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Summary

HVDCsystems are increasingly being integrated in electric power systems and
one of the main challenges to address relates to outdoor insulation. This thesis
provides five main contributions with focus on composite insulators. First, an
extensive literature review examines the state of the art of relevant research
topics: the need of corona rings in HVDC systems; the influence of reoluble
deposit type on the hydrophobicity recovery; the effect of nofuniform
hydrophobicity on flashover voltage; DC pollution sverities; optimal creepage
design at different severities; and the influence of wind speed on pollution
accumulation. Secondly, thédVDCanalytical and laboratory characterisation of
heavily polluted insulators was performedbetween 121 and 252 kV The test
results confirmed that the insulators oriented horizontally performed better
than vertically, which was attributed to the differences in the arc propagation and
in the convection heat direction. Thirdly, new laboratory data was obtainedbr
switching impulse (Sl) in the range of 168 to 345 k\and for Slsuperimposed on
a direct voltage of 16 kV As a conclusion in most conditions, the HVDC pre
energisation has a negative impact on the flashover performance. Then, with the
acquired knowledge and using IEC and CIGRE insulatioselection and
dimensioning recommendations, proposals to convert threeexisting UK HVAC
towers lines to HVDC operation have beedesigned between 170 and 500 kV,
considering heavy and extremely severe pollution. The results shoan increase
of 1.6 to 2.9 timesin power transfer. It was also confirmed that a few
nanoamperes leakage current isufficient to satisfy the electric field distribution
requirements without the use of corona rings. Lastly, a laboratory wind tunnel
was built to investigate the insulator pollution accumulation, with the option of
HVDC energisation. Promising initial tetsresults were obtained, and futurework

has been suggested






Publications

A journal paperon the switching impulse superimposed on direct voltagen a

composite insulator has been publishedwith the IEEE Transactions on Power

Delivery in 2020. A secord paper on HVDC performance of heavily polluted

composite outdoor insulatorsis now (March 2021) under review with the same

journal. The method used for the existing overhead line conversion to HVDC has

been publishedin a paperand presented at the Interrational Symposium on High

Voltage Engineering (ISH) in 2019, in Budapest, Hungary. However, in this thesis,

a more conservative approach is used, to obtain results which can be referenced

with a higher degree of confidence. Also, recommendations on finiedlement

simulations for overhead linesare provided in a paper published at the COMSOL

Conference in Cambridge in 2019. In addition, initially, the research project
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Nomenclature

AC
AD
AL
" h
G

CD

CL

CF

CUR

Da
DC

ESDD

FEM

HC
HTM
HV

Kc

Alternating Current
Arcing (or Axial) Distance in millimetres (mm)
Arcing (or Axial) Length in millimetres (mm)

| parameters dependent ornthe shed material
factor for FOV dependence oaltitude
CreepageDistance in millimetres (mm)
CreepageLength in millimetres (mm)
Clearance distance in millimetres (mm)

factor for the flashover voltagedependence onthe average

diameter
Creepage Factor

Contamination Uniformity Ratio between insulator shed

bottom and shedtop
Insulator averagediameter in millimetres (mm)
Direct Current

Equivalent Salt Deposit Density in milligrams per squal

centimetre (mg/cm?)

Finite ElementMethod

Line altitude above sea level in metres (m)
Hydrophobicity Class

Hydrophobicity Transfer Material

High Voltage

factor to accountfor the type of salt



Kcur

2

LMW

NSDD

OHL

PU

SDD

SSF

USCD

CUR factor

factor for flashover voltage dependence on the collecte

pollution, asafunction of the average diameter
factor for the flashover voltagedependence on NSDD
factor for the conversion ofESDActo ESDDc

safety factor whichaccounts for the worse performance of

minority of insulators, in a large group of insulators
Low Molecular Weight

Non-Soluble Deposit Density in milligrams per squat

centimetre (mg/cm?2)
Overhead Line
Active Power in watts (W)

Ratio of a svitching surge peak overthe operational voltage

also referred to as the SSF

Salt Deposit Density in milligrams per square centimeti

(mg/cm?2)
Switching Surge Factor

Unified Specific Creepage Distance in millimetres per kilovc
(mm/kV)
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Chapter 1introduction

Chapter 1.Introduction

High Voltage Direct Current (HVDC) sfems are increasingly being adoptedn
electric power systemsaround the world for different purposes. Theseinclude
the long distancetransmission of bulk power and the integration of renewable
resourceslike solar radiation and wind energy HVDC systems are also usdd
increasethe power transfer of transmission lines needed forthe electrification of
transport and heatingto reduce carbon emissionsThis thesis contributes to a
key aspect of this HVDC revolution, by investigating outdoor insulatorf®r use

on new DC lines anan existinglines convertedto DC.

1.1. The relevance otthe broad HVYDC research

Due tothe lack of extensive service experience and theontinuing innovation in
HVDC technologysome parts of the industry are reticent to widely adopt HVDC
projects even when costs are lower compared to those of High Voltage
Alternating Current (HVAC) systemsThe reticence that sometimesoccursis due
to the long successful trackecord of HVYAC system®ver the past century, and
the hazardsof integrating new HVDC technology in the electric power system
which is critical for human life as we know it For this reason,HVDCresearch, in
general is necessaryto minimise the risks of adoption, by understandingts core
issues then by defining relevant questions, and ultimately by delivering
meaningful conclusions.This thesis focuses on the performance of composite
outdoor insulators and their performance under direct voltage under various

conditions.

1.2. The thesis coent and contribution

Geneaslly, overhead lines constitute the majority of electric power transmission
systems. Their most critical aspect is the performance of outdoor insulation.
Thus, a review on the subject is provided irChapter 2 which presents the

literature knowledge common to both HVAC and HVDC outdoor insulators, and
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more specifically, an understanding of why pollution performance is particularly
critical under HVDC.

The work presented in this thesis has allowed to achieve the following

contribution s, which are focused on three research areas.

Firstly, in Chapter 3 the thesis presents the HVDC performance of outdoor
insulation under an extremely polluted condition, which cause a great decrease
in performance compared to the clean conditionThe experimental aspect of this
research is the result of a collaboratiorwhich occurred during a secondment at
the UHVDollution test laboratory of China Electric Power Research Institute,
in Beijing, China.Also, in Chapter 4 a study is presented onthe effects of
superimposing a switching impulse on direct voltagewith respect to switching
impulse only, as thissimilarly occursin operation on the healthy pole of a bipolar
scheme, when the other pole experiences a fault to ground@his aspect of the
researchwas enhanced through aollaboration started with a secondment at the
High Voltage laboratory ofthe University of Porto, Portugal Both Chapter 3and
Chapter 4investigate the performance differencebetween the vertical and the
horizontal orientation s. This is done tounderstand in detail the advantage®f a
vertical insulator, such as suspension oipost insulators, with respect to a
horizontal insulator, such astension or cross arminsulators, under the same

conditions.

Secondly,in Chapter 5 an explorative and conservative investigation on the
conversion of existing HVAC overhead lines to HVDEpresented.Based on he
knowledge provided by existing literature and Chapter 3 four preliminary
designs for each of three existing UKtransmission towers are provided for
extreme and heavy pollution degreesTwo of thesethree towers are currently
used on 85% of the UKtransmission overhead lines High pollution values are
assumed because of the electrostatic attraction of the pollution towards the
charged insulators. The UK wind speeds are quite large, which would suggest a
corresponding similar level of pollution deposition between AC and DC
insulators. However, low wind speed areas may exist along the lines and cause

local large pollution accumulation. That is why extreme and heavy contamination



Chapter 1introduction

levels are consideredThe HVDCconversion proposals would tranamit from 1.6

to 2.9times the original HVAC powerwith different degrees ofrisk involved.

Thirdly, in Chapter § awind tunnel for pollution accumulation on an insulator is
designed, modelled, built, andised fortests which provided the following: the
NSDDs of a composite insulator at three different wind speeds in the non
energised and energised conditions; and theatios Ky, between NSDDDc and

NSDDon-energised at the same three different wind speeds.

