Sample AC Breakdown Strength [kV]
Longest Vented Tree [mm]

Longest Bow Tie Tree [mm]

Number of Bow Tie Trees

Number of Vented Trees

Length of Insulation Analysed [mm]

Sample Water Tree Density [trees/mm]
Sample Measured Capacitance [nF]

Sample Apparent Conductivity @ 5kV [S/m]
Sample Apparent Conductivity @ 1kV [S/m]
DONL [conductivity]

DONL (charging) @ 30s [%]

DONL (charging) @ 60s [51151%

DONL (discharge) @ 30s [ 22

51y

DONL (discharge) @ 60s [_5lf5fkvv

0.00
1.71
6.85e-15
2.21e-15
3.10
1.89
2.08
0.89
0.87

Sample T3-2 charging current [A]

10° ——————
— 1kV Charging
— 5kV Charging
Z 10° ;
=
[}
S 10°
10—10 ! I

10!

=
o
=)

Figure B.33: Charging current of sample T3-2.
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10

=
o.
(o]
T

e —— 1kV Discharge
5kV Discharge ||

Current [A]
=
ol
o

Fimana T~1

Figure B.36: Degree of Non-Linearity of sample T3-2.
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Figure B.34: Discharge current of sample T3-2.
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Figure B.35: Difference between charging and discharge current in sample T3-2,
normalised by sample capacitance.
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Appendix B. Sample details and data

B.10 Tank 3 Sample 3

T3-3

Sample Name T3-3
Sample AC Breakdown Strength [kV] 110
Longest Vented Tree [mm] 0.16
Longest Bow Tie Tree [mm] 0.36
Number of Bow Tie Trees 18
Number of Vented Trees 1
Length of Insulation Analysed [mm] 30
Sample Water Tree Density [trees/mm] 0.00
Sample Measured Capacitance [nF] 1.72
Sample Apparent Conductivity @ 5kV [S/m] 3.61e-15
Sample Apparent Conductivity @ 1kV [S/m] 2.38e-15
DONL [conductivity] 1.52
DONL (charging) @ 30s [£;--] 1.43
DONL (charging) @ 60s [47-% 1.44
DONL (discharge) @ 30s [51;1% 1.07
DONL (discharge) @ 60s [£7: 2.08
107 ‘ . 'S‘avmxple T3—3 chargvin‘g ;qrrgpt [A] ‘ N
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Figure B.37: Charging current of sample T3-3.
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Figure B.38: Discharge current of sample T3-3.
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Figure B.39: Difference between charging and discharge current in sample T3-3,
normalised by sample capacitance.
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Figure B.40: Degree of Non-Linearity of sample T3-3.
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B.11 Tank 3 Sample 4
T3-4

Sample Name T3-4
Sample AC Breakdown Strength [kV] 110
Longest Vented Tree [mm] 0.84
Longest Bow Tie Tree [mm] 0.40
Number of Bow Tie Trees 6
Number of Vented Trees 69
Length of Insulation Analysed [mm] 30
Sample Water Tree Density [trees/mm] 2.00
Sample Measured Capacitance [nF] 1.73

Sample Apparent Conductivity @ 5kV [S/m] 3.70e-15
Sample Apparent Conductivity @ 1kV [S/m] 2.44e-15

DONL [conductivity] 1.52
DONL (charging) @ 30s [47:% 1.60
DONL (charging) @ 60s [ 1.38
DONL (discharge) @ 30s [511'1% 0.86
DONL (discharge) @ 60s [% 1.71
107 Sample T3-4 charging current [A]
— 1kV Charging
— 5kV Charging
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Figure B.41: Charging current of sample T3-4.
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Figure B.42: Discharge current of sample T3-4.

10!

10

10

Sample T3-4 conductivity (Siemens)

T

Y- y->"

YYYYYYYYY' T

e

ghaanat

>

¥y

>

1kV
5kV
App Cond @ 1kV

—  App Cond @ 5kV

0

LN

r-1

60

80

Figure B.43: Difference between charging and discharge current in sample T3-4,

normalised by sample capacitance.
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Appendix B. Sample details and data

B.12 Tank 3 Sample 5

T3-5

Sample Name T3-5
Sample AC Breakdown Strength [kV] 103
Longest Vented Tree [mm] 0.40
Longest Bow Tie Tree [mm] 0.36
Number of Bow Tie Trees 21
Number of Vented Trees 17
Length of Insulation Analysed [mm] 30
Sample Water Tree Density [trees/mm] 1.00
Sample Measured Capacitance [nF] 1.77
Sample Apparent Conductivity @ 5kV [S/m] 2.90e-14
Sample Apparent Conductivity @ 1kV [S/m] 1.75e-14
DONL [conductivity] 1.65
DONL (charging) @ 30s [£;--] 1.48
DONL (charging) @ 60s [47-% 1.51
DONL (discharge) @ 30s [51;1% 0.94
DONL (discharge) @ 60s [51;1% 1.11
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Figure B.45: Charging current of sample T3-5.
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Figure B.46: Discharge current of sample T3-5.
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Figure B.47: Difference between charging and discharge current in sample T3-5,
normalised by sample capacitance.
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Figure B.48: Degree of Non-Linearity of sample T3-5.
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Appendix B. Sample details and data

