International Journal of Engineering & Technology, 7 (4) (2018) 2271-2290

International Journal of Engineering & Technology

Website: www.sciencepubco.com/index.php/IJET
doi: 10.14419/ijet.v7i4.18150
Research paper

SPC

A review on deterministic and stochastic models for electrical
treeing initiation and propagation in solid insulation
systems from the perspective of prediction
assessment techniques

Balamurugan. H !, Venkatesh. S 2*

! Research Scholar, Vellore Institute of Technology, Vellore, India
2 Associate Professor, Vellore Institute of Technology, Vellore, India
*Corresponding author E-mail: venkatsri73in@gmail.com

Abstract

Electrical treeing is a challenging prospect related to degradation mechanism in dielectrics that eventually leads to its breakdown. Treeing
propagation depends on dielectric and electrode configuration thus leading to types such as branch, filamentary, bush etc. Though research-
ers have attempted a gamut of studies related to treeing, it is evident that appropriate choice of prognostic model is essential for prediction
of ageing of insulation that emulate features such as dendrite length, channel width, space charge etc. Although studies related to treeing
modeling have taken up depictions such as Diffusion Limited Aggregation, Field Limiting Space Charge etc. to obtain estimates of electric
potential based on boundary value equations (Laplace and Poisson) utilizing tools such as Fractal Analysis, Cellular Automata etc., chal-
lenges such as space charge, inhomogeneity factor etc. continue to confront researchers. This research gives a detailed insight into a wide
spectrum of studies related to treeing and ageing prediction assessment of insulation based on physical, electrical, numerical and analytical
models developed thus far. This study also summarizes succinctly, the merits and limitations in each method and avenues for improvement.
Finally, this research gives clues into important future opportunities related to methodologies for development pertaining to treeing pre-
diction and ageing assessment.

Keywords: Cellular Automata (CA); Discharge Avalanche Model (DAM); Diffusion Limited Aggregation (DLA); Partial Discharge (PD); Self-Consistent

Model (SCM).

1. Introduction

Though the origin of discerning electrical treeing can be traced back
to 1777 when the discrimination of treeing was identified by the
terminology called ‘Lichtenberg Figures’ [1] subsequently
followed by several research activities taken up by the researchers
in the early 1950s’, a major step towards understanding the
breakdown in solid dielectrics related to electrical tree formation
and growth was initiated during the International Conference on
Conduction and Breakdown in Solid Dielectrics in 1983. The major
highlight of the findings as a part of the conference was the need
towards understanding of the nature of electrical field in low density
regions of a dielectric system. This in turn necessitates a clear
conception of the processes related to transfer of energy from the
field to the solid dielectric. In this context, it is pertinent to note that
several researchers have undertaken pioneering work related to
postulating electrical treeing phenomenon and its growth.

Electrical treeing is fundamentally a pre-breakdown mechanism in
a dielectric system whose path of growth process has structural
semblance to branch-like (tree) appearance. Initiation of electrical
treeing is fundamentally due to the application of high divergent
electric fields (alternating, direct and impulse) which is a direct
consequence of stress in dielectric material due to specific
geometric attributes that simulate extremely non-uniform fields
(point-plane electrodes, needle-plane electrodes, coaxial electrodes,

discharges produced in cavities filled with air etc.), polarity reversal
of direct current (DC) fields. It is also worth noting that treeing may
or may not lead to breakdown of the dielectric. Similarly, the
process of initiation and growth of electrical treeing may or may not
take a long duration, since it is strongly governed by specific
environmental and localized conditions such as moisture, humidity,
space-charge [2], pressure and temperature inside cavities etc.

It is evident from the preceding discussion that several challenges
related to replicating real-time electrical treeing initiation and
growth will continue to confront the research community such as
difficulties in obtaining similar test conditions (ambient
temperature, humidity, moisture) in controlled laboratory
environments, complexities in ensuring high degree of reliability of
treeing prediction related test results due to unavoidable variations
in the polymerization index of each type of insulation test object /
sample, spurious discharges due to dielectric boundary or surface
imperfections etc. Hence, it becomes inevitable that for correlation,
cross-validation and meaningful assessment of treeing initiation
and growth mechanism, prediction of electrical treeing is taken up
using modeling procedures that would possibly replicate the
practical aspects that govern its mechanism. Several researchers
have postulated a wide range of equivalent models which are
broadly classified into two major groups namely deterministic and
stochastic. These models describe treeing initiation and growth
based on a variety of parameters and features that characterize
treeing such as tree inception voltage, tree length, role of injected
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space charge, distribution of the localized electric field, material
inclusions (defects) with varying relative permittivity of dielectric
materials, role of homo and hetero charges, nano-composite etc.
Mathematical models that tend to replicate such electrical treeing
initiation phenomenon which have been in vogue in recent years
include Niemeyer’s Dielectric Breakdown Model (DBM),
Niemeyer -Pietronero- Wiesmann (NPW) Model, Wiesmann -
Zeller (WZ) Model, Diffusion Limited Aggregation Model (DLA),
Discharge Avalanche Model (DAM), Self-Consistent Model
(SCM), Field Limiting Space Charge (FLSC) Model, Field Driven
Tree Growth (FDTG) model, Dielectric Inhomogeneity Model for
Electrical Treeing (DIMET) etc. In this context several numerical
and prognostic techniques have been utilized for treeing prediction
process which involves exploiting iterative procedures to obtain
parameters that influence the growth of electrical trees due to
electric potential and electric stresses repetitively at appropriate
locations of interest in a dielectric system. A few of the major
techniques include Finite Difference Method (FDM), Finite
Element Methods (FEM), Boundary Element Method (BEM),
Charge Simulation Method (CSM) etc. In addition, prediction of
tree propagation and growth has been carried out utilizing tools
such as Percolation Model, Fluctuation Model, Fractal Analysis
(FA), Cellular Automata (CA) etc.

The focus of this research paper is on providing a considerably
comprehensive summary of the various merits and limitations of
such techniques. It is also the focus of this research to explore on
the recent developments in image processing and applications re-
lated to virtual imagery which may provide plausible avenues in
enhancing the tree growth prediction capability in addition to
providing in depth details on the electrical tree morphological pat-
terns and role / significance of tree types in degradation process.

2. Electrical treeing - types, properties / char-
acteristics & factors influencing the phenom-
enon

2.1. Electrical tree types

Over the past few decades various types of electrical tree
morphological structures have been obtained and analysed by
researchers. Electrical tree morphological structures are broadly
classified into two major categories namely ‘vented’ and ‘non-
vented’ types. Initiation and growth of discharges that lead to
electrical tree at surfaces which involve abundant supply of air or
water leading to cumulative bridging of the electrodes completely
within a very short period are called ‘vented trees’. On the other
hand, propagation of tree structures that start at internal inclusions
(cavities, voids, fissures etc.) in dielectric material or a foreign are
categorized as ‘non-vented trees’. In some rare cases these non-
vented trees may grow larger as compared with the vented trees. It
is evident from this discussion that electrochemical treeing (water-
treeing) involves vented trees while electrical treeing relates to non-
vented tree morphologies. A few types of non-vented tree
morphological patterns include dendrite, branch, bush, branch-bush,
fan, fibrillar, intrinsic etc., while vented tree structures comprise
bow-tie, string etc. Important and interesting properties related to
electrical treeing has been reported by researchers which describe
on the conversion of morphological tree pattern types due to the
dielectric and electrical field characteristics.

Itis evinced that in the case of polymeric (polyethylene) samples of
large thickness which displayed bush type tree structures, bush
growth patterns may cease for a considerable time period after
which it is observed that filamentary discharge patterns are initiated
that sometimes cumulatively lead to small flower-like structures,
the behaviour of which is not clearly comprehended. In a few cases
such filamentary discharges extend into bush type patterns. It is
observed that in such cases the local field essential to sustain the
process would be usually larger (greater than 2.5kV/mm to
3kV/mm). Such influences are created due to narrow cracks of very
small radii. Another case of treeing pattern transition in

morphological structure is also observed wherein the maximum
field around the tree tips is less than the minimum field essential for
tree extension. In specific cases of bush type trees, propagation of
channels of electric tree is observed to cease. It is further witnessed
that after a substantial time, discharges in the tubules of the tree
channels led to conducting channels capable of supporting larger
discharges. This is hypothesized due to the effect of an image
charge in the other electrode which acts as a possible space charge
thus possibly accelerating the propagation of bush-branch tree
morphologies. A specific variant of tree morphology which is
invariably due to the high and enhanced local electrical field in the
close proximity of the defect / inclusion location leads to intrinsic
or fibrillar type morphologies. Such types of tree patterns become
extremely significant in the context of cross linked polyethylene
(XLPE) cable insulation systems.

2.2. Properties / characteristics of electrical treeing

2.2.1. Time for initiation and propagation

Electrical treeing process involves two major stages namely
inception and propagation. The inception stage is characterized by
an initiation time which is appropriate to the nature of the applied
field which is AC while in the case of DC it is related to the number
of pulses. During the propagation stage, treeing develops and the
damage leading to subsequent degradation of dielectric is observed
in the form of very small tubules or cavities (dendrite-like
structures). Another perspective related to electrical treeing
characteristic in terms of time for breakdown is observed from the
context of two major time durations namely channel appearance
(tcna) and channel development (tcn.g). The total time taken by the
breakdown channel for its first appearance is generally known as
the channel appearance time (tch.a) which relates to the beginning of
treeing formation while the time taken by the channel for the growth
of treeing up to another electrode is called channel development
time (teh.a) which may significantly vary in different materials based
on environmental conditions such as temperature, moisture,
pressure in cavity etc. Hence, the time to breakdown of the
dielectric due to treeing is the sum of the appearance and
development time (tcha + tcha). It is pertinent to note that in most
practical applications, tcha >> tena in the case of extremely non-
uniform fields while tehg << tcha in the case of weakly non-uniform
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Fig. 1: Breakdown in an Extremely Non-Uniform Field (tcn.q >> tena)-
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Fig. 2: Breakdown in A Weakly Non-Uniform Field (tch.q << teh.a).

Fig. 1 and Fig. 2 clearly point towards the effect of an electrode
configuration with extremely non-uniform and weakly non-uniform
fields in an electrical tree growth. In an extremely non-uniform field
(a specific case of field created by the needle-plane electrode) as in
Fig. 1, the electrode will take individual time delay for the
appearance and development of electrical tree channel as compared
with the weakly non-uniform field (as in case of field created by the
sphere-plane electrode) as in Fig. 2 in which this electrical tree
channel will not take any separate time delay for its appearance and
development but both the processes may occur simultaneously.