Thus, in summary the objectives of the thesis are to first gather further new
information on the most critical component of an overhead line, namely its
outdoor insulation system, by means of laboratory teing, as well ageviewing
literature in detail; later, part of this knowledge is applied tgrovide insulation
solutions for the conversion of existing lines to HVDC.A wind tunnel
experimental investigation is alsgperformed to investigate the influence of direct
voltage on the insulator pollution accumulation, with respect to the non

energisedcase

The following list summariseswhat was planned and achievediuring the PhD,

which is provided in the thesis

1 A recent literature review of composite outdoor insulators on:
1) Assessment of corona ring need for outdoor insulators under direct
voltage;
2) Performance characteristic in relation to the hydrophilic portion d
composite insulator, in proximity of the insulator ends;
3) Best performing insulator designs for both light and heavy pollution
severity in laboratory conditions;
4) Positive relationship between inert material pore size and
hydrophobicity recovery speed;
5) Wind tunnel pollution accumulation ratios (of DC over AC or non
energised conditions) at various wind speeds and voltage gradients.
1 Analytical and laboratory characterisation of heavily polluted insulators

under direct voltage:



Chapter 1introduction

1) Electrode shape effect on tangd electric field was shown to be
negligible using FEM modellingIn fact, & the triple junction, the
tangent electric field is at most 6.3 times larger when the electrode is
modified. However,the notable difference is present only on less than
55 mm of creepage distance in the proximity of the triple junction.
Elsewhere, along the insulator, the difference factor is reducetiom
6.3t0 0.03;

2) Good comparison of estimated flashover voltages with measurements
was achievedn the range between 96 and 252 kV

3) Development of proposal for the orientation factor K for a more
specific and accurate calculation of the USGD At present,Kois set as
1 for the vertical orientation, and it is found as 0.896 for the horizontal.
However, future work is suggestedto extend the applicability of this
factor to other profiles and pollution conditions;

4) Clarification of the superior horizontal performance explained with
arc propagation direction and convection heat direction.

1 Direct voltage and switching impuse superimposition under dry and rain
conditions.

1) Better understanding of the superior horizontal performance under
clean conditions due to the electrode configurationA FEM model, run
at 288 kV,found an electric field of 10.7 kV/mm at the triple junctian
of the ground electrodewhen the insulator is vertical, against8.5
kV/mm for the horizontal ;

2) The superior horizontal performance under rain conditions was
attributed to the droplet path which is favourable with the voltage
gradient when the insulator is vertical, and the larger amount of
deposited rain on the shed topswhen the insulator is vertical This
allowed withstand voltages of the horizontal insulator about 40%
larger than the vertical,

3) Performance loss saturation under large rain conductivity ceditions;

4) Quantification of the direct voltage preenergisation effect on the
switching impulse withstand voltage which was in the range of half

the applied direct voltage of 16 kV in the dry condition
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1 HVDC conversion of UK existing HVAC overhead lines:

1) Systematic gathering of a comprehensive methodology for the
conversion from multiple brochures, reports and papers;

2) Quantification of the power uprating factor, given by the conservative
design of the tower insulation solutions for direct voltage applicatn.
The factor was foundto vary from 1.6 to 2.9, depending on tower type
and pollution severity;

3) Benefit quantification given by the use of inclined insulators to fix the
position of the poles in spacewhichranges from 0% to 13.66 and is
more beneficialas the pollution severity decreases

4) Non-necessity of corona rings for leakage current values the range
of a few nAwhich are commonly exceeded in operation.

71 Initial prototype of wind tunnel for pollution accumulation under direct
voltage:

1) Novel introduction of an insulating enclosure to reduce the electric
field stress at the insulator ends or to modify it at will from outside the
enclosure;

2) Confirmation and quantification of larger NSDD due to the direct
voltage energisation which causesl.2 to 1.3times the NSDDwithout
direct voltage, at a USGh of 80.5 mmkV . And positive correlation
between NSDD and tunnel wind speed for both neanergised and
energised cases;

3) Design improvement proposals for the reduction of the contamination
injection rate and the increment of the air flow uniformity across the

tunnel section.

1.3. Methodology

Depending on the thesis contribution typedifferent and complementary ways of
achieving the results have been employed. For the experimental part of the
thesis, standards have been followed, where available, to execute the test
programmes.To obtain additional insightsof the studied phenomenacircuit and

finite element method numerical simulations have been implemented These
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were performed using EMTP/ATP, LTspice, COMSOLMultiphysics®, and
AutoCAD Particularly, the CEPRI and University of Portéaboratory equivalent
circuits have been calculatedor the first time and are providedhere. Also, the
tools allowed to simulate and explain the transient of the switching impulse
superimposition on direct voltage Theyhavealso allowed toconfirm why during

an HVDC pollution flashoverevent the trunks are bridged with arcs before the
sheds areand why a better performance is shown when the nisulator is

horizontally oriented, as recordedwith the voltage and currentmeasurements

thermal images,normal and fast cameravideos.

On the other hand, he line conversion proposals arebased on the estimagd
performance of the considered insulator profile which is one of the two
investigated in the first part of the thesis under extreme and heavy pollution
degrees This is doneby calculating the insulator performance, as explained in
section2.8.3 further explained in IEC60815-4 and CIGRE TB 51&\lthough these
are authoritative sources, suggestions on future work are madefor specific
dimensioning factors The proposals are also based onthe conservative
assumption of alarge overvoltagefactor, which determines the air clearances

needed to avoid breakdown during avoltage transient.

1.4.Sourceschoice

The main sourcedaying the foundations ofthe thesiscontributi on are technical
brochures from CIGREBS EN (from IEC) high voltage standardandan Electric
Power Research Institute (EPRIreport. Specific journal papers have been

selected and discusseda compare the results with existing literature

1.5. Thethesis is a deeper dive

Compared to the published papers, this thesis provides more extensive
information on the usedHigh Voltage test equipmentand on thetest circuit and
specimencomparisons with other relevant research It also providesadditional

charts, pictures,and detailswhich can be of interest.
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Although the thesis is presented as a coherertingle story, the chapters are
written in a waythat, for the most part, they ould be read individually.However,
reading the full thesiswill provide a broader understanding of the topic at the

insulator level, andat the overhead line level.

1.6. The implications

The thesisprovides new and detailed justifications on why horizontally oriented
insulators perform better than when vertically oriented. Also, it provides
proposals for converting existing overhead lines to HVDC for power uprating
which is expected to be valuable due to thepcoming electrification of transport

and household heating
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Chapter 2 A review of polluted atdoor insulators

Chapter 2.A review of polluted outdoor

Insulators

2.1. An introduction to outdoor insulators

Outdoor insulators are widely usedon transmission networks because a
overhead lineis generally inexpensive compared t@n underground cableline.
High Voltage Direct Current (HVDC) overhead lineare usedto transfer bulk
power in Brazil, Russia, Canada and China. For example, themnstitute the
AAAEAT T A 1 Aistakce élebtdc@oweritrangmission. These lines allow
to transmit large amounts of power from the remote northwestern and western

regions of the country to the eastern and soutleastern centres of consumption
[1].

The critical part of an overhead line isattributed to outdoor insulators, which
insulate and mechanically support the high voltage conductors from the
electrical ground. The electrical ground is constituted by themetallic parts of the
tower. The main hazard to the proper functioning ofoutdoor insulators is the
deposition of pollution and water on their surfaces [2], which can drastically
affect the insulator electrical performance. With the exception of metallic and
inert pollution, dry pollution aloneis not conductive. However, the dissolution of
pollution salts in water causes the formation of an electrolyte whicheasily
conducts electricity on the surface of the insulator That is whenthe discharge

activity begins.
The pollution severity on an insulator surfaceis a function of:
a) the insulator type,
b) the type of voltageor electrical application,
c) the nominal voltage of the line,
d) the climate and

e) the environment.
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a)

b)

d)

The insulator type is defined by its geometry and materiak. Various
recommendations are given on the geometry characteristics of insulators,
to maximise their performance under specific conditionsThe materials
used for their production react differently with pollution. Of particular
interest is silicone rubber which can transfer its hydrophobic property to
the deposited pollution, preventing water from depositing on the

insulator surface and formng the conductive layer.

The type of voltage,or electrical application, depends on whether the
insulator is energised with High Voltage Direct Current (HVDC) of High
Voltage Alternating Current (HVAC)It has been observed2] that DC
insulation causesthe pollution to be electrostatically attracted to the
insulator becauseof its electrostatic field effect on the airborne particles
This field causesa constant potential distribution in time, which causes
the attraction. Whereas in theACcase the insulators are less covered in
pollution becausethe voltage periodicaly reversesin time, which does

not cause a continuous pulbf the pollution.

In the DC case, ashe nominal voltage of the line increases, the pollution

attraction and deposition increase.
The climate is defined byseveral physical quantities, such as:
d1) temperature,
d2) pressure,
d3) humidity,
d4) rain and its different forms,
d5) snow,
deé) ice,
d7) wind and

d8) sun radiation.