B.13 Tank 3 Sample 6

Current [A]

=

o
—
o

=
ol

un
[

Sample Name
Sample AC Breakdown Strength [kV]
Longest Vented Tree [mm]

T3-6

Longest Bow Tie Tree [mm]
Number of Bow Tie Trees
Number of Vented Trees
Length of Insulation Analysed [mm]

Sample Water Tree Density [trees/mm]
Sample Measured Capacitance [nF]
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Figure B.49: Charging current of sample T3-6.
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Figure B.50: Discharge current of sample T3-6.
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Figure B.51: Difference between charging and discharge current in sample T3-6,
normalised by sample capacitance.
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Figure B.52: Degree of Non-Linearity of sample T3-6.



196

Appendix B. Sample details and data

B.14 Tank 3 Sample 7
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Figure B.53: Charging current of sample T3-7.
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Figure B.54: Discharge current of sample T3-7.
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Figure B.55: Difference between charging and discharge current in sample T3-7,
normalised by sample capacitance.
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Figure B.56: Degree of Non-Linearity of sample T3-7.
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B.15 Tank 3 Sample 8
T3-8
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DONL (discharge) @ 30s [Z2:]
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Sample Name T3-8
Sample AC Breakdown Strength [kV] 96
Longest Vented Tree [mm] 0.16
Longest Bow Tie Tree [mm] 0.26
Number of Bow Tie Trees 18
Number of Vented Trees 3
Length of Insulation Analysed [mm] 30
Sample Water Tree Density [trees/mm] 0.00
Sample Measured Capacitance [nF] 1.86

Sample Apparent Conductivity @ 5kV [S/m] 4.49e-15
Sample Apparent Conductivity @ 1kV [S/m] 7.02e-16
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Figure B.57: Charging current of sample T3-8.
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Figure B.58: Discharge current of sample T3-8.
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Figure B.59: Difference between charging and discharge current in sample T3-8,
normalised by sample capacitance.
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Figure B.60: Degree of Non-Linearity of sample T3-8.
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B.16 Tank 3 Sample 9

T3-9

Sample Name T3-9
Sample AC Breakdown Strength [kV] 89
Longest Vented Tree [mm] 0.50
Longest Bow Tie Tree [mm] 0.22
Number of Bow Tie Trees 22
Number of Vented Trees 4
Length of Insulation Analysed [mm] 30
Sample Water Tree Density [trees/mm] 0.00
Sample Measured Capacitance [nF] 1.82

Sample Apparent Conductivity @ 5kV [S/m] 2.10e-15
Sample Apparent Conductivity @ 1kV [S/m] 8.39e-16

DONL [conductivity] 2.50
DONL (charging) @ 30s [~ 1.35
DONL (charging) @ 60s [~ 2.36
DONL (discharge) @ 30s [51151%] 0.91
DONL (discharge) @ 60s [51;’1%] 1.92
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Figure B.61: Charging current of sample T3-9.
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Figure B.62: Discharge current of sample T3-9.
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Figure B.63: Difference between charging and discharge current in sample T3-9,
normalised by sample capacitance.
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Figure B.64: Degree of Non-Linearity of sample T3-9.
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B.17 Tank 3 Sample 10
T3-10

Sample Name T3-10

Sample AC Breakdown Strength [kV] 110

Longest Vented Tree [mm] 0.14

Longest Bow Tie Tree [mm] 0.20

Number of Bow Tie Trees 15

Number of Vented Trees 2

Length of Insulation Analysed [mm] 30

Sample Water Tree Density [trees/mm] 0.00

Sample Measured Capacitance [nF] 1.93

Sample Apparent Conductivity @ 5kV [S/m] -1.46e-16

Sample Apparent Conductivity @ 1kV [S/m] -5.59e-17

DONL [conductivity] 2.61

DONL (charging) @ 30s [£;--] 0.96

DONL (charging) @ 60s [47-% 1.12

DONL (discharge) @ 30s [51;1% 0.98

DONL (discharge) @ 60s [51;1% 1.33
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Figure B.65: Charging current of sample T3-10.
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Figure B.66: Discharge current of sample T3-10.
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Figure B.67: Difference between charging and discharge current in sample T3-
10, normalised by sample capacitance.
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Figure B.68: Degree of Non-Linearity of sample T3-10.
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