2.2.2. Partial discharge (PD) related to treeing

It is extremely significant to note that electrical treeing is always
complemented with the phenomenon of Partial Discharge (PD) [3]
which may also be detected, measured and analyzed. Hence, it
becomes important that the characteristics and properties of PD
pulse data would inherently provide important clues into treeing
related degradation mechanism. In this context, it becomes
imperative to consider the phenomenon of electro-luminescence
(EL) which usually precedes the commencement of PD pulses. This
aspect has been observed by researchers for a variety of polymeric
insulation systems such as polyethylene, epoxy resins etc.

In terms of propagation of treeing during PD, studies have revealed
that for obtaining a tubule tree channel length of a minimum of 5-
10 pm with a mean radius of about 1 pm a pulse discharge
magnitudes greater than at least 0.2 pC is essential [4]. It is also
worth mentioning that tree propagation has a significant role to play
with the glass transition temperature of the dielectric. Few
significant research studies indicate that in epoxy resins below its
glass transition electrical treeing are conductive in nature leading to
possibility of accelerated growth.

2.2.3. Role of gas pressure

Studies related to the influence of gas pressure and its influence in
treeing propagation has been carried out by very few researchers.
Studies indicate that an increase in gas pressure are directly
associated with the ceasing of tree discharges though initially
reduction of pressure due to gas reduction / release has been is
observed. Such aspects are invariably observed significantly in
bush type trees. The tendency of tubule well to act as conducting

medium in glass state may be attributed to a fracture that takes place
in the glass state leading to a non-plastic deformation whereby
substantial number of charge transfer points are made available to
enable transportation of charges during tree propagation at a rapid
rate.

2.2.4. Role of space charge

It is worth mentioning that recently there is a renewed interest and
focus on studies related to the role of space charge and its influence
on tree propagation in solid dielectrics. For obtaining more realistic
simulation results which match considerably with practical real-
time studies due to the effect of the space-charge, several
researchers like [4]-[6] have attempted solving the Laplace and
Poisson’s equations by utilizing a step-by-step simulation
procedure to ascertain the electrical tree propagation. In few
research studies carried thus far [7]-[9], fractal dimensions and
analysis have been used for characterizing the electrical tree
morphologies with the existence of space-charge which has been
observed to and considered a significant part in the prediction of
size and shape of the electrical trees. In contrast, initial research
studies had been carried out by several researchers [8]-[9] to
ascertain treeing initiation and propagation without the presence of
space-charge though with a lesser degree of precision. Based on this
discussion it is interesting to note from [6] that the presence of this
space-charge leads to fewer tree branches whereas more branches
may initiate without the presence of space-charge.

2.3. Factors influencing the phenomenon

In general, researchers have found studies and analysis related to
electrical tree initiation and growth a complex and abstruse
phenomena since insulating materials are influenced by several
factors such as applied voltage, electrode configuration, supply
frequency, morphology of the material, chemical composition,
interface conditions, permittivity and conductivity of both the
insulating material and tree [10], ambient temperature, condition of
electric field (either uniform or non-uniform) in the dielectric and
the potential distribution etc. Sometimes in the composite insulating
systems, the electrical tree usually develops across the interfacial
region between the two different mediums or in the overlapped
areas. However, when the process of treeing is initiated and
manifested in the presence of an insulating barrier, treeing always
tries to propagate within the weaker medium and not through
insulating barriers usually located as equipotential surfaces in the
composite dielectric systems [11]. Further, generally in case of non-
uniform electric field arrangement, the growth rate of electrical tree
has a unique and a significant correlation with field intensity and
space charges present in the dielectric. Studies and analysis in [12]
reveal that development of electrical treeing after its initiation is
blocked in the solid insulating materials at higher critical field when
the propagation of the tree channel reaches the regions where the
available electric field becomes lower than that of the critical field.
Table 1 compares the characteristics and features of electrical
treeing with nature of electric field stresses due to direct and
alternating current as the governing factor for the analysis.

Table 1: Comparison Between the Effect of AC and DC Stresses

Characteristics AC stresses

DC stresses

Time for tree initiation

Easily initiates and grows with longer length
due to polarization and polarity reversal.

Initiation and growth rate is slow as compared with AC
under the same physical conditions [13].

Introduces both physical and statistical factors

Nature of electric field
maximum for each half-cycle).

T ] Drses o el characteristic breakdown stress.

inherently. (Due to the changes in polarity, field
dependent factor ranging from zero to

Equivalent to peak-to-peak value (2Ey) of the

Both the physical and statistical factors may not be
inherently introduced.

Equivalent to the field amplitude (E).
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Discharge pulse repetition

Polarisation in uniform dielectric

Risk during service

Effect of space charge

Polarity & type of charge

System experiences series of pulses that causes
breakdown when critical value exceeded

Time dependent polarisation generates a
displacement current 90° out of phase with the
field

Thermal fluctuations and thermal gradient
(intrinsic feature of the system) may occur
during service.

Polarity dependent injection current builds up
the space charge progressively; Local damage
and deformation accumulated will cause fatigue
in the insulation.

Results in injection of homo-charges; In some
cases both homo and hetero charges may be

No such repetitive pulses exist; Either equilibrium is
eventually established or proceeds to breakdown in a
given time

Experiences a transient behaviour as the polarisation and
current density reduced to their static values

Rapid voltage spikes (lightning strikes on cables) may
occur during service.

Field gradient established as a result of space charge will
age the polymer via electromechanically induced creep
and eventually cause failure.

Injected space charge density slowly drops down and then
reloaded by further injection likely to take place from the

unrecombined form.

Total damage:

Lp

Equation for total damage [14]

ten — characteristic time for channel formation.

df— fractal dimension

trapped in same region of the polymer in

af o
S@) = [ﬂ] = éwhere t — ageing time

same spot on the electrode.

Total damage:
[

s=[z]

L — length of the tree channel termed as o(L) denotes

sum of length of all the channels

Ly — average length of a newly created channel.

In addition to the effects of AC and DC stresses applied to dielectric
systems, it is hypothesized in [15] that the kinetic process of this
electrical tree growth as a quantitative description generally
involves a combination of electrical and mechanical stresses. This
aspect might be based on the fractal nature, structure of electrical
tree in an insulating material and the specific physical mechanism.
It is evident from the preceding discussions that several additional
factors could also influence the nature of treeing initiation and
propagation. A few of such major factors include shape & structure
of dielectric material, chemical composition, temperature and
humidity.

2.3.1. Shape & structure (morphology) of insulating material

The rapid process of channel formation in a solid insulation does
not rely on fatigue mechanism, even though the channel
enlargement and progressive extension require discharge or
avalanche repetition. Though it does not play the prominent role,
the material morphology can be expected to have some effect on
tree initiation and growth. Naturally the shape and structure called
morphology of the insulating material will affect the formation of
tree channel by the extraction and injection current to and from the
electrodes through the amount of energy required to produce a
channel forming rupture. For the poorer values of the tensile
strength of the material, these trees will initiate and grow faster. The
primary step in tree initiation is the establishment of a conduit that
consists of an extended free volume defects. The presence of such
free volume defects in the structure of insulating material prior to
the application of electric stress (either AC or DC) can be expected
to reduce the tree inception time and the electric field. Further the
shape of the electrical tree can be defined through the fractal
dimensions either as branch tree or as bush tree. In general,
whenever the value of this fractal dimension (ds) is less than 2, then
it should lead to a branched tree; however, when it lies in between
2 to 3 then it must be a type of bush tree. According to [14],
branched tree tends to grow at lower voltages and on the other hand
bushed tree tends to grow at higher voltages. Another mechanism
for discrimination of trees as revealed by [16] indicates five
different kinds of tree structures viz. branch, bush, bine-branch,
pine-branch and mixed configurations. Such variations may be as a
consequence of the impact of uneven congregating state of material,
difference in crystalline structure and the existence of residual
stress at an instant etc.

2.3.2. Chemical composition of insulating material

Notwithstanding the role of yield strength in characterizing the
insulating material, the chemical composition of that particular
material also has a strong influence in the process of initiating
electrical treeing in several mechanisms. Since the effective bond

strength of all the polymeric insulating materials are found to be
very similar (i.e. in the range of 3.5 — 4 eV) as in [17], the
contribution towards the damage from the impact of ions and
electrons does not significantly affected by the chemical
composition of the material. However, the chemical composition of
which the insulating material is made of and the type of by-product
produced during the discharge may incidentally affect the value of
its resistance to chemical erosion.

It is also worth mentioning that, by altering the inception field for
discharge in dielectric, the propagation of electrical tree has also
been affected majorly by the absorbed gases and the gaseous
decomposition products released during the overall process of
treeing in a solid insulating material. In this context, in an interface
region some form of gases including the concentration of oxygen
might be absorbed from the surrounding atmosphere by any of the
insulating material in the course of complete treeing process. After
making the contact with the metal part, this oxygen which is being
considered as an electronegative gas tends to produce some
acceptor surface which leads to an inversion region. Therefore, the
effective width of the barrier through which an electron injection is
taking place reduced drastically and thereby the process of
tunneling injection might be facilitated.

During this process, some of the oxygen molecules (O) that are
present in the interface region might be raised to an excited and
highly reactive state. In this highly reactive state the oxygen may
promote some kind of bond scission and thereby facilitate the
channel formation during treeing. Since some of the gases that
might be absorbed during the treeing process may have higher
discharge inception field than other gases at standard temperature
and pressure (STP), the effective discharge can be affected by the
nature of atmospheric conditions (includes temperature, pressure
etc.) that surrounds the insulating material during both the inception
and propagation of electrical treeing. In a few other situations,
especially in the case of polymers, although some of the acidic
gases (oxides of Nitrogen and Sulphur) are produced during the
void discharges which subsequently chemically degrade the overall
insulation, oxygen is yet the most damaging species present.
Therefore, the polymer radicals have been produced by the
discharge with oxidation reaction may promote the bond scission
and the channel formation. Since these discharges might also
produce UV radiations, the insulators that are susceptible to UV
degradation might exhibit a large propagation rate for electrical
trees.