10
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All these can vary with time. These parameters influence the pollution
chemical composition and behaviour, as well as the dissolution
phenomenon and consequential discharge steps.

e) The environment is defined by specific humanproduction activity or
natural surroundings, which mainly determine the chemical composition

of the pollution.

Further, in Sections2.2.2 2.5, 2.6 and 2.15 of the thesis these aspects will be

analysed in detail.

2.1.1. Outdoor insulation requirements, and costs
One of the main requirements of the insulator is to be able to withstand not only
nominal voltage, but overvoltages too in wepolluted conditions. Other

requirements are mechanicalsupport of the conductors, slow ageing, etc.

To determine the insulator performance, a test method is carried out. When
several test methods are used in parallehknd compared the best study results
are achieved.As an example, a standard method for DC pollution testing on
composite insulators is not yefpublicly available, so there exist different methods

used by different laboratories, which can provide multiple insights.

The costs associated with optimallydesigning an insulator, are the costs of
production and testing the equipment, as well as thdabour cost The cost of an
insulation system can be minimisedbalancing the tradeoff with critical factors,

such as power outage cosf ageing cos, etc.

2.2.Insulator nomenclature,classification,

performance, and stress

2.2.1. Insulator nomenclature and functions

It is important to clarify the nomenclature used in this thesis, with regards to the
insulator parts and geometrical entities. Different types of insulators exist, as
shown in section 2.2.2 However, the contribution of this thesis focuses on

composite outdoor insulators, as shown inFig. 2.1. Therefore, the following

11
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description is based oncomposite insulators but it applies to the other insulator

typestoo.
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Fig.2.1. Outdoor nsulator with indication of its parts and geometrical entities.

With regards to the insulator parts, it is worth distinguishing its conductive
metallic parts, consisting of metal electrodes, and the insulating parts, by the
insulator housing and core. Theelectrodes are standardised by the insulator
fittings standard [3] and are different in shape depending on the application. For
a composite insulator, thejacket/outer housing material is usually made of

silicone rubber or a polymerbased material, and the core is made of fibre glass.

With regards to the geometry, an outdoor insulator does not have the shape of a
simple cylinder, but it repetitively goes outwards and inwards giving shape to the
so definedsheds and trunks. This is done to lengthen the path that connects the
two electrodes, allowing a better performance. When the sheds repeat along the
insulator axial length with a small and a large diameter, the profile is called

Alternating Long-Short (ALS) profile.

12
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Two critical distances are often reported in the literature, and they are the Arcing
Distance (AD) and the Creepage Distance (CD). The arcing distance is the shortest
distance between the two electrodes. The creepage distance is the length lod t
creepage path, which is the shortest path between the electrodes along the
insulator surface. The CD is usually 2.5 to 4.5 times the AD. This ratio is defined

as the Creepage Factor (CF), which is the ratio between CD and AD.

These definitions reflect hiose of the most recent technical brochure from CIGRE
with regards to HVDC insulator selection and dimensioning4]. However, it is

worth noting that other documents may refer to lengths, rather than distances

2.2.2. Insulator classification
Insulators can be classifiedy the following characteristics, which are alsoshown
in Fig.2.2:

Outdoor Il nsul ati on ¢

Syst e q
applic: String compos |
SUDSthUI“pI-......
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R

m

Fig.2.2.Insulator classificationby application, composition, profile, and material.

With regards to material,

a) Porcelain and glass are welestablished materials. They are used to build

reliable insulators. For HVDC application: composition, purity,

13
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homogeneity, and resistivity need to be taken care of to avoid

spontaneous failure[5] .

b) Polymers represent a competitive solution since the 70s, but the variety
of polymeric materials imposes great attention on the choice of i
composition. To obtain different polymers, the following procedures can

be used:
b1) gravity pouring,
b2) extrusion and
b3) high pressure/temperature injection.

And the following parameters can be varied:

b4) amount of filler and
b5) type of catalyst
The final product will be greatly affected by these variables.

2.2.3. Insulator performance

The insulator performance is determined by howlarge avoltage it is able to
withstand in wet-polluted conditions and overvoltage conditions without
flashover occurring across its terminal electrodesThe performance is dunction

of these globalparameters:
a) axial stress,
b) surface stress,
c) pollution deposit equilibrium.
These variables change depending on:
d) design (geometry) of insulator and towe,
e) material of insulator and tower,
f) energisation waveform,

g) climate and

14
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h) environment.
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Where, Wo is the voltage across the specimen, usually the phase voltads)
indicates the percentage of cases in which that voltage sistically causes
flashover when it is applied. In AC, it isthe RMS valueand in DC it is the direct
voltage value.If axial and surface stresses arkarge and the risk of failure is low,
the performance isgood. In fact, itmeansthat, for each unitlength, theinsulator

is able to withstand alarge voltage.

It is very important to understand that axial stress and surface stress are global
parameters that areonly partially able to tell the performance of the insulator

becausethey differ depending ondesign, material,and energisation type.

In fact, one particular design can have the same creepage length of another
design, buttheir surface stresgesmay be very different. Moreover, in some cases
some insulators perform better than others even if they are shorter in creepage

length.

2.2.4. Insulator electrical stress
The insulator electrical stresss another useful insulatorparameter, particularly
in the design processIlEC 815([6], and CIGRHEB 158 [2] define the insulator

electrical stress as a function of:
a) the specific creepage length and

b) the specific axial length
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When each one is divided by the line to line voltage or phase voltage, the specific

length is obtained i.e:

For IEC 815:
Ve . 00aa o5
60— (2.5)
where U is the line to line voltage.
For CIGRE 158:
o 00aa
YO U (2.6)
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where E is the phase voltageThis is also indicated as the Unified Specific
Creepage Distance (mm/kV) by CIGRE TB 514 .

Note that the actual voltage could be the line to line voltage if the insulator is

placed between two conductors.

For IEC 815:

o0aa

YO 0 ————
Y Qw

2.7)

where U is the line to line voltage

For CIGRE 158:
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where E is the phase voltage.

Again, note that the actual voltage could be the line to line voltage if the insulator
is placed between twophaseconductors in the case of an HVAC liney the pole

to pole voltagein the case of an HVDC line.

2.3.Shielding electrodes

In high voltage engineering, sharpedged geometries generally exhibit a large
electric field. To reduce the field intensity shielding electrodescan beusedin the

shape ofa sphereor atoroid [7].

2.3.1. Corona ring purposes under AC
One largely used shielding electrode shapker outdoor insulators is the toroid,
alsocommonly referred to ascorona ring. The purposesof corona ringuseon AC

outdoor insulators are found in [8] and are listed as follows

a) to eliminate coronafrom insulator fittings : corona shielding fundbn,

b) to grade the voltagepotential along the string in order to limit the radio

interference from insulators, and for composite insulators to reduce
ageing phenomenagrading function, and

c) to limit the effect of power arcs: protective function

2.3.2. Electric field requirements for composite insulators

An INMR articleprovides the electric field requirements usedin many practical
applications for composite insulators [9], based on a recent study10] which
collects the results ofEPRI (USA) and STR|Sweden) research groups The

requirements are presented inTABLE2.1.
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TABLE2.1. Electric fieldrequirements for composite insulators

Location Threshold
Grading ring and end fitting[9] < 1.8 (kV/mm)
Average along surfac¢9] < 0.42 (kV/mm)
More than 10 mm of C)10] < 0.42 (kV/mm)
Triple junction [9], [10] < 0.35 (kV/mm)

2.3.3. Corona ring need assessment under DC

As seen if9], [10], it is common practice todesign andinstall corona rings under
AC energisation. However, there is a difference between AC and DQvhich
depends onhow an outdoor insulator can be modelled. As it will be seen in
section 3.3.3 an outdoor insulator can be modelled asthe parallel of a
capacitanceand a resistance Theserepresent respectively the capacitance of the
air, the silicone rubber andthe fibre glass, and the resistance of the pollution
layer, which is the smallest and thus dominant for current conduction with
respect to the other materid resistances In DC,after the short transient for
charging the capacitance, the behaviour of the insulator is resistive and therefore
dominated by the pollution layer. In fact, when modellingan insulator with a
Finite Element Method (FEM)under DC, it § critical to consider an electric
currentmodelx EEAE AAAT O1 O @athéithen an éectsationdde,
which does not

Pigini et al. [8] investigate the voltage distribution and electric field along the
surface of a cylindrical insulatorto be used in DGvith CD=AD=9000 mm and a
diameter of 90 mm. Three scenarios are consideredlepending on leakage
current determined by the surface conductivity assummarised in TABLE2.2.