2.3.3. Temperature

In general, the temperature is not often considered as a critical
factor that may influence in electrical treeing. But from the very
limited range of data available during research studies it appears
that at temperatures between room temperature and 100° C, the
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overall inception time decreases and at the same time the
propagation rate also increases. However, the tree inception
voltages occur at greater than room temperature even when the
materials that are used as insulating material might be degassed.
Usually such insulating materials have a higher tensile strength in
the amorphous regions when the resistance to inception field
increases in steps. In this context, higher injection fields are
necessary particularly for the injected charges to acquire sufficient
kinetic energy for breaking the chemical bonds at these
temperatures. Therefore, in general, an increase in temperature may
virtually affect both the magnitude of discharge and the extent of
damage produced to the dielectric at the channel tip in such a way
that the propagation rate may also be increased. Detailed findings
reported in [11] indicate that when composite insulating system has
been used, the interfacial region between the two different materials
in the composite system might be affected directly by the
temperature difference. In this case, the electrical trees appear more
pointed and narrow at the time of temperature rise, while they tend
to be more spread out when the temperature falls.

2.3.4. Humidity

Another crucial factor which has an effect on initiation and growth
of an electrical tree is the effect of humidity. This aspect is
considered to be another important factor that plays a significant
role in electrical treeing that directly affects the internal mechanical
stress of the insulating material. The effectiveness of the
performance of any category of electrical insulation might be
greatly degraded by the humidity treatment or water absorption. In
this context, [18] uses Discharge avalanche model (DAM) for
evaluating the electrical tree propagation rate by the influence of
this humidity treatment as well as the water absorption. The Fourier

transform infrared spectroscopy (FT-IR) is used in [18] for
confirming the water absorption into the dielectric material. In
addition, a high resolution X-ray computed tomography (XCT) is
also used for determining the structure and the dependence of
electrical tree propagation due to the effect of humidity treatment
and water absorption. So it can be easily concluded that the
humidity treatment on a dielectric material has an effect of
enlarging and extending the process of electrical treeing.

3. A chronological survey on various types of
electrical treeing models - an insight

The process of evolution, propagation and growth in a solid
dielectric material can be modeled based on two major categories
named as deterministic approach models such as Discharge—
Avalanche Model (DAM), Field Limiting Space Charge (FLSC)
model etc. and stochastic approach models such as Niemeyer—
Pietronero—Wisemann (NPW) model, Dielectric Breakdown Model
(DBM), Field Driven Tree Growth (FDTG) model, Diffusion
Limited Aggregation (DLA) Model etc. In a few cases, some other
approach might also be categorized as hybrid model approach like
the one as Self-Consistent Model (SCM). It is evident from the
discussion that a few of the interesting models that comes under this
hybrid model approach would be most appropriate in the context of
complex insulation system.

The models have been depicted in Fig.3 and summarized in Table
2 as a chronological description for better understanding of various
categories of electrical treeing models that may be taken up for
studies in the domain of prediction of structure of electrical tree in
solid insulating material.

Treeing Initiation & Propagation Models

\4 \\/
Deterministic Model Stochastic Model Hybrid Model
I
DAM FLSC DLA NPW DBM FDTG SCM

Fig. 3: Chart Depicting Electrical Treeing Initiation & Propagation Models.

Table 2: Chronological Description on Electrical Treeing Models

Electrical treeing model Researchers

Unique aspects of the model

Discharge Avalanche Model (DAM) G. Bahder et. al. 1974

Field Limiting Space Charge (FLSC)

Zeller and Schneider 1984
model

Diffusion Limited Aggregation (DLA)

model Witten and Sander 1981

Niemeyer-Pietronero-Wisemann

(NPW) model Niemeyer et. al. 1984

Dielectric Breakdown Model (DBM or Wisemann and Zeller 1986
n-model)
Field Driven Tree Growth (FDTG)

model J.V. Champion et. al. 1994

1.Space charge in the form of ions is injected into free volume.
2.Greatest avalanche damage occurs when charge streamers dissipates
into surrounding tree

1.Electrostatic energy is calculated by using the space charge limited
by field

2.Change in electrostatic energy is compared with mechanical energy
required

1.Electrical treeing is calculated by recurrent formation of finite
length of channel segments

2.The dependence of average slope on width of the lattice reaches a
constant value at the shortest correlation radius for a given height of
the tree

1.Simplest stochastic model of dielectric breakdown that leads to the
fractal structure of dielectric

2.Equipotential discharge patterns utilized for determining the local
field related growth probability

1.Narrow discharge channels are branched into complex stochastic
tree patterns

2.0nly the stochastic process governs the pattern of discharge in the
local field directly

1.Whenever local electric field crosses the value of critical field then
the material damage occurs
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Self-Consistent model (SCM) M.D. Noskov et. al. 2000

2.The actual tree growth is considered as field-driven whenever
damage volume is increased.

1.Damage accumulation and stochastic mode of tree structure are two
major features for new channel formation.

2.PD in dielectric is always assumed to be instantaneous.

3.1. Deterministic approach

The breakdown model which tries to define the balance equations
with respect to current or energy density in terms of inter-linked
mechanisms are in general represented as deterministic approach.
In general, the concept of charge injection from electrode, the
maximum thermal voltage, the avalanche breakdown strength, the
partial discharge and amount of free volume etc. are considered to
be the deterministic quantities in the study of electrical treeing. In
addition, for providing a detailed insight to the physical processes
in electrical treeing, the deterministic approach models have been
considered to be meaningful that governs the concept of electrical
treeing inception and propagation in a solid dielectric material. A
kind of this deterministic approach has been greatly adopted by [19]
for modelling the partial discharges (PD) in electrical treeing which
is considerably successful in replicating the spatial extent of PD.
DAM and FLSC models are being considered to be as deterministic
approach models by various authors for modelling the process of
electrical treeing.

3.1.1. Discharge avalanche model (DAM)

The origin of DAM is first identified and described in Bahder et. al.
studies during 1974. Due to the inherent deterministic nature of this
representation it has ever since evolved into an interesting physical
model which deals with various research aspects for developing the
electrical trees from a void or the growth of a new branch from
already available electrical tree.

Discharge Streamer
Injection of electrons or ionized particles (space charge)
into the free volume of insulation

v/

Formation of Charge branches
Tube like structure of small diameter (<10nm)

v

Continuous movement of charges
Electric field available at the edges of the tubes en-
hanced

2

Separation of ionized particles
In free volume continuous movement of charges di-
minished gradually by the charge density

v

Tree shaped mobile ions and electrons
Yet electrical tree is not formed because no discharge
occurs in free volume

7

Initiation of Electrical tree
Voltage in discharge tube suddenly reduces and causes
the electric field at the edge of the tree to grow

7

Formation of electron avalanches
Change in electric field including the charge injection
through the discharging streamer

Fig. 4: A Generic Methodology That Describes DAM.

The key factor for controlling tree shape is the availability of
injected charges around the tree tip for avalanche participation. It
has been identified by [14] that, the progression of electrical tree
channel has been driven greatly by an irrevocable damage
accumulation in dielectric material. Further, the space charges as
electrons or ionized particles in the dielectric are injected in the free
volume network through the discharging streamers. During the time
of this avalanche discharge in any solid insulating material, there
could be a sudden fall in the voltage along with tree channel which
in turn causes the sudden change in the electric field which further
tends to increase its value. This increase in electric field and the
injected charge from discharge streamers results in severe material
damage which is caused by the electron avalanches inside the
insulations beyond the tree channel. The most noteworthy result of
this model as mentioned by [6] is that, in general it could generate
branched tree structure in the solid dielectric material. DAM offers
considerable capability in providing with details on the transitions
observed during real-time studies from branched to bush type trees
which usually are a consequence of varying (increasing) applied
voltage. A generic methodology that describes the procedure which
is utilized in formulating the DAM is summarized in Fig. 4.

3.1.2. Field limiting space charge (FLSC) model

If any electrode has the possibility of injecting the charge into a
solid insulator, then the space charge cloud may form around that
electrode and thereby reduce the available electric field locally. In
this context, Zeller and Schneider have proposed the concept of
FLSC model in 1984 as espoused in [17] which has been treated as
an exact natural progression. Models of this category usually
deliberate on the development in terms of a point cathode in an
insulator which is capable of injecting the charge, if the applied
voltage is such that the field E is greater than the injected field Ein;.
Above the critical field Emc, the mobility of charge carriers
increases sharply from a typical low value and this drastic change
of mobility of charge might be considered to be substantially high
which in turn might be proposed by a reasonable approximation that,
w =0 when E < Emcand pu = po When E > Emc, where .. denotes
high-field limiting value of . In the absence of critical field for the
mobility of charge, the space charge might inject when E > Einjand
diffuses throughout the insulation until the field at the cathode is
reduced to Einj at equilibrium. However, in most of the typical
insulation systems, the dynamic situation (i.e. when E > Emc > Einj)
has been construed to be very complicated. Initially the injected
space charge moves rapidly away from the cathode under the
influence of high local field (E > Emc) while there exists a
simultaneous reduction of the local field in the region behind the
space charge boundary.

Zeller and Schneider [17] represent the electrical circuitry that
simulates treating the space charge cloud as resistors with a parallel
shunt and the residual insulation as a series resistance with it. This
model circuit representation is depicted in Fig. 5.

_k Switch (S)
Low Re-
sistance
Residual Insula- |
tion Resistance
High Re-
sistance

Fig. 5: Electrical Circuitry Denoting the FLSC Model: Switch ‘S’ Closed at
High Field and Open at Low Field.
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In the initial stage, the current might be allowed to flow in the low
resistance branch of the circuit which may support only a small
quantum of potential difference. As the space charge region tends
to extend the field (potential gradient) in this low resistance branch
it reaches the value of Emc. Hence, the flow of current automatically
switches to the high resistance branch. Obviously the potential drop
across the space charge cloud increases whereby the field also rises
to a considerable extent and hence the current now switches back to
the low resistance branch again. In this manner, the available field
within the space charge region could be self limited to E = Emc.
Incidentally, when the boundary field drops below the value of Emc
the model shifts to the space charge limited case with the space
charge spreading throughout the insulation due to the non-zero low
field drift mobility and diffusion.

The basic concept of the FLSC model is considered to be simple
and augurs well to compute space charge effect even without having
sufficient details of any of the parameters such as the mobility, trap
concentration etc. in addition to lack of details on other parameters
like Emc, Einj etc. This aspect can be considered to be in a specific
perspective advantageous as the calculation of the space charge
distribution in a real time situation might be treated as difficult, yet
not impossible. The presence of space charge in the fixed region is
predicted correctly by FLSC model whenever the applied voltage
to the electrode is maintained constant [20]. However, the model
tacitly neglects the small but a finite drift mobility of space charge
at low fields.

3.2. Stochastic approach

The deterministic approach models for the breakdown of solid
dielectrics discussed thus far are characterised by a critical field
below which there is no possibility of solid insulation breakdown
which might take place in a specific time to breakdown of fields in
excess of the critical value. However, in practice, breakdowns are
distributed with respect to time at a given field and about a range of
fields. So, such models of breakdown which attempt to develop a
physical origin for the breakdown of dielectric starting from the
traditional NPW model to most other electrical treeing models
could in another context also be attempted for better understanding
and represented as stochastic approach models. A few major
stochastic approach based models are discussed in the subsequent
sections.

3.2.1. Diffusion limited aggregation (DLA) model

A stochastic model named DLA was introduced by Witten and
Sander in 1981. Since then it has been used for extensive studies
related to dielectric breakdown more specifically for solid dielectric
materials. In order to understand clearly the dielectric breakdown
phenomenon in a linear two-dimensional geometry by using this
DLA model, a given dielectric is characterized by rectangular m x
n lattice that might be considered as in [21] whereby the fault that
might occur either during the manufacturing process or consequent
to dispersion by the nearby metal objects as a conducting particle
distends inside the given dielectric material.

The flow chart shown in Fig.6 illustrates the step by step procedure
that is involved during the process of simulating electrical treeing
using DLA model with the help of Random- Walker principle.
Random-walker is in general, a mathematical tool which is treated
to be stochastic in nature that describes the succession path with
random steps based on a specific physical background. It is hence
concluded that the random-walker principle can also be used for the
study of electrical treeing. Especially in DLA model, the random
walker is initially launched from the opposite electrode and allowed
to walk randomly throughout the surface of the electrodes. Once the
particular conducting particle from the random walker touches the
existing tree structure then it tends to automatically join with that
tree structure and lengthens the tree. On the other hand, if by default
either it touches the lateral side or the opposite electrode, then that
walker might be eliminated completely on its own. This

methodology is utilized for describing the initiation and

propagation of tree inside a dielectric.

A Random Walker from
the opposite side of the
tip was launched & al-
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V.

If the Walker
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added with the
current shape of
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<
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\
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Fig. 6: Flow chart that depicts the DLA model.

3.2.2. Niemeyer—Pietronero-Wisemann (NPW) model

Though there have been several models for modelling the electrical
treeing in a perfect solid dielectric from as early as 1950s, the NPW
model which has been developed in 1984 is considered to be a
popular and a most frequently utilized model till date for studies
related to electrical treeing. This model has been receiving
considerable focus among researchers which may be attributed to
simple yet reasonably convincing representation of treeing
initiation and modeling due to factors such as field around the
dielectric, ageing factor of dielectric etc. including viability to
depict fractal structures. In general, in the fractal structure, if a
circle of radius r is considered then the relationship between total
lengths of all the braches inside a circle with the radius ritself could
be a power law with non-integer exponent D.

N(r) = 1P (1)

The number of branches n(r) at a given distance r from the center is
given by,
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Therefore, the information regarding the value of the exponent D
could be attained by carefully counting the number of branches
available for the given distance r. The pattern here grows stepwise.
Every point in the lattice shown in Fig. 7 is defined by the Laplace
equation including the exact boundary conditions as ¢ = 0 for each
and every point and ¢ = 1 for any point at the surface of the external
circle. The possible bonds are indicated by the dotted lines, which
denote that the probability is associated as a function of local field.
One of the all available bonds which have the highest value of local
field is added with the lattice simultaneously at the end of each step.
For instance, the lattice point exist within the circle at the extreme
right side of Fig. 7 could have a large growth probability while on
the other side it could be much smaller (This kind of effects in the
lattice is known as the ‘tip-effect’ or ‘Faraday screening’ [22]).
Further it is essential to note that no crossing between the bonds is
possible; hence the pattern is always connected. Therefore, the
essence of this NPW model is that the growth rate of electrical tree
is directly related with the development of local fields which are
being determined by their equipotential discharge patterns.

0o=1

Fig. 7: The Growth Pattern Defined by NPW Model: ® = Present Value of
Electric Field.

The original NPW model allows the simulation of electrical treeing
patterns using several methodologies that includes finite element
method, cellular automata etc. Several studies have been
undertaken by researchers to match the figures obtained from
electrical tree with those of the Lichtenberg figures, in addition to
matching these with the fractal dimensions of electrical treeing that
could have been produced experimentally in the laboratories as in
[23].

3.2.3. Dielectric breakdown model (DBM)

The mathematical model suggested by Niemeyer et. al. in 1984 and
generalized later by Wisemann and Zeller in 1986 describes the
pattern and shape of the dielectric breakdown in solids in the form
of treeing structures and is subsequently named as the Dielectric
Breakdown Model (DBM). It might, in another context, also be
treated as a derived model from the NPW model and at the same
time recombines the DLA model with the electric field. This DBM
model approach for electrical treeing suggests that the progress of
the electrical tree channel is majorly overseen by the surrounding
electric field as in [24]. It might be considered that the probability
of tree growth is proportional to the value of power available at the
local field. This local electric field required for the growth of
electrical tree and the potential drop along the discharge structured
(DS) channel as mentioned in [25] allows the simulation of
electrical tree growth for a variety of DS forms (i.e. linear, bush &
dendrite like structures). Further for better understanding of DBM
model for electrical tree growth, the pattern shown in Fig. 8 is
considered wherein a few segments are depicted with thick
(continuous) lines and a few other segments are indicated with

dashed lines which represent the possible candidates for the growth
process.

Fig. 8: Pattern Showing the Segments Related with DBM.

By obtaining the solution to Laplace equation with appropriate
boundary conditions for Fig. 8, it is possible to obtain the local
electric field (E;j) values for all the dashed segments. For the process
of assessing the avalanche generation, the two important time
frames required for the calculations are: 1. time required to generate
the initiator electrons (to) and 2. time taken for avalanche
propagation (tav). The value of 7o is not influenced by the local
electric field (Ej); contrarily tav iS connected with active
phenomenon due to the local electric field (Ej) and definitely
influenced by E [26]. Therefore, the time required to advance a step
distance (d) is generally given by,

d
Vay (E)

Taw(E) = =E! ©)

And the time taken to add a new bond

7(E) = To4 Taw(E) 4)

In Fig. 8, the points A & B are considered to be the growing bonds
(segments). Since bond A is located at the tip, it is imperative that
it has a comparatively huge local field than bond B (i.e. E(A) >
E(B)). If it is being considered that the two avalanches may initiate
without any time delay at both the bonds A & B together, then the
avalanche at bond A might reach the preceding pattern quickly as
compared to bond B. Therefore, in this condition, bond A is added
next successfully with the discharge pattern as a continuous
segment. Meanwhile, the avalanche at bond B has already half
developed (as another segment) when the one at bond A completely
completes the pattern. It is obvious from the above discussions that
in this DBM model, at all times, can choose the nearest bond which
is having the largest value of local electric field.

3.2.4. Field driven tree growth (FDTG) model

FDTG model suggested and developed by J.V. Champion et. al. in
1994 assumes that the material damage could definitely occur
whenever in a dielectric, local field exceeds the material dependent
critical field as described in [27]. In general, during the PD activity
inside the dielectric material, the tree structure may seem to be
conducting and at the same time, may alter the conditions of
existing local field by reducing the gap distance between the
needle—plane separations effectively. This in addition, is also
enlarging the superficial needle tip radius. In this model the tree
growth could be equalized to a conducting hyperboloid considered
with the radius equal to the length of the tree size and it is denoted
by its equipotential lines. In this context, the growth process of
electrical trees is modeled by making the assumption that it might
be completely based on the value of available local electric field
(Er). In this connection, itis desirable to incorporate the time period
as explained in [28] whereby it is assumed that considerable change
in the damage volume (AV) during each cycle has been improved
to the value which is proportional to the value of (EL - Ec), when EL
is greater than Ec, zero otherwise. Therefore,
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AV = A (EL - EJ) (5)

where A is a constant that depends on the material.

It may be concluded that this FDTG model could be designated by
a few major constraints which has an impact on the growth process
of electrical tree such as the material dependent electric field (Ec),
the local electric field (EL), the fractal dimension (df) and finally the
applied voltage (V).

3.3. Hybrid model approach

Some of the models which are available in the field of research for
the study of electrical tree propagation may be of deterministic
nature in a few facets and of stochastic nature in a few other aspects
whereby necessitating the evolution of a new approach for
modelling referred as hybrid model. The self-consistent model
(SCM) is one such approach which may be considered both as
deterministic as well as stochastic for analysing the properties of
electrical trees in solid insulating materials. In addition to SCM, the
electrical equivalent model proposed by [29] may also be
considered to be a part of the category of hybrid model approaches.

3.3.1. Self-consistent model (SCM)

Though DBM and DAM models describe considerably
convincingly the fractal features of electrical tree growth they suffer
from limitations such as correlation of Partial Discharge (PD), and
the role of distribution of electric field that could have been formed
as a consequence of space charge etc. In general, [30] portrays the
electrical treeing propagation in the solid insulating material as a
self-organized criticality (SOC) phenomenon [31] which has been
proposed by Bak et. al. Incidentally, the electron avalanches,
electromechanical fracturing, photo degradation etc. are considered
to be different kinds of mechanisms that are potential likelihoods
for the solid dielectric destruction due to PDs. These mechanisms
could respond simultaneously for the process of electrical treeing
and at the same time they tend to stimulate each other at that instant.
Therefore, the SCM which has been postulated by [25] associates
concurrently both the tree growth phenomenon due to the existence
of local electric field as well as the PD events ensuing in the
channels of electrical tree inside the dielectric. Quite similar to
DBM and DAM models, in the SCM also, a rectangular lattice is
used whereby it is possible to simulate the tree channels by using
one-dimensional sequences of the available lattice points. The
possible directions of channel formation as electrical tree are
controlled or decided by the rectangular mesh and on the other hand
it is assumed that the diameter of the channel must be equal to the
surface of the available lattice grid. In order to circumvent these
limitations, it is necessary to have a perfect non-lattice model for
analysing the electrical tree growth. Thus, the self-consistent model
may be treated as one such representation.