The pollution thickness isabout 1 mm.

When an insulator isnew and cleanedwith ultrasounds, it can conduct a current
of a few nA[8]. Thus,scenario Ain TABLEZ2.2 is doubtfully possibleand it is used
only to show that at 1 pA the behaviour is like in AGcenario Bis possible only
when the insulator is new and cleaned with ultrasound Therefore, it is not the

case of outdoor insulators. In fagtaweathered insulator which is then cleaned
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(for conservative purposes) conducts currents of 0.52 pA [8]. Thus, only
scenario C is plausiblen the outdoors, only after the insulator has been cleaned
by rain. Scenario C is the only onehere a corona ringwould not be needed, as

Fig.2.3 shows.

TABLEZ2.2. Scenarios considered i8] for DC corona ring need assessment.

_ o Corona ring
Scenario Conductivity (S/m) Current
useful under DC
1013 1 (pA) Yes
B 10-10 1 (nA) Yes
1017 0.02 (pA) No

Clearly, he same would apply for largerleakage currents. The paper [8]
conclusion is therefore, that there is no need for corona ringon HVYDC outdoor
insulators, other thanmaybesmall and specific ones teliminate corona from the
insulator fittings. The latter possibility is excluded in the cases studied in this

thesis inChapter &5

It is worth mentioning that some papers[11]z[15] investigate the use of corona
rings for DC insulators, disregarding the role the conductive layer has on the

electric field distribution of an outdoor insulator.

As a conclusion for DC corona rings use, the theS@ithor believes it is more
meaningful to determine, in an electric currents model, the current above which
a DC insulator does not need corona rings to satisfige requirements of TABLE
2.1. This modelderived current will then have to be compared with current
measurements of weathered insulators which have been cleaned, for
conservative purposes. However, the current measurement should be found

considerably greater than the modelderived current [8].
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Fig.2.3. Scenario 3, as defined iTABLE2.2. Electric field (kvV/m) as a function of
the creepage distance (mjn a 9000 (mm) cylindrical insulator with 90 (mm)

diameter [8].

2.4.Pollution flashover phenomenon

The pollution flashoverphenomenonconsists ofthe following six main stagesas
presentedin an Electra publication[16] and further explained in detail in this

thesis:

i) First, dry pollution depositon the surface of the insulator. If the insulator
is madeof silicone rubber, the hydrophobic propertyis transferred to the
pollution, as it becomes impregnated with low molecular weight silicone
migrating from the bulk silicone material. At this stage,the superficial

pollution layer is considerably norconductive.
i) Thewetting of pollution happens because of:

a) Humidity deposition, when the percentage of air humidity is sufficiently

high with respect to the ambient temperature,
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b) Humidity condensation, which is typical atsunrise whenthe insulator is

colder than the surrounding air,
c) Rain, drizzle, mist (and other forms of these), and
d) Snow and ice meltingwhich is particularly conductive.

At this stage,the pollution dissolves inthe water. The result is an

electrolyte which is conductive.

Note that the first two steps mayoccur simultaneously, whenthe
pollution in the form of a salt is already dissolved in water, e.qg.

polluted water.

Moreover, the pollution may be metallic, in tle case of an industrial
environment; this kind of pollution does not necessitate water
content to be conductive, but its degree of conductivity depends on
the type of constituent metals, and its superficial density and

distribution on the insulator.

iii) The presence of conductive paths allows a current to flow between the
two extremities of the insulator. Typically, one fitting is at the phaseor
pole potential, and the other fitting is at the ground potential. Other
ET OO1 A Opotentiak ditvatdds may exist such as phase to phase in
AC or pole to pole in D@n literature, this current is calledleakage current
because itcauses loss ofctive power. In fact,a portion of the current

leaks along thdine.

iv) As the leakage current flows, théemperature on the surface risedue to
Joule effect,and the liquid component of the superficial layerstarts to
evaporate. Some areadypically on the trunks,dry faster than others due
to a higher local current density thus, the current avoids thesenon-
conductive high-resistivity areas flowing around them. The superficial
current density increases at the borders othe dry areas, causing more
water to evaporate and the dry area to extend in the direction

perpendicular to the main leakage current flow direction, in an
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axisymmetric way. The evaporation continuesaround a portion of the

insulator until a dry bandis formed.

v) At this point,the current is not flowing because of the dry band resistance.
However, the voltage normally applied to the insulatoextremities is now
applied almost fully to the two borders of the dry band.If the voltage is
large enough,an arc ignites in air, bridging the dry band This occurs
because the air breakdown voltagef the air gap across the dry bands
lower than the dry band breakdown voltage. The phenomenon wefined

asdry band arcing

a) Under DG the arc does not extinguish and keeps expandinigecause the
voltage is unipolar and sustains the process. Thus, the dras the time to
keep expandingupwards becauseof its high temperature with respect to

the surrounding ambient

b) Under AGC the voltage periodically reverses. Therefore, the arc is
intermittent . In fact, it extinguishes each time the voltage across the dry
band crosses zeroand it reignites when the voltage overcomes the

breakdown voltage of the air gap across the dry band

The result is that in DG the dry band arcing expands upwards,
possibly reaching other surfaceseg. it can possibly shortcircuit a

larger part of the insulator.

In AC the dry band arcingremains closer to the surface because
the arc does not havesufficient time to expand upwards. It should
be possible to show experimentally that a very low voltage
frequency would causethe arc tonotably rise in the air, as opposed
to an arc closer to the insulator surfacewhen the voltage

frequencyis higher.

vi) More dry bands can be formed as well as other dry band aramtil the
insulator is spanned completely from one electrode to the otheiThe final

arc, which connects the two insulator extremities is calledlashover
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Porcelain and glass are hydrophilic materials, so a continuous water layer can
easily formon their surface whereassilicone rubberis hydrophobic, so the water
stays in the form of droplets. However, the pollution flashover phenomenon
follows the samemain stagesfor both material types.Chapter 3will focus on the
HVDC pollution flashover phenomenorf insulators with a hydrophobic housing

material.

2.5.Pollution flashover of hydrophilic and

hydrophobic surfaces

As a general definitiona hydrophobic material is a materal which tends to repel

water molecules,whereasa hydrophilic material does not.

2.5.1. Hydrophilic material modelling
In general, the mathematical modelling of the pollution flashover provides a
higher degree of knowledge and understandingl7]. In the DCcase,two main

approaches are used to do so:

a) The determination of the minimum voltage needed to sustain a dry band
arc of a given length, in series with the corresponding pollution surface
resistance. This voltage is called OE OE AA 118, 1| OACA 05

b) The consideration thatthe dry band arc will continue to elongate as long

as the arc voltage is lower than the pollution voltaggl9].
Many parameters are consideredor the mathematical modelling, such as
a) Surface resstance[20],
b) Insulator geometry[20] and [21],
c) Arc current concentration[22] and [23],
d) Arc electrode voltage drop22],
e) Temperature[23],and

f) Multiple parallel arcing [24].
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In this thesis,the main focus will beon the performance of insulators, rathethan
the mathematical modelling However, wet and dry surface resistances are
studied in section3.4.5, with the quantification of the pollution conductivity 24

hours after the housingmaterial has lost its hydrophobicity.

2.5.2. Hydrophobic material modelling

The performance of wetpolluted insulators is generally greater in the case of
hydrophobic material, with respect to hydrophilic [25], [26]. In fact, a
hydrophobic surface allows water to deposit in the form of dropletdecause of
the electrical repulsion between the surface particles and the water molecules.
Thus, a continuous water layer is not likely to form, and the conductive paths are

drastically reduced.
However, a variety of phenomena decrease hydrophobicif2]:
a) Heavy wetting
b) Blown sandsand blasting,
c) Coronadischarges,
d) Spark dischargesand
e) Solar radiation.

These adverse factors compromise the efficacy of the hydrophobicityn the

flashover performance

At the moment, there is no hydrophobic surface pollution flashover model, but

gualitative concepts are arising27].

A hydrophobic material has the property of transferring its hydrophobicity to the
layer of pollution that lays on its surface. This occurs thanks tlmw molecular
weight (LMW) silicone migrating from the bulk of the housing materialtto the

surface, by filling the pores in thecontamination layer.