During the process of analysing the electrical tree growth using
SCM, charge simulation method (CSM) based on Coulomb’s law
and the field superposition principle has been taken up in [23] for
the computation of local electric field inside dielectric material. It
is essential to note that, the tree growth process is significantly
governed by the creation of local electric field around the electrodes
including the damage accumulation that is possible in and around
the existing tree channel. Utilizing this model, the distribution of
electric field in the dielectric material can be identified with the aid
of the quantity of charge deposition around the already existing
electrical tree and also by the type of electrode configuration that is
used in the dielectric. In this context, as hypothesized in [23], the
phenomenon of PD plays a vital role in modelling the electrical tree
growth. Therefore, within the dielectric material the PD activity and
electrical treeing occur simultaneously. Thus this self-consistent
mechanism results in the widespread degradation of the insulating
material. The process of PD in the dielectric starts whenever the
electric field along the tree channels goes beyond the predefined
threshold inception range and stops whenever this electric field
again drops down below the specified threshold limit. Hence a few

of the salient highlights of the SCM is summarized lucidly for a
needle-plane electrode configuration. A brief account on SCM
representation for treeing propagation includes a few significant
aspects such as:

e Major criteria namely damage build-up and electric field
(which are treated as origin of channel growth) can be
deciphered by investigating the physics of damage
mechanism or on the basis of experimental data.

e  When the available damage energy is not as similar to that of
the critical value or if the local electric field is not as much as
that of the critical field then the possibility of tree growth is
less and even zero.

e  Only when the local damage energy touches the critical value
and at the same time when the local field surpasses the critical
field, the new channel might be formed immediately near the
prevailing tree structure.

e During this channel formation, transfer of charge takes place
due to the occurrence PD inside the dielectric along with the
existing walls of the tree channels.

e There exists the electron avalanche formation, wherein the
liberation of electrons owing to ionization reaches beyond the
level of loss of electrons owing to the recombination and
attachment process.

e A considerable movement of charge inside the tree channel
can produce the electric field distortion which further creates
the pre-requisite for discharge elimination.

e After the discharge elimination, a firm residual field is
discerned along with the existing tree channels.

e Based on the preceding discussion, the PD ignition and
elimination can be better described with the aid of the
threshold dependence on local field.

3.3.2. Electrical equivalent model

At the outset, [29] attempted to obtain an electrical equivalent
model for electrical treeing discharge. According to this model, the
time derivative of the applied voltage (dv/dt) influences strongly the
PD activity that is occurring in the process of electrical treeing and
at the same time the magnitude of it is also calculated with the help
of the value of applied voltage. Therefore, an equivalent circuit of
this electrical tree can be obtained by measuring and analysing the
PD patterns due to electrical treeing process in case of solid
insulating material.

The circuit shown in Fig. 9 (a) & (b) indicates the equivalent circuit
for the electrical tree and that could be characterised by a spark gap
Sgp, capacitances Ci, C2 and a small resistance Ri. In the circuit, the
capacitance Ci denotes the healthy part of the insulation which is
connected in series with capacitance C2 which in turn is connected
in parallel to the spark gap that represents the effective length of the
tree channel. In this circuit the small resistance R: is configured /
arranged in series with the complete arrangement to facilitate
performing the role of time derivative of the applied voltage during
the occurrence of PD. The effective potential across this series
resistance R1 is always proportionate to the value of time derivative
of the applied voltage and it can be treated as actuating voltage for
the PD occurrence in the spark gap.

(A

——p Needle Electrode

Tnitiation of elec-

’ trical tree
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Fig. 9: (A). Formation of Electrical Tree at A Needle Tip. (B) Single
Channel Electrical Equivalent Circuit of Electrical Tree: C1 = Healthy Part
of Insulation, C2 = Tree Channel, R1 = Small Resistance for Time
Derivative of Applied Voltage, Sy, = Spark Gap.

However, due to the presence of very little free charges inside the
dielectric, it is impossible to ignore the effect of space charge
completely and hence the space charge effect is also considered in
obtaining the equivalent circuit of electrical treeing. In this context,
the solution of Laplace’s equation can be obtained in order to
ascertain the nature of potential distribution in the total treeing
process. Sometimes the Poisson’s equation may also be solved with
respect to this model for simulating the propagation of electrical
tree along with the effect of space charge present in the dielectric.

In this model the effective electric field E could be approximated

by,

E = sg (6)

Where V represents the voltage difference between two cells, €
denotes dielectric constant and a indicates distance between the
center of cells.

4. A perspective on statistical modelling meth-
ods for treeing based degradation studies

The statistical modelling method is considered to be one of the most
suitable modelling techniques available for modelling the electrical
trees since by using each of the test samples it would enable obtain
different results for different test conditions. The three major
distribution functions that are concerned to be significant statistical
modelling methods applicable for the treeing based degradation
studies are Weibull distribution, Log-normal distribution and
Johnson SB distribution.

Among the three distributions, Weibull and Log-normal
distributions are found to be unique and at the same time frequently
used distribution functions which deal with the probability of
failure in case of solid insulations. In recent times, Johnson SB
distribution has also been used widely for the analysis of failure rate
statistics in solid dielectrics. In this connection, a brief discussion
with a comparison on the three distributions have been summarized
in [28] and Table 3 in order to compare the salient features
distinguishing the statistical distribution techniques for prediction
of failure due to varying characteristics of electrical treeing in solid
insulation systems. This comparison includes two important
generic functional equations such as the Probability density
function (pdf) and the Cumulative distribution function (cdf).

Table 3: Comparison Between Different Statistical Distribution Functions

Description Weibull distribution

Log-normal distribution

Johnson SB distribution

Tree breakdown time, breakdown
voltage, tree length in solid insulation
2 Parameters: scale (a) and shape (8)
parameters,

3 Parameters: «, B and location
parameter (x0)

it f= £ () expl-)

Characteristics modeled

Important parameters

Generic
function

a

cdf F()=1-exp [- EDF)

Least square method, maximum
likelihood estimation, plotting by

Estimation methods for the

parameters analytical procedures

Applications LDPE, XLPE

Goodness-of-fit test (fitting Eallutr)e of insulation qls a ffuncltlon of
error) time but not necessarily of voltage

stress

Failure of components’ life due to
fatigue stress, tree length distribution

® — Laplace integral
u— logarithmic mean (scale parameter)
o — logarithmic standard deviation

f(x) =

Laplace integral

Water treeing -Cables

The arithmetic convenience of having
log-lifetimes normally distributed

Tree inception voltage

8, y— shape parameters, E—
location parameter, A— scale
parameter,

[J 1
flx) = ﬁexp[—;()’ +
§in i)z ]

P = o (A F@) =0 +5im(r=))

e

21 o

Maximum likelihood estimation

Silicone rubber and epoxy resin
Anderson-Darling (AD)
goodness-of-fit test for tree
inception voltage

In addition to the aforesaid three statistical distribution functions
for modeling of electrical treeing another noteworthy distribution
function named ‘Gamma distribution’ is also considered which
plays an interesting role in research studies related to the statistical
modelling of electrical treeing. In [32], Gamma distribution
function has been used as a statistical modelling technique for
analysing the electrical tree growth in flexible epoxy resin. The
applied voltage, average power per discharge, energy dissipated per
cycle and tree growth time is identified as some of the important
characteristics that are modeled with the help of the Gamma
distribution in [32]. The probability density function (pdf) of the
distribution function is given by equation (7):

- 1 1,6
fxla,b) = mmsxtTle @

It has both the scale (b) and shape (a) parameters. Other important
parameters also considered for this statistical distribution function
(gamma) include the Mean (u), Standard deviation (o), skewness
and kurtosis excess (k).

5. Overview & analysis of numerical methods —
A comparison

There are various numerical methods available in research studies
related to modelling and analysis of electrical treeing mechanism in
solid insulating materials. Each of these numerical methods has
some distinct advantages as well as disadvantages depending on the
actual aspect of modeling to be comprehended and thus these
methods are to some extent complementary. Some of the important
numerical methods that have been taken up by research studies like
[8], [23], [30] etc. thus far include Finite Difference Method (FDM),
Finite Element Method (FEM), Boundary Element Method (BEM)
and Charge Simulation Method (CSM) etc. In a few other
significant research studies such as [33]-[34], Genetic Algorithm
(GA) has also been implemented as a hybrid structure for obtaining
estimates of electric field and voltages during treeing propagation
studies along with FEM for accurate modelling of electrical trees in
solid dielectrics. Aspects related to such numerical methods and its
implementations in treeing propagation studies is deliberated for



International Journal of Engineering & Technology

2281

providing a better understanding of its effectiveness during
modeling studies and analysis.

5.1. Finite difference method (FDM)

Finite difference method (FDM) is considered to be a powerful
numerical method that is useful in analysing the growth process of
electrical tree in perfect solid dielectrics. It uses the partial
differential equations for its computations. Since any irregular
surfaces may lead to inadequate difference equations whereby
leading to prohibitively complex numerical computations, FDM
augurs well as it conveniently divides the available irregular shape
to the regular shapes of polygons. The points of intersection
between the vertical and horizontal lines are called ‘nodes’ wherein
the potentials are known either by boundary conditions or by other
computational methods. As the potential within the field region is
continuous it is obvious that the potential at any point in the field
region by utilizing the Taylor’s series expansion. By considering
the point P with (x, y) co-ordinates, the potential at any point (x, y)
is given by,

0(y) = p(P) + 1 [(x — ) 0 (P) + (¥ — ¥ ), (P)] +

2 = 55) @ux (P + 2(x = 2,) (v = %) 0y (P) + (v —
yD)Z‘Pyy(P)] + (8)

The FDM is used to obtain the estimate of the space charge limited
current due to air corona discharges in [35]. In general, while using
finite difference method for carrying out specific analysis in the
study of electrical treeing the most commonly defining aspects
include:

e A partial differential equation such as Laplace’s equation,

Poisson's equation etc.

o A well-defined solution region

e Boundary condition and initial conditions
During the implementation of FDM, the overall domain considered
for obtaining the comprehensive solution can be divided into a
number of distinct points of finite size which in turn replicates the
existing PDE with a group of ordinary difference equations. It is
evident from the formulated proposition that it would be complex
to obtain the exact solution utilizing the proposed formulation of
FDM though it could still be possible to obtain some approximate
solution for the given problem. It is also obvious from the
discussion that though the solution could result into
approximations, if judicious choice of number of divisions of
distinct points is made appropriately to resolve into unique sets, it
is possible to reduce the error in the solution to a satisfactory level.