2.5.3. Influence of inert material on hydrophobic material
Yuet al.[28] investigated the influence ofartificial non-soluble contamination on
the hydrophobicity transfer property of room temperature vulcanised silicone

rubber. The study considered Kaoh, Kieselguhr, andsilicone dioxide as non
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soluble materials.To quantify the hydrophobicity transfer property, the contact
angle of aliquid drop on the insulating surfacewas measured as specified in IEC
62073 [29]. The results in Fig. 24 show that Kaolin greatly affects the
hydrophobicity transfer speed (transfer time) and hydrophobicity property
(angle), as the transfer speed is very slow and the contact angle reactasout
65° after 7 days.This is due to the Kaolin layered structurewvhich hasfew and

small pores to allow LMW silicone to migrate to the pollution layer.

Instead, with Kieselguhr, good hydrophobicity is quickly recovered, after a
transient of only 12 hours at darge contact angle of about 125°, as shown kig.
25.
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Fig. 2.4. Kaolin relationship between contact angle {) and hydrophobicity
transfer time (h) [28].

Similarly to Kieselguhr, the paper[28] also investigates silicone dioxide at
various particle size, showing a similar behaviour té-ig.2.5, with slower transfer

speeds in the nanometre particle size range.
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Fig. 2.5. Kieselguhr relationship between contact angl¢®) and hydrophobicity

transfer time (h), at different particle size[28].

In addition, as theparticle size decreases, the pore size decreases §@@] . It can

be further observed thatthere is apositive relationship between pore size and
transfer speed because LMW siliconenigrates more easily through larger pores

[28].

2.5.4. Influence of U -shaped hydrophilicity on hydrophobic outdoor

insulators

It has been observed that the level of hydrophobicity on insulators operation
is lower towards the ground and high voltage electrodes or that the
hydrophilicity is U-shaped dong the arcing distance[30], [31]. This is due toa
higher electric field towards the electodes and therefore ahigher discharge

activity which compromises the hydrophobicity of the material.

Yu et al. [32] investigated the non-uniformity of hydrophobicity along the

insulator length. 6 different conditions were considered from fully hydrophobic
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to fully hydrophilic , by varying the amount ohydrophilic arcing lengthfrom each

electrode towards the middle of the insulator, agig.2.6 shows.

DI Fitting
m Hydrophilic
3 Hydrophobic

£22%
ELS
)
28
L]

5

e

Fig. 2.6 Six insulator conditions with growing hydrophilic fraction p(%) as a
percentage of the arcing distance(a) p=0%, (b) p=22.2%, (c) p=44.4%, (d)
p=66.7%, (e) p=88.9%, (f) p=100%[32].

The testspecifications are listed inTABLE2.3.

TABLEZ2.3. Non-uniform hydrophobicity test specificationsof [32].

_ _ Drying NSDD SDD
Location HC Inert material )
time (mg/cm?2) (mg/cm?2)
Ends 6-7 Kaolin
24 h 1 0.1
Middle 2-3 Kieselguhr

The resultsare shown inFig.2.7.
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Fig.2.7. Specific flashover voltage (kV/m) as a functiomf hydrophilic fraction p
(%) [32].

It is remarkable that the lowest performance is caused bya loss of
hydrophobicity on 66.7 % of the arcing distance rather than a loss of
hydrophobicity along theentirety of the insulator, which is the most investigated
condition in literature . Moreover, & introduced in the section,the U-shape of
hydrophilicity is expected and observed oncomposite insulatorsin operation

[30], [31]. This factmakes the results of this paper quite meaningful from the
point of view of standardisation. However, an insight onwhat the more probable

p (%) in the field is would validate the significance ofFig.2.7 results.

2.6. Climate and environment

When selecting and dimensioning the insulators formelectric power system, it
is critical to know what types of climate and environment the system subjected
to. As the electrical systemis possibly spread overa large region, considering
only one combination of climate and environmentmay lead to an unsuccessful

insulation coordination.
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2.6.1. Climate

The climate is a combination of different atmospheric variables:

a)

b)

d)

Temperature;

Pressure in the case of low pressure (at high altitude), the flashover

voltage is lower, as in[33] reviewed in section2.15.4;

Wind, whose speedin the DC casedetermines whether the electrostatic
force is dominanton the pollution particles or not, asit will be seen in
section 2.17.3

Sun radiation, which has an effect on thdifferent circumferential ageing

of the insulator;

Humidity , which increases the chances of the insulator surface to be wet

and thus conductive if salts are present

Precipitation such as rain and snowand the formation of ice, which, once

melted, is very high in conductivity and increases the flashover risk.

It would be appropriate to ideally consider a record of 30 years of atmospheric

variables because the insulation system should be chosen to lastir the whole

lines lifetime, which is approximately 50 years.

There are seven distinguished climates around the worldand it is useful to be

able to categorise the ones in which the line & will be built to assess any hazard

more widely:

a)
b)
c)

d)

Tropical,

Dry,

Warm temperate,
Cold:

d1)Cool temperate oceaniand
d2)Cold continental

Sub-Arctic or Tundra,

Arctic or Ice cap
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9)

High mountain and Plateau

This research projecttends tofocus onthe cool temperate oceaniclimate, typical

of the United Kingdom as a wholewhichis characterised by:

a) rain presence in every month

b) stable cool temperatures, with rare extremes

c) other atmospheric variables such as sun radiation, windhumidity, and

pressure need to be assessed specifically

Within the UK, there are differences in climate. The most importans probably

the fact that South Englandrain precipitation is less than average within theUK|

and Scotland has particularly long and cold winter,and short and cool summers

For this reason, the Scottish climatds defined assubpolar oceanicmeaning it is

halfway between Tundra and cool temperate oceanic.

With regards to the InnoDCProjectlocations, which this individual project is part

of, the climate typesare listed below. In particular, Porto and Beijing have been

the secondment locationgduring the course of this PhD.

a)

b)

Denmark: cool temperate

Belgium: temperate maritime climate (in betveen the warm temperate

and cool temperate oceanic)

Portugal (Porto): warm temperate oceanic. Note that proximity to the
ocean and altitude affects the climate definitionTests in Portg presented

in Chapter 4 were performed during the winter;
Spain (Barcelona): warm temperate Mediterranean

China (Beijing): Very hot and humidin the summer, and coldand dry in
the winter. Tests inChapter 3 were performed in Beijing during the
summer. It would not have been possible to repeat the experiments in the
winter and obtain the same results, because of the pollution drying
difference at different humidity levels and very different temperatures. In

the summer,the temperature is about 30 degrees andn the winter, it is
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below zero, so pollution testing would be very difficult to perform in the

winter as freezing of the pollution would belikely while drying.

2.6.2. Environment

Environment is a different concept fromclimate becauseit outlines the natural
and human characteristics of an area. The environment can influence the climate
and vice versa The scope of defining different environments iso categorise their
different typesof pollution, in terms of chemicalconstituents and amount of inert
component.A pollution is inert when it does not directly affect the performance
of an insulator[2] . Still, ast has been shown in sectior2.5.3, it can have an effect
on it, as it affects the hydrophobicity property The most common environments

for outdoor insulation are shown in TABLE2 4:

No studies were found on the agricultural sources of flashover, thus, there is a

need to investigate them to determine whether they are inert or active pollutants.

Bird streamers can induce flasbver because they create a favourable path for
current to flow between two conductors at different potential or a conductor and

the ground potential of the pole/tower [2].

TABLEZ2.4. Environmental classification of pollution and its components.

Type Active component Inert component

Marine NaCl mostly Small

-Dissolved acids

Industrial -Slow dissolving salts Large
-metals
-Sand based
Desert -NaCl in high amounts  Large
[34]

-Bird streamers

Agricultural -ploughing gases

-crop spraying
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A mix of the aforementioned environments ipossible,and it is expected tohave
specific percentages of each pollution type. The interaction of diverse chemical
components may lead to different dissolution tims and temperature changs,
with respect to the behaviour of each chemicabome chemical reactions require
thermal energy and others deliver thernal energy. Time and temperature are
important to determine the risk (likelihood) of flashover. Therefore, particular
focus is needed on the reactions which do not require large ergrabsorption to

OCcCur.

Again, t is critical to predict the evolution of the systemenvironments because
the insulation selection and dimensioningneeds to be appropriate for the

lifetime of the system.

2.7.ESDD, SDINSDDOdefinitions and DC service

values

2.7.1. Definitions and considerations

The pollution severity on the surface of the insulator is expressedvith the
Equivalent Salt Deposit Density (ESDDp measure it the solution is removed
from the insulator surface and its conductivity is measured, then thequivalent
salt density having he same conductivity is calculated. This equivalent salt
density, expressed in mg of NaQder eachcm? (mg/cm?2), is the ESDD of the

original pollution layer on the surface of the insulatof35].