5.2. Finite element method (FEM)

Finite element method (FEM) has been extensively used by several
researchers for analyzing the concept of electrical tree in solid
dielectrics which can be invariably categorized into five different
procedures which has also been deliberated in [36]. These
categories include:

e  Determining the perfect geometry of the model

e  Enmeshing the total geometry

e Assigning appropriate boundary conditions

e  Solving the PDE and

e  Carrying out post-processing and result analysis
At each step of the above mentioned procedures, a few specific
techniques have been used to achieve the requisite accuracy during
the computation of electric field. It is evident from [23] that several
researchers have taken up utilizing NPW model for modelling
electrical treeing wherein FEM has been implemented for
estimating the specific parameters that govern treeing growth. A
few studies carried out by researchers like [8] based on MATLAB
indicate implementation of Partial Differential Equation (PDE)
Toolbox along with the aid of Graphical User Interface (GUI) to

enable obtain a fairly accurate solution for either Laplace’s or
Poisson’s equations. PDE that utilizes FEM is considered as a
powerful tool and finds wide applications in a gamut of other allied
fields such as acoustics, heat diffusion, various scattering problems
etc. With almost all of the applications involving solutions based on
numerical methods, the FEM strive for the accurate solutions to the
complex spatial-temporal and complexities in solving differential
equations based on specific realistic interpretations meaningfully
evaluated, quantified with a few possible errors yet in a holistically
acceptable manner. In order to compute the value of the space
charge modified field, [12] utilizes the FEM with proper boundary
conditions and after every tree segment is added with the present
tree. Consequently, the field is recalculated for the new boundary
conditions. Further, [37] uses FEM for estimating the potential,
electric field and space charge density distribution under steady
state in a solid electrical insulation. In addition, [38] also
implements the concept of FEM for the field profile calculations
with respect to the space charge density in a polyethylene embedded
with a needle tip electrode.

5.3. Charge simulation method (CSM)

Charge Simulation Method (CSM) is relatively simple and
applicable to any kind of systems that must include one or more
homogeneous media. In this context it is worth mentioning that in
[30], an accurate computation of electric field is considered to be a
pre-requisite for the determination of mode and calculating the
growth of electrical tree. Hence, the CSM is used in [30] for
computation related to electric field distribution. In a few other
distinct and specific requirements, wherein self-consistent models
are implemented, the CSM is most appropriately used and in most
cases are based on applying Coulomb’s law and the field
superposition principle for the estimation of electric field.

5.3.1. CSM based on Coulomb’s law and the field superposition
principle

It is worth mentioning that while carrying out analysis of electric
field using the method of images, the distribution of electric field is
significantly affected due to the presence of a plane electrode which
is considered to be at zero potential (assigning the corresponding
images of the charges with those of the opposite polarity to the back
of the plane). Since in the method suggested by [23], the needle
electrode described by a paraboloid of revolution implements the
initial field distribution even in the absence of electrical tree, the
field might be construed logically to be an arrangement of a large
number of point charges around the paraboloid so as to obtain the
sequential alteration ¢(t) on electrical treeing. By carrying out
simulation studies utilizing an appropriate modeling software as
indicated by [30], it is made evident that the normal point charges
situated at an equal distance d from each other and thus the shape
of the electrical tree could be exemplified by a completely
connected assembly of adjoining spheres with the value of its radius
r = d/2 which determines the minimal space scale as shown in Fig.
10.
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Fig. 10: One-Dimensional Point Charges Located at an Equal Distance
Forming A Tree Structure.

Itis observed that the potential ¢*of i-th sphere in the total structure
is attained by summing all the individual potentials produced by its
own charge g and the potentials at all the remaining charges is
represented by the equation (9),
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Where vector rj represents the actual location of real or image
charge (qj,), € stands for the relative permittivity, o indicates the
absolute permittivity and the summation (X) denotes the
computation carried out for all the charges (excluding the real i-th
charge) available in the tree structure as well as the needle and the
appropriate image charges that are caused due to the mirroring
action of all the real charges that are available in the plane electrode.

5.4. Boundary element method (BEM)

In Boundary element method (BEM), the basic concepts and
equations of the electromagnetic field theory has been extensively
used for obtaining the appropriate boundary conditions. These
boundary conditions are applied at the insulating particle
boundaries which can offer possibilities of obtaining interesting
results during simulation of electrical tree propagation. In BEM, the
unknown function is initially solved based on the boundary of the
domain. Subsequently, the unknown function and its partial
derivatives are computed based on the integration of number of
boundary elements. It is hence evident that it is possible to reduce
the number of elements and the number of unknowns in the
resulting linear equations as compared with FDM and FEM.

In general, researchers like [38] used the BEM concept for the
calculation of electric field profile for the needle tip which has been
embedded in polyethylene which in addition considers the presence
of space charge. It has been observed that according to BEM, the
minimum value of space charge density (2.27x10° C/cmd) is
sufficient to reduce the electric field at the needle tip to zero. In
addition, it is interesting to note that the major limitation of this
method is that it may take substantial time for estimation because
of the presence of all the boundary elements (needle electrode,
plane electrode, conducting particle, interfaces between the
dielectric and the surrounding air) that could be considered for
computation of total electrical field. However, according to [39],
reduced computational cost and memory requirements are observed
during the implementation of BEM which utilizes Fast multi-pole
(FM) (a model containing floating conductors and multiple
dielectrics) to solve potential problems in electrical treeing.

In order to provide a clear understanding of the outcomes during
the implementation of various numerical methods, a recap of the
unique contributions by researchers is summarized in Table 4.

Table 4: Literature on Various Numerical Models

Numerical Method used Researcher

Model / Material used

Contributions / Findings

M D Noskov et. al. [25]
Charge Simulation Method
(CsMm)

A. El-Zein et. al. [34]

Simon M. Rowland et. al.
[36]

Finite Element Method

(FEM) polymers

SCM in epoxy resin

Numerical Model

3-D image based model in

1. Key constraints that determine the treeing
behaviour

e Threshold specific energy W,,
critical field E,
ignition field E;gn,
residual field Eqes,
the bond length d,
applied voltage and
electrode gap geometry
2. Though this research deals with epoxy resin, the
conclusions and results are invariably applicable to
other dielectrics too
1. Critical number of cracks (n¢) inside the
dielectric is guessable since it is always equal to the
fractal dimension
1. 3-D structures by XCT and SBFSEM techniques
provides tremendous models with more features
above a micro meter
2. Dielectric properties of polymer at the tip of the
tree are necessary for a realistic model

In this context, in addition to the detailed discussions carried out
thus far related to numerical methods used by several researchers,
Fig. 11 provides a succinct depiction of the various techniques used
as the prediction tools based on different numerical methods

considered for prediction of initiation, growth and shape of the
electrical trees in any solid insulating material.
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Fig. 11: Hierarchy Chart Indicating Various Prediction Tools.

6. Insight into prediction tools for treeing
growth

It is evident from detailed research studies that various categories
of prediction tools have been proposed by researchers during the
past few decades for prediction and modelling of electrical treeing
in solid dielectrics. A few of the most significant tools which have
been utilized by researchers include Percolation model, Fluctuation
model, Fractal analysis and Cellular Automata. A detailed insight
into the unique aspects of such prediction tools is deliberated to
enable comprehensive understanding of the salient features of such
techniques.

6.1. Fractal analysis

A simple yet effective stochastic model that augurs well for the
study of the phenomenon of dielectric breakdown includes the
fractal representation and structure. Research studies as indicated in
[9], [16], [40] - [41] etc. clearly reveal the use of fractal analysis
procedure for modelling the structure of electrical tree for various
variations in physical conditions. The basic assumption that is made
while using fractal analysis is that the growth probability of
electrical tree must always depend on the intensity of local electric
field. Even the exact structure of the electrical tree may be defined
by the fractal dimensions as either a branch tree or a bush tree.
Hence, it is evident that there is a strong likelihood that the fractal
dimension and the electrical tree structure have a definite
relationship with each other. Studies related to [2] reveal that the
probability of tree growth and the fractal dimensions exhibit a
viewpoint that establishes a contrary relationship. Hence when the
value of this fractal dimension (d) is less than 2, it could be a branch
type tree and when it lies in between the value of 2 to 3, it could
result into a bush type tree. The graphical and diagrammatic
representation is described in [16] and [42] for deriving the
relationship between the fractal dimension and the electrical tree
structure. In addition, it is also evident that higher the rate of tree
propagation the lower is the fractal dimension in solid dielectrics.
There are several methods indicated in research literature for
estimating the fractal dimensions as indicated in [41]. The various
categories for estimation of fractal dimensions include:

e  Changing coarse-graining level

e  Measures based on Fractal relationship

e  Correlation function

e Distribution function

e Power spectrum
Fractal measure relationship comprises utilizing several estimating
methods such as mass-radius relation, sand-box method, radius of
gyration, tip radius method etc. In the case of correlation function,
the value of correlation function is being derived based on the
density function that is related with the mass that is occupied by the
entire tree structure. In using the distribution function, generally the
probability density function is used for the calculations of fractal
dimensions. On similar lines in using power spectrum, estimation
of fractal dimensions can be obtained by the power spectrum which
can be obtained by transforming the variation of spatial or temporal
random process into an equivalent electric signal.

6.2. Cellular automata (CA)

Initially, Von-Neumann introduced Cellular automata (CA) for
solving various aspects of physical systems that has an involvement
of local interactions in its solution. Primarily, this form of CA is
directly considered to be the physical system models in which it has
a distinct space and time aspects and only the local interactions are
considered. Some of the unique merits of this technique include fast
computation and stable numerical inference mechanism. CA model
[7] in general comprises of n-dimensional lattice of regular and
uniform structure. The overall state of CA is considered as a
physical quantity of the cell whereby eventually the value of this
physical quantity at each and every cell is treated as the local state
of that particular individual cell. Each of the cells is constrained
only to a confined neighbourhood interaction. As a result of this it
is found that the particular individual cell is considered to be
incapable for global communication. If a particular cell in a lattice
has designated as (a, b) then with respect to Fig. 12, the CA local
rule is such that,

CH* ap=F [Cla1,b-1), Cl(a-1), Cl(a-1b+1), Clab-1), Clia),
Cl@b+1),Cla+1,0-1),Clia+1,b), Clar1,b+1)] (10)
Where Ctap and Ct*1,p denotes the present states of cell (a,b) in the
lattice at time steps t and t+1 respectively.

(a-1,b-1) (a-1,b) (a-1,b+1)
(a,b-1) (a,b) (a,b+1)
(a+1,b-1) (a+1,b) (a+1,b+1)

Fig. 12: N-Dimensional Array of Cellular Automata.



2284

International Journal of Engineering & Technology

Table 5 shows the local rule applied to all the cells that are present
ina CA grid.