It is very important to consider that, for Hydrophobicity Transfer Materials
(HTMs), like silicone rubber, the measurement of ESDD can be carried out, but it
does not lead to comparable results with other ESDD values. In fact, the pollution
lying on the HTM surfacds impregnated with low molecular weight silicone[2].
Therefore, when an insulator is wetted, only a portion of mllution dissolves in
water. Whereas when making the ESDD measurement, the pollution which would
not dissolve in the solution is taken into account. Therefore, for HTM insulators,

surface conducance measurement may be more applicable. In fact, ESDD
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measurements would givelarger values than what is the actual contribution of

the conductive layeron the insulator.

Salt Deposit Density (SDOy used when the pollution isdirectly NaCl, so there is
no need to calculatean equivalenceto NacCl It is defined [36] as the amount of
sodium chloride in an artificial deposit on a given surface of the insulator (metal
parts and assembling materials are not to be includeuh this surface) divided by

the area of this surfaceSimilarly, to the ESDD, SDI3 expressed in(mg/cm?).

A consideration needs to be made: the ESDD is a useful and practical tool, which
enables an easy comparison between the layer conductivities. However, a
comparison is relevant when the atmospheric variables make the conductive
layers behave ina similar way. The behaviour is characterised by therate of
evaporation, the solubility change with temperature, the ability to absorb water

or pollution particles at the same speedand with the same thermal energy
balance.This allows to understand that the atmosphec variables are not likely

to stay or change in time in a way which allows the different pollutants to behave
in the same way For this reason, it is important totake note ofall the variables
defining a specific caseand tounderstand what variables dfect the insulation

performance more significantly than others.

The Non Soluble Deposit Density (NSDiB)defined [36] as the amount of non
soluble residue emoved from a given surface of the insulator, divided by the area
of this surface, in (mg/cn®) [35].

2.7.2. Deposit density DC service values

TABLEZ2.5 provides DCservicevalues of ESDD, NSDD, and ESRDhe latter can

be calculated with (2.9), whenboth ESDD and NSDD are knowiithe calculation

is done totake into account the partially acive role of the inert component under

DC energisation as explained in section2.9. The values refer to composite
insulators. Ks is a statistical factor equal to 1.4, introduced for conservative
reasons4 EA Al 01 01 A6 O AAAOT OOA AO® darddidhE A O

for the pollution severity estimationdof section2.8.3.
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8
o oD YOTOBT (2.9)

TABLE2.5. ESDD, NSDD, ESERDC service value$4].
ESDD NSDD ESDRq

Country Station Reference
mg/cm2 mg/cm?2 mg/cm?2
China 800 kV 0.05 0.3 0.112 [37]
China 800 kV 0.08 0.48 0.218 [37]
China 800 kV 0.15 0.9 0533 [37]
USA Pacific Inertie  0.026 0.3 0.058 [38]
South Africa  Cahora Bassa 0.03 0.15 0.05 [38]
New Zealand Transpower 0.01 [39]
New Zealand Transpower 0.15 0.15 [39]
USA LADWP 0.04 0.2 0.075 [39]

It can be observed thatChinaNSDD values are generally higher tham other
areas,due to desert environment.ESDD values are not larger than 0.15 mg/cin
NSDD values are not larger than 0.8hg/cm?2, and ESDIg values are not larger

than 0.533 mg/cm2.

2.8.HVDC selection and dimensioning

The main goal of thissection is to review the dimensioning methodology for
outdoor insulators in polluted conditions under direct voltageand utilise it for
the HVDC line conversiomproposals. The methodology is well explained in CIGRE
TB 518 and BS EN 60818 [4], [40], which are authoritative sources
Nonetheless, some recommendations of future work are done on specific
dimensioning factors. At the end of the section, calculations of USCIbc are
provided for different severities, considering the same insulator profile used for

tests inChapter 3
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2.8.1. General aspects
The selection and dimensioningf an insulator have the main goal of maximising
the performance of the insulation system over a period of half a centufyom its

installation, and it isdependent onat least five parameters, as shown ifig.2.8.

Insulation
selection and
dimensioning

|

3.Power
4 Insulator
o o system O e W
- parameters choraciersiics

. Limited - Climate type - ac/dc . « choice
choice: . assessment
1. cost . anxronmen‘r » Max system U -

2. visual ype T :
impact Lightning

. Pollution 1
law) OITONTYPE | switching

overvoltage

Fig.2.8. Insulation selection and dimensioning: conceptual scheme.

‘Otdl Q4 Q@G VEQ Q& | QLRI Mo (2.10)

The parameters are described if41] are as follows:
P1 Constraintssuch as:

a) Limited insulator choice because of technical requirements,
b) Cost, caused by project budget limit,
c) Visual impact to be minimised in compliance with the law and for a
more nature-based landscape.
P2 Environment which is function of human and nature instancg and
climate, which is function of atmospheric variables The application
depends on the pollution and determines the radial dimension and the

orientation of the insulator.

P3 Power System parameters:
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a) AC/DC energisationsmaximum system voltage, lightning, switching,

temporary overvoltages,

resilience.
P4 Characteristics of existingnsulators developed by manufacturers.

P5 Field performance monitoring is critical. In fact, it represents a very
precious source of data because it can be used to assess the
appropriateness of the insulator choice in the short, medium, and long
term in a specific spatial and temporal set range of selection and

dimensioning parameters.

Secondly, it is critical to assess the parameters which affect the insulation
performance the most, such as ESDD and NSDD, but also design parameters such
as average diameter, creepage factor, as discussecimapter 2 It is critical to do

so because the meaningful combinations of these parameters are many.

2.8.2. Specific methodologies for HYDC
HVDC OUTDOOR INSULATION DIMENSIONING

The critical factor which detemines the dimensioning method of outdoor

insulation under HVDGstress is the pollution accumulation phenomenon.

With regards to profile selection only typical shapes and general
recommendations are provided in CIGRE TB 51d]. In fact, field testing is the
most reliable source of information to determine an optimised profile spcific to

environment and climate.

From testing experience[4], it has been found that there is an exponential

dependence between the Unified Specific Creepage Distance (mm/kV) (USCD),

defined as the Creepage Distance in mm divided by the maximum operating
voltageinE6 h AT A OEA DI 11 OP&préssedds OhialedBaltr | | CT A
Deposit Density (ESDD) or Notsoluble Deposit Density (NSDD). The proposed

relationship is:
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YY6 ‘06 J (2.11)

7TEAOA " AT A | AOA AgbAOEI AT OAl T U AAOAOI
insulator type. Tests are carried out on insulators with Axial Distance (AD) of at
least 1.5 (m). In fact, a shorter distance would not give transferrable results to
longer distances being the end fitting high field too dominant. The results are

sometimes scaled up for longer arcing distances.

s oA s o~ NN

The flowchart of Fig.29 OAEAT AOEAAT T U AAOAOEAAOG OEA PO

Dimensioning
equation:
Y'Y ‘061

I
| |

A)Onltywpoi nt s BManpoint s
Y€ QO € Own e e Q¢ 0 Qwa
QRO G N D QA Qe 0 QI NE awo Q¢ ¢
Fig.298 &1 1T xAEAOO &£ O OEA AAOAOIET AOQEIT 1T &£
i. -AOEAT AGEAAIT T UR " ATA | AT OI A AA AARAOA

tests only. InEAAOh APPI UET ¢ Ox1 AEAmbOAT O bI

result in two different maximum operating voltages and so two different

usce8 " 00 " AT A | x1 Ol A AA OEA OAlI Asg ¢
equations:

YY6 O 6r (2.12)

YY6 O or (2.13)

" AT A | AAT AA AA &dkélakon dystems, viidh habexbeen O A O

mathematically calculated as follows.
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— .. L (2.14)

1. . - O oOneeds verification,

I 1’6 (2.15)

w

Or
o) o)
0 Q L o (2.16)
2. O oneeds verification.
| (2.17)

ii. It may be more reliable to carry out many tests for the determination of B

ATA | T &£# A ObPAAEAEA EIT 001 AOiI 08 wAAE OAOC

coordinates “"YO'@Y'YO ® 4 EA 046 DI ET OO AAId A A

interpolated in order to obtain B and) 8

&I 11T xeET ¢ OEA AAOAOI ET AOETT T A&# " AT A | h OEA

with the same profile can be made for a specific voltage and field pollution

severity.

2.8.3. Simplified HVDC dimensioning

A simplified dimensioning is also available fron4], as presented irFig.2.10.

\
A.1l. Preliminary estimation
A. Site pollution A.2. Corrections
severity Y,
\
B.1. Severity on specific insulation
B.2. USCD
B. Insulation
/

Fig.2.10. Smplified dimensioning scheme for HVDC insulators.
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First, the preliminary estimation of the site pollution severity is made, andhen
corrections are applied. Secondly, the USCD is determined for a specific insulator

profile, as shown inFig.2.11 from [4].

/ Site DC severity / \|/

\L Preliminary estimation of the

Correct the severity for non- reguired USCDy, for the.
KCU R E—— uniformity of the pollution candidate type and material
layer i

J

Correct the severity for the
K —>1 effect of diameter on pollution
d accumulation i

\L Correct the USCDy for the

Number of insulators Ca effect of altitude
K Statistical data correction Number of pollution
events i
\L / Required/Design /

Required/Design DC USCDpe
severity

|

Correct the USCDy for the
Cd effect of diameter on flashover

Fig.2.11. Simplified dimensioning processDetermining the required USC}4].

A.l.Preliminary estimation of site pollution severity

To have a first estimation of the site pollution severity, the following methods are

presented.Their order reflects a descending confidence of accuracy.

i.  Field measurement of dc energised outdoor insulation on the same site of

future installation:
a) ESDD measurement,
b) NSDD measurement,
c) Non-uniformity of pollution accumulation:

cl) Top to bottom or bottom to top (CUR), and
c2)axial.
ii.  Site severity estimation from scientific literature, such as that reviewed in

TABLE2.5 and Fig.2.27, or world laboratory sources.
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iii.  Field measurement of ac energised outdoor insulation at the same site of

future installation

iv. Estimation based on environment classification and conversion from do
dc.

Points iii and iv require the application of the conversion factor Ik which is

applied as shown in the following equations.

0°YOO O J0°YOO (2.18)
6 "YOO 0 2 "YOO (2.19)

However, a cautious approach should be taken, when using this factor, as it may
not represent the entirety of insulator pollution accumulations along a line, as
seen inFig.2.27. Here, it is assumedhat some small areas along the line may be
considerably less windy than average, causingio be locally very large. The risk

of this hazard should be estimated carefully, by studying available wind maps and
historical data. TABLEZ2.6 shows the values that might be assumed forpkKwhere
t(maxp)-t(minyp) is the time difference between the largest and the smallest

pollution severities on the insulation system.

TABLE2.6. K, values as a function of wind speef#}].

Pollution . Wind speed t(maxp)- .
Environment . Kp typical Krrange
type (m/s) t(minp)
Short time
B / >6 (order of a 1.1 1-1.2
day)
Times of
Coastal or
AorB 3-6 the order 1.6 1.3-1.9
human
of a month
A Human 1.5-3 1-2 year(s) 2.5 2-3
Extended dry periods >2.5

40



Chapter 2 A review of polluted atdoor insulators

Notes:

1 Kp decreases from the given typical value if frequent natural cleaning

occurs.

1 Kp=1 when the pollution severity is measured on DC energised insulators.

A.2.Corrections for the pollution severity estimation

i.  Correction for type of salt
Lab tests are mostly pgormed with NaCl, but field pollution may contain
different solubility pollution type, e.g. CaS@ However, at the present time k=1
for all salt types Future work is recommended to have a more specific

representation of the effect of different types ofalt on USCbc

ii.  Correction for NSDD, applicable when NSDD>0.02
Asit will be later discussed in sectior2.9, NSDD refers t@n inert material which
IS, in fact, not inert in DC. A correction for the value of SDD to be used in the
laboratory test can be made, as NaCl is used in the lab with the idbat it can
substitute inert material effect on the flashover phenomenon. This assumption
should be investigated, as this procedure is based on NSDD=0.1 (mgRnThe

factor K is introduced and calculated with(2.20).

6'yoo (2.20)
5 YOO 1@ ip

7EAOA | OA1 OA O -HEW iBsulgters are AiVeAinTABLE2.7.

TABLE278 | OAIlI OAO MITOI matdrials. AT A
HTM Non-HTM

1 0.25 0.33
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B.1.Severity adjustment for specific insulation

I.  Non-uniformity ratio correction
A nonuniformity ratio correction factor Kcuris introduced to consider the
pollution non-uniform deposition of pollution in the field. The Contamination
Uniformity Ratio (CUR) is defined and calculated as the ESDD leveltba bottom
surface of the insulator divided by that of the top surface. Theddrdepends on

the umbrella material, as summarised iIMABLE2.8.

TABLEZ2.8. Contamination uniformity ratio constant Ksfor different

materials.
Non-HTM
HTM
Ceramic disc type HTM coated
Kcur + p ™11 C—  Notavailable 1

At present, the contamination uniformity ratio factor Kcuris not available for
HTM coated insulators, thus, future investigations would be beneficial to make

the methodology more comprehensive.

ii.  Diameter - pollution deposition
The average diameter of an isulator can be calculated as if42]. As the average
diameter increases, the collected pollution decreaseg2.21) is used for average

diameters larger than 250 mm.
(2.22)

0 8
quT
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Alternatively, a Japanese proposd#3] with a reference diameter of 115 mm can

be used, and it is shown as follows:

o 2 (2.22)

pPpuL

Where D is expressed in mmThe exponents can beequal to -0.55, based on
Japanesealata from a coastal site with rapid pollition accumulation[43], or it can

be equal t0-0.22, based on a proposal from the same papgt3].

If D<300 (mm), the effect may be smaller than that described by the

mathematical relationship.

If D>500 (mm), there may be a saturation of accumulated pollution on the surface

of the insulator.

However, it is clear that the pollution accumulation will also depend on the
insulator orientation. Thus, it could be worthcarrying out investigations on the

applicability of Ko to horizontal arrangements.

iii.  Statistical factor for the consideration of many insulators
To reduce the risk of flashover, Kis introduced. It depends on the number of
considered insulators, and it allows twver-dimension the insulator,in a way that
the worst performing insulators on the line will still be able to withstand the most

critical electrical, climatic, and environmental conditions.

TABLE2.9 gives values of the statistical factor K

TABLE?2.9. Statistical factor values for small and large number of

insulators.

0 pmm 0 pmm

Ks 1 1.4
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iv. SDDyc
The SDIA severity for laboratory testing can then be determined with(2.23).

YOO 0000 U ULOYOO (2.23)

B.2.USCD calculation
i. Basic
The basic USCD for DC energisation can be calculated wWt24) similar to the

one discussed in sectior2.8.2

Y'Y O 6 JYOO (2.24)
7EAOA | AT A " OAIl-8”0Onsuilo® aré given irhABBE2.10[ 1
TABLE2.108 " valués fogHTM and norHTM values.
HTM Non-HTM
B 65 110
1 0.25 0.33

i.  Diameter z flashover voltage correction
As previously reviewed in sections2.15.3and 2.15.4, the increase in creepage
length increases the performance up to a certain threshold aftewhich the
performance decreases again. When the average diameter is greater than 250
(mm), (2.25) is used.
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Ciu T[ (2.25)

g OAI OAO Al AHTN ihsulatdkd are giveh iINTABLE2.11.

TABLE2118 | OAIl OAO MITO matdrials. AT A
HTM Non-HTM

i 0.17 0.30

iii.  Air density factor
As altitude increases, air density decreases and flashover voltage decreases, as
described by(2.26).

5 Q8 — (2.26)

IECdefines H as the altitude above sea levdlowever, it is standard industry
practice to offsetthe sea level to 1000 m, so that the altitude effect is taken into

account from that height as it were 0 m

iv.  Final expression of USCD
USCD can be calculated with the following compag¢®.27) which has besn

derived in this thesis as follows, by combining the described equations above

+1 P l:rrl==|=|| &||'&FE£EF?=|ILH’IL|W-” Mot v (2.27)

7TEAOA | AT A " OmBLEAIQ. AOA CEOAT EI

45



Chapter 2 A review of polluted outdoor insulatar

TABLE2128 " AT A | OAlI OAOG &£ O Al i-b
HTM materials.
HTM Non-HTM
B 65 110
1 0.25 0.33

It is clear from (2.27) that a small{ (HTM insulators) reduces the expression in
the parentheses. Howevera small) also increaseKn. With regards to thefactor
B, asmall B(HTM insulators) reduces the USCD needed. An example in Section

5.2.1clarifies the difference in USCD results, based on the insulator material

USCDBcdimensioning examples

Making use of the profile later investigated inChapter 3 USCD calculations are

made for different DC pollution severities already presented iTABLE2.5.