Table 5: Common Local Rule Applied to All Cells in Cellular Automata

CA property ;I'lmets:ip Conditions

1 1 Already a part of tree
State of the (a,b) 0 0 None of its neighbor’s state is 1
cell 0 1 One or more of its neighbor’s state

are l

The algorithmic flow to describe this CA model can be explained
here as a step by step procedure:
Step 1: Bifurcate the total volume available on the dielectric into m
x n square matrix with individual cells.
Step 2: Use the Laplace equation to find out the initial value of the
electric field at time t=0 in the point at a particular cell where the
needle tip present.
Step 3: Consider the time step at the initial stage as t=1.
Step 4: Compute the value of electric field at all the neighbourhood
cells of an array at this time step t by the use of CA local rule.
Step 5: Approximately fix the total number of time steps (ts) in order
to complete the treeing process.
Step 6: At the end of each step compare the present value of t with
the value of ts.
Step 7: If the value of t is less than ts, then consider the new time
step as t and then proceed with computation of electric field at all
the neighbourhood cells of an array as in Step 4.

(A)

Needle
Electrode

v

Plane
Electrode

(©)

Needle
Electrode

v

Initiation
and growth
of electrical

v

Plane
Electrode

(E)

Step 8: Otherwise (i.e. the value of t is greater than ts) complete the

computation and check the potential distribution values at each and

every time step as it grows like a tree.

Generally, CA are described by four different characteristics. They

are:
e  Spatial dimensions (either of 1-D, 2-D or 3-D) (n)

Width of the side of lattice (w)

Width of neighborhood cell (d) and

CA local rule

In general for computation of the state Clap of the cell (a,b) at time

step t is given by [43],

€ty = {EFup TFap €ap VEL} (11)
Where EFap represents the Electrode flag (EF) which indicates
whether the cell belongs to the electrodes or to the dielectric, TFap
refers to the Tree Flag (TF) which represents whether the cell
belongs to tree structure or not, eap denotes the local permittivity is
the mean value of randomly distributed permittivities in (a,b) cell
and V',p represents the potential at the center of the (a,b) cell at time
t. Fig. 13 indicates a typical case of step-by-step development of the
conducting channel as electrical tree with the aid of CA model
applied in solid insulating material.

(B)

»
»

Needle
Electrode

»
»

Initiation of
electrical
tree

Plane Elec-
trode

D)

»
»

Needle
Electrode

»
»

Initiation
and growth
of electrical

tree

Plane
Electrode

»

Needle

»

Electrode

Initiation

v

and growth

of electrical

tree

Plane
Electrode

Fig. 13: (A) Typical Arrangement of CA Cells with Needle-Plane Electrode, (B) — (E) Electrical Tree Initiation and Step-by-Step Growth Towards the

Opposite Electrode



Recently the concept of CA has been effectively utilized by various
researchers like [5]-[6], [11], [43]-[46] for their investigations
related to the growth characteristics of electrical trees with distinct

features of inclusion of dielectric inhomogeneity factor, effect of
space charge, nano-composites etc. especially in case of solid
dielectrics which are as specified in Table 6.

Table 6: Literature Review of Cellular Automata

Researcher &
Year

Distinct Feature
used for
analysis

Specifications

Description

Applied Voltage = 20kV;

1. Algorithm is fast and numerically stable
2. Assumptions made include:

2:"(;" l[D;inlkas Presence of Distance between the tip to . Electric field at the end of the tip is comparable to that developed at
19.396. ! spherical void plane = 5mm; dielectric the end of the point electrode
constant = 2.1 to 2.25 . The insulating material is inherently inhomogeneous
. The tree will progress taking into account the local dielectric strength
1. Maximum electric stress Emax at the tip of point electrode is E o =
idi Applied Voltage = 20kV; _2sEawa_\yhere s i the electrode gap spacing, r represents radius of the tip of
:e.t l;?r?z)g]“dls Permittivity Distance between the tip to r(n(1+2)) 9ap spacing, r rep P
19.398. ' variation plane = 5mm; Permittivity = point electrode, E,y, denotes average electric stress applied to the gap spacing
2.05t02.30 2. Increase in range of permittivity variation causes electrical tree to more
extensive and consists of more branches
1. Space charges enhance the potential values, especially in the middle region of
50 x 50 CA cells; Applied e material .
. N o : 2. The existence of space charge leads to fewer tree branches whereas without
G.E. Vardakis voltage = 90kV; dielectric L .
Space charge _ . space charges, more branches can appear in dielectric.
et. al. [6], . constant = 2.2 to 2.4; Space f A - ination of
2002 effect charge density = (0-300) 3. Step-by-step move_ment of dendrite |s_con5|dered by combination of,
Ch/m? . external field created by applied voltage
. local field produced by charge accumulation in the interior of the
channel
500 x 500 CA cells; Applied
. voltage = +80kV, +45kV, 1. Uses Dirichlet and Neumann boundary conditions for potential distribution
George E. Different KV Dielectri lculati
Vardakis et permittivity of .+30 5 PUIY ectric ELLI S - . .
al. [5] 2004 the material inhomogeneity factor (DIF) = 2. The position of particle and potential values at the circumference of the
TR 0.85 to 1.15; relative particle are the crucial factors for its electrical behavior
permittivity =2.3 & 8
1. Uses Dirichlet and Neumann boundary conditions for potential distribution
calculations
Conductin 2. Compares the results between the absence and presence of space charge.
G.E. Vardakis article g 500 x 500 CA cells; Applied . Absence of space charge: many branches (bush-like dendrite) appear
et. al. [8], P ; voltage = +40kV; DIF = 0.85  near the needle tip and two main branches with few sub-branches (branch tree)
included in - .
2005 dielectric to 1.15 near the conducting particle
. Presence of space charge: creates different tree structure at the tip of
the needle and no tree near the conducting particles since the space charge
reduces the electric field
; 5000 x 5000 CA cells; 1. Uses Neumann and Dirichlet boundary conditions for potential distribution
Despoina . _ o .
A . Applied voltage = 20kV; dif calculations
Pitsa et. al. Nano-fillers A . , . . . .
[47], 2010 =0.9t01.1; Space charge 2. Nano-fillers act like barriers and seem to prevent the propagation of electrical
’ density = 20Ch/m?3 trees.
V.A. Kioussis  Composite 60 x 60, 100 x 100 CA cells: gélgjfastgﬁgmann and Dirichlet boundary conditions for potential distribution
et. al. [11], insulating Applied voltage = 35kV, . .
2014 system 28KV, 27KV: DIF = 0.9 to 1.1 2. The phenome_non of treeing propagates through the weaker medium and not
through the barriers.
M. Hariharan ) l._Uses_ Dirichlet boundary conditions for determining the boundary values of
et. al. [40] Stochastic grid points ) o ) ) _
2616. ' modelling 2. Sandbox method is used for the estimation of fractal dimensions which
generally varies from 1.9241+ 0.1071 to 1.821+0.037
Hemza Dielectric 100 x 100 CA cells; Applied iélLCchla;tilz:]rslchlet and Neumann boundary conditions for potential distribution
Medoukali et.  inhomogeneity voltage = 80kV; DIF = 0.95 - P . .
al. [48], 2016  factor’s range t01.04 2. Tree stops growing if electric field is less than local dielectric strength and

when the dendrites reach the bottom electrode

6.3. Fluctuation model

In general, due to the existence of certain amount of free volume in
any non-crystalline materials, ions, atoms or molecules may not
occupy a given lattice space continuously. Instead, it traces around
and inside that of the lattice space from site to site with respect to
time by maintaining the total free energy as constant. Such
movements or fluctuations that might occur due to this space
occupancy issues may tend to redistribute some local mechanical
strain or the dipole orientations about the system. The distribution
density of the particular system variable whose magnitude has been
perfectly controlled by these fluctuations occurring and the
resulting expression is utilized for determining the dielectric as well
as the mechanical response functions. In addition, whenever this
variable concerned is the local electric current then such fluctuation

could give rise to the noise component with power law f21-m,
(0<m<1) where the exponent 2(1-m) usually lies between the white
noise (zero) to the Gaussian noise (two) as in [17].

In this model, the non-crystalline material is divided into a number
of local structural units called clusters which might be composed of
the structural elements like atoms, molecules etc. and might
aggregate just by connecting all the motions of its structural
elements to those of its neighbour or fragment by means of ‘internal
disconnections’. Therefore, the number of structural elements and
their own configurations in any specific cluster can fluctuate in time,
under the condition that the free energy could always be maintained
at a constant average value for the given volume of material.
Therefore, the fluctuations that is occurring may be considered as
the local density fluctuations and the molecular reconfigurations

Copyright © 2018 Balamurugan. H, Venkatesh. S. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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that might occur in a non-crystalline solid due to the presence of
free volume.

The probability of occurrence of any given cluster is governed by a
probability density g(y) which is defined by the assumption that a
given amount of energy or information content has been shared
equally among all the clusters irrespective of their size and thereby
restraining the free energy to be constant. Therefore, the resulting
probability density is given by,

y(l—m)/m
m(yY/m +1)?

<m <1 (12)

gy =

Where y denotes a cluster variable (density, polarisation, space
charge density etc.) scaled to its value in the characteristic cluster
and m represents an index measuring the degree of connection
between the motions in different clusters. The energy density (due
to space charges, displacement field and local currents) in the
characteristic cluster is made equal to the average value of applied
field (Ea), then the magnitude of electric field in the characteristic
cluster can be found to be proportional to (Ea — E1). Thus,

y=— (13)

Eq-E;

Where E refers to the local field and E1 represents the RMS value
of the field corresponding just to currents.

6.4. Percolation model

The basic physical phenomena that could relate to extending the
defects by means of repetitive processes which is not likely to be
deterministic but in the process it may be viewed as a stochastic
process due to its inherent characteristic necessitates introducing a
perfect statistical element through the probability of occurrence for
different kind of defects which are identified in any solid dielectric
material. However, the distribution of initial defect must have an

impact on the probability that this defect might reach its critical size,
thereby causing a dielectric breakdown in a given time. The above
considerations not only affect the rate at which a single defect
grows but also the possibility of defect amalgamation during
‘cluster’ generation and the formation of the breakdown path.
Hence, this percolation model represents the insulators by a perfect
grid or lattice whose bonds are treated to be as an identical capacitor
which tends to breakdown by applying a normal electric field.
Incidentally, the defects are generally introduced on a random basis
merely by replacing all these capacitors by ordinary conductors.
Thus the initial stage of the total structure has been demarcated
either by the fraction of bonds that are conducting or equivalently
the volume fraction of the material that is occupied by the unit
defect. This kind of construction could always lead to form a perfect
percolation system of defects [17]. As a consequence, instead of
isolating all the unit defects from the defect volume some of them
could combine with themselves to form the conducting clusters in
the defect region. Hence in this percolation model, the system
breakdown could occur rapidly for the applied field E, if the most
severe (longest) cluster has a length Imax given by,

Imax = lc % (14)

Where Eo denotes the field at which the breakdown occurs. Then
this percolation system therefore survives if the length of that most
severe (longest) cluster is less than lc. At the same time, the cluster
sizes tend to be exponentially distributed and thus the distribution
density g(I) for the given length I is given by,

g « e7é (15)

Where ¢ is the percolation correlation length.