=
e

IR

|

R1
LR2 q

| R7 7

v

R110

»
>

Fig.2.12. Profile used for USCEx calculation examples.
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TABLE2.13. USCD dimensioning examplesising severity data from4] .

_ ESDDc NSDDc USCDc
Country Station
mg/cm? mg/cm? (mm/kV)
China 800 kV 0.05 0.3 37.9
China 800 kV 0.08 0.48 44.8
China 800 kV 0.15 0.9 56.0
Pacific
USA _ 0.026 0.3 32.2
Inertie
South Africa Cahora Bassa 0.03 0.15 31.0
USA LADWP 0.04 0.2 34.3

2.8.4. Simplified HVDC dimensioning if pollution and wetting occur at the

same time

If pollution and wetting occur at the same time, a different simplified
dimensioning approach is available[4], as shown inFig. 2.13. First the Site
Equivalent Salinity (SES) is determined. Then, the salinity is corrected for the

diameter effect on flashover voltage with s and for the statistical factor k.

A. Site A. Determination

Equivalent
Salinity

B.1 Salinity on specific insulation
B.2 USCD
B. Insulation

Fig.2.13. Simplified dimensioning if pollution and wetting occur at the same time.
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A. Determination of Site Equivalent Salinity

The Site Equivalent Salinity SES (kg/M) is the salinity degree of the Salfog test
which causes a lhoratory test leakage current equal to the peak of the field

leakage current under wetpolluted conditions [4].

B.1. Salinity adjustment for specific insulation

Once the SES idetermined, the diameter effect on pollution accumulation and
the statistical correction are applied, with Kk and Ksdefined as seen above. The

equivalent salinity ESis obtainedwith (2.28) [4].

0Y U U YO'Y (2.28)

B.2.USCD calculation

The USCD can be finally calculated wi{f2.29)

YY6 0 p LO"Y (2.29)

This is then corrected for diameter influence on flashover voltage, and air
density, as previously explained in the simplified dimensioning of sectiof.1.

Severity adjustment for specific insulatio® h 2A80Pshgws:

=1 o orer BB RA (2.30)

7EAOA | OAIl OA O -HBEW idsuléters-are AiveAiInTABLE2.14.
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TABLE2.148 | OAlI OAO &1 O OEI bl EAEAA AEI]

occur at the same time.

HTM Non-HTM

1 0.25 0.33
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2.9. Types ofpollution

TABLE2.15 presents a pollution classification based on type, which can be active

or inert [44].

TABLEZ2.15. Active and inert pollution: components

and properties[44].

Conductive when dissolved:

1. Gas in solution: hard to detect because measurement provok

Active evaporation[44]. SQ, HS, NH. When the rain droplets fall from

pollution the clouds towards ground, gases like SGan be collected,
especially in industrial areas. The rain becomes acid, and whe
it deposits on the surface of the insulator, it causes a highe
surface conductivity with respect to a surface conductivity
given by non-contaminated rain.

2. lonic salts:NaCl, NaCQ, MgCl, CaS@(gypsum).

3. Fly ash, cement.

1. In AC, it has small and indirect influence on the withstanc
voltage. Itretains water, which allows more active pollutant to
be dissolved. The impact of the water depends on the quantit

Inert of active pollution and its solubility.

2. InDC:

Tonoko a. the withstand voltage is dependent on the inert pollution,

pollution

Kaolin under the same ESDBonditions.

Kieselguhr| b. the hydrophobicity of polymeric insulators is affected by the
inert pollution. Whereas, as anticipated, a portion of dry active
pollution becomes hydrophobic, when deposited on the

hydrophobic surface.
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This indicates that pollution is mostly inert under AG in terms of withstand
voltage, and it is non-inert under DC Furthermore, under DC, theinert pollution

affects the hydrophobicity of the HT material.

With regards to the nfluence of inert material type IEC 60507[36] recommends
40g of inert material per 1 litre of water for all inert material test methods, even
if insulator geometry can influence NSDD (mg of inert material/c#). Two
different inert materials behave differently with regards to NSDD and the
concentration of nonsoluble contaminants per litre. Wwo common inert
materials are Kaolin and Tonoko. First, they both have a no#inear behaviour,
more similarly, it is a quadratic relationship. As the concentration per litre
increases, the NSDD increases almost giratically. Moreover, Tonoko increase
is higher than Kaolind @ 8neans that the concentration of inert material per

surface unit increases faster than its concentration per liquid unit48].

As the amount of inert pollution deposition increases on the insulatorsurface,
the amount of water retained increases, so the amount of active pollution
dissolved is higher. As a consequence of inert material plasition, the withstand
voltage is likely to drop (not as much as for the active pollution). This mechanism
has been experimentally prova with measurements of the AC withstand

flashover voltage[49], as shown inFig.2.14.
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16
15.8
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Fig.2.14. AC Go/unit (kV) as a function of NSDD under two SDD conditions, for
the 250S type disc insulatof49].

Fig. 2.15 shows a review of results from[4] of the sources|2], [48], [50]z[52]
with respect to the influence of nonsoluble contamination on thewithstand

voltage.

The results of Fig. 2.15 are considered in O A A O K.3. Correbtions for the
pollution severity estimationdwith regards to the selection and dimensioning of
DC outdoor insulators.A correction factor Ky to account for the influence of the

non-soluble material on the insulator performance will be introduced.

In addition to the water retention by the nonsoluble material, a second factor
affects the performance of HTM insulators. Whepollution deposits on silicone
rubber, low molecular weight silicone emergs on the surface from the bulk.
These molecules of silicone combine with pollution[28]. As a result, the
hydrophobicity transfers to pollution and the insulator recovers its

hydrophobicity. This process takes time, which increases with pollution severity.
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Fig.2.15. Consolidated data illustrating the effect of the amount of nesoluble
materials in the pollution layer on the flashover voltage of the insulatof2], [48],
[50]z[52].

Thus, when tests are performed, part of the hydrophobicity is losff itests are
performed shortly after the non-soluble contaminaion. Details of the transfer
time can be observed inFig. 2.4 and Fig. 2.5, which have previously been

discussed

2.9.1. Salt solubility

In AC there is almost no dependence of salt solubility on pollution flashover
voltage under the same ESDD conditiof53]. Moreover, as the ESDD increases,
the withstand voltage decreases, agxpected Whereas inDC the withstand

voltage is very differentfor the sameESDD condition48], [54].

The dissolution process of salts neds to take into account the temperature
variation caused by increased current flow because temperature influences

conductivity [55].

53



Chapter 2 A review of polluted outdoor insulators

2.9.2. Type A and Type B pollution

A classification of pollution is made, based on its compositi¢s6]:

a) Type Apollution is both soluble and nonrsoluble, respectively measurable
with ESDD and NSDD.

b) Type Bpollution is already in the form of electrolyte. One example would

be sea spray.

2.10. Artificial contamination tests

Artificial contamination tests are carried out to determine the voltage which
causes flashover 50% of the times it is appliedften referred as Uso or 50% FOV.

The variables of the tests are:
a) salt/ non-soluble materialratio,

b) the SDDwhich is investigated from very low values of0.01 mg/cm? to

large values such as 0.6 mg/c@)

c) the NSDDwhich is generally constant at 0.1 mg/crior similar values[57],
with the exception of Chinese testsvhich mayusel mg/cm2, like at China
EPRIUHVDCpollution laboratory, or similar values due to the larger
NSDB found in Chinad €rvice,as shown inTABLE2.5 [4],

d) Specimen insulator (e.g. 250S, 320D@hich are disctype insulators, and
other types),

e) Testvoltage, whetherAC DC SI, Llyamps,or particular superimpositions.
The results fora 250S discinsulator [48] are shown inTABLEZ2.16:

Overall, many variables are considered, so the complexity of the problem is very
high. However, it is clear that the wetting of the pollution deposition is the main
cause of fault elated to outdoor insulation (overvoltages neglected). Therefore,
efforts to find performant solutions need to be addressed to avoid pollution and

water deposits on insulation surfaces.
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TABLE2.16. AC and DC pollution performance of 250S disc insulator.

AC DC
Lower
. Lower 13.5
Flashover voltage Higher 2.4% '
% Kaolin
Tonoko
_ Lower 8%
Max leakage current Higher Lower 6%
Tonoko

To avoid pollution under DG the following factors need consideration:

a) DCenergisation causes pollution attraction, especiallyo high electric

field surfaceregions,
b) Direction of the pollution brought by wind,

c) Lastly, rain direction, asits effect may benegative if light enoughnot
to clean the insulator and initiate the flashover phenomenon ot may