Table 7 clearly depicts the overall summary of the prediction tools
that have been used by several researchers in the field of modelling
of electrical trees in a solid insulating material.

Table 7: Summary on A Few of the Prediction Tools Used

Numerical Method used Researcher

Model / Material used

Contributions / Findings

Fothergill et. al [14] DAM

Fractal Analysis (FA) K.Kudo [41]

Stochastic model for HV
power cables

M. Hariharan et. al. [40]

V.A. Kioussis et. al. [11]

Despoina Pitsa et. al. [44]-
[47] polymers
Cellular Automata (CA)

Hemza Medoukali et. al. [48]

Stochastic model

Epoxy resin and multiple
Mica sheets

DIMET in nano-composite

DIMET in XLPE sample

1. Voltage dependent time length variation is non-
monotonic in implanted needle which replicates by the
variations in fractal dimension

2. Data acquired from different shapes of electrical
trees are handled with fractal dimensions in order to
get the value of total damage (S)

1. Geometrical patterned fractal dimensions assessed
accurately and three dimensionally

2. Fractal dimensions of electrical trees are associated
with other sort of physical as well as chemical
measures

1. Void existence is initiating the damage of insulating
material due to PD activity and affecting the level of
tree propagation

2. From the Sand-box method of dimension estimates,
values that obtained for both internal and critical fields
varies by a small value

1. Variation in field created by a factor g,
proportionally distresses the propagation of electrical
tree

2. An increase in applied voltage denses the thickness
of electrical tree

1. Breakdown causing tree that initiates from HV
electrode has delayed to reach the counter electrode
due to the presence of nano-particles

2. Presence of nano-particles decelerates the
propagation of electrical tree

1. Effect of dielectric inhomogeneity factor (gair) has
been considered in three different cases

i. between 0.95 - 1.04,

ii. between 0.95 - 1 and

iii. between 0.97 - 1

2. Tight range variation of ggiraffects the shape of
electrical tree by thin and minimum number of
dendrites in it




7. Modern trends in prediction of electrical
treeing degradation mechanism - state of the
art

The research studies related to initiation and propagation of
electrical trees are very much alive and booming still and the works
carried out by several researchers in recent years has been enhanced
our understanding of the progressions considerably that contribute
to the initiation and propagation of the electrical tree structures. A
few of the modern trends that is utilized for the prediction of
electrical treeing degradation mechanism has been discussed
elaborately such as the image processing concepts, non-linear
behaviour of PD pulses, properties of nano-composites etc.

7.1. Image processing techniques

As a state of the art technique, the modern digital image processing
methods are applicable for analysing the fractal dimensions of
electrical trees. In [40] one of the subordinate methods of this digital
image processing is being used and called as “Image construction
and image restoration models”. In this approach the Sandbox
method has adopted to analyze the fractal dimensions by using the
statistical image processing techniques. Imaging an experimentally
generated electrical tree has been considered as the significant state
of the art prediction method in the research studies related to
electrical treeing mechanism and in depth learning of how precisely
the electrical trees are being developed in the solid insulating
material.

Some of the most commonly used imaging techniques available for
electrical treeing has been identified by [49] are Optical microscopy,
Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM) etc. By using these imaging techniques it is
possible to provide only the two-dimensional (2D) features in
electrical treeing and that has been considered as the limitation to
those imaging techniques. But, the virtual models of electrical trees
in three-dimensional (3D) features can be able to obtain by the use
of X-ray Computed Tomography (XCT), Serial Block - Face SEM
(SBFSEM) etc. It is worth noting from [50] that the amount of this
3D data available for research studies is limited at the same time the
resolution obtained by these techniques is substantially less.
Therefore, by using this 3D features to the available imaging
techniques like XCT, SBFSEM etc. the electrical trees are
characterised through the general parameters like effective diameter
of the tree channels, volume of the tree, quantity of volume
degraded by the creation of electric field and the other local
parameters for instance number of tree branches, effective area of
tree channels and the quantity of area degraded etc.

7.2. Non-linear behaviour of PD pulses

All the modern digital systems as in [20] available for the PD
measurement has been allowing many of the quantities to be
derived which are closely related with the amount of degradation
that are treated as analytical quantities which gives a clear picture
of PD degradation mechanism. Investigations persist aimed to
understand the non-linear behaviour of time dependent PD pulses
that have to be obtained from a typical electrical tree. This has been
suggested by [42] and uses a section of XLPE cable insulation
sample to ensure that the deterministic chaos exists in the entire PD
activity during the propagation of typical electrical trees. Some
form of broad band sensors is used in [51] in order to identify the
level of UHF signal which has been radiating during the occurrence
of PD. Hence the signal bandwidth of this UHF signal might be
varied in between 0.5 to 2.0 GHz which is helpful in identifying the
perfectness of incipient discharges that occur at the time of
propagation of electrical trees. By implementing the results which
are being obtained from the analysis of UHF signal that is being

generated in a de Finetti diagram (triangle plot), it can permit to sort
the shape of the electrical tree. In recent years, [52] utilizes a Phase
Resolved Partial Discharge Analyzer (PRPDA) to acquire the
patterns of PD during the tests conducted on electrical treeing for
the determination of the tree inception voltage with the presence of
this nano-composite. In addition to that [53] — [54] gives a better
idea for analysing the partial discharges as a prognostic indicator by
utilizing the technique called Phase resolved partial discharge
analysis (PRPDA) in combination with the Pulse sequence analysis
(PSA) out of which it has been concluded that the component PSA
can be measured with greater prognostic suitability index than
PRPDA that depends on the effective sum of three different features
of monotonicity, prognosability and trendability. From these
discussions it is being concluded that it is possible to predict the
effect of insulation failure earlier than the actual breakdown of
insulation that occurs completely.

7.3. Properties of nano-composites

In [45], the characteristics of electrical treeing have been studied in
nano-composite materials with the presence of impurities and it has
concluded that the presence of impurities provokes degradation of
the dielectric. In addition to this, the degree of degradation is
affected by the number of impurities present. In addition, [44]
proposed the relative permittivity model for electrical treeing with
reference to some of the other interesting models such as Lewis
model, Tsagaropoulos’ model, multi-core model, interphase
volume model, potential barrier model and polymer chain
alignment model which gives an idea of interfacing arrangement
and the properties that exhibits by the nano-composite dielectrics.
Accordingly, the interface relative permittivity (ex) may be
calculated by the following exponential formula:

e, X <T
€0y = 4 En-expl—k. (x — i r<x<r+l
€px >1+1

(16)

Where &, is the nano-particles relative permittivity, €, denotes the
relative permittivity of polymer, k indicates attenuation coefficient,
x represents distance from nano-particle center, r is the radius of
nano-particle and | denotes interface thickness.

In Lewis model [55], the important scaling factor for conduction in
nano-composite is the cross-section of the conducting particles
present in the dielectric and it is thereby proved that the
combination of the nano-composite particle and the dielectric can
act as a distributed electron-hole recombination centers.
Tsagaropoulos’ model [56] mainly deals with the interaction of
dielectric with the silica particles of high surface area. It is
concluded by this model that, the silica particle restricts the
mobility of the tree channel and thus leads to the establishment of
new glass transition. The multi-core model proposed by [57] deals
with the several properties that could have been exhibit by the nano-
composites as a dielectric. Majorly, the interface between nano-
composite and dielectric can be analysed by electro-chemical
properties. In general, in a multi-core model a spherical filler
material is considered with four different layers such as a bonded
layer, a bound layer, a loose layer and an electric double layer which
overlaps all the above three layers which is called as Gouy-
Chapman layer. Out of these four layers the first two layers are
responsible for PD resistance, while the third layer may not play a
role on this PD resistance.

8. Future challenges and prospective tech-
niques

This review provides unique aspects from the perspective of
prediction assessment during treeing studies and the following
salient aspects may be considered as important aspects that would
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be treated as future challenges that are put forth for the researchers.
Also some of the prospective techniques that might also be expected
to justify by the researchers worldwide in the field of modelling of
electrical treeing initiation and propagation in the solid insulation
systems.

The process involving in breaking chemical bonds in solid
insulation and the involvement of UV assisted chain scission
are still unknown.

Effect of the field that have been enhanced very close to the
final edge of the electrical tree.

The response of the electrodes whenever there is a change in
applied voltage exists immediately after the initiation of
treeing process.

The relationship between the number / size of the voids that
are present inside the dielectric and the time taken for the
breakdown.

During explore possibility of utilizing digital image
processing techniques to understand and analyze treeing and
breakdown mechanism in nano- dielectrics.

In a less conducting electrical trees, the assumption / effect
of the non-conducting gases that are produced during the
treeing process may also take into consideration.

9. Conclusions

This research review presents a holistic overview of various
electrical treeing aspects, characteristics, modelling and state of the
art prediction studies carried out thus far by researchers worldwide.
It is evident from the discussions that though several deterministic
as well as stochastic modelling techniques have been conceived and
implemented to simulate and replicate electrical treeing initiation,
propagation and growth substantial challenges continue to confront
the research community in specific aspects. The following
complexities related to real-time analysis of treeing phenomenon
are summarized:

1)

2)

3)

From the perspective of field theoretic modelling several
gaps related to representation of physical degradation
mechanisms such as space charge effect, dielectric
inhomogeneity aspects, insulating barrier effects and its role
etc. needs to be convincingly established with appropriate
validation studies and analysis.

Due to technological advances and enhanced manufacturing
capabilities, through it has become easier to utilize newer and
more reliable material as dielectric / insulation systems, it is
pertinent to note that for aspects related to such technologies
(nano-dielectrics) which involve nano-fillers with solid
dielectric suitably modified and viable strategies that would
describe this composite dielectric model is comprehensively
developed that establish the electrical treeing initiation and
growth.

From the viewpoint of prediction mechanisms / techniques,
though considerable studies have been made by the research
community worldwide, there is a pressing need for accurate
models for electrical treeing growth. Such strategies may
include techniques such as 3D Cellular automata, Dynamic
cellular automata, 3D imagery and prediction methods, X-ray
tomography etc. Such techniques would most likely ensure
better and more accurate prediction of electrical treeing
initiation and growth models which could mimic real-time
complexities.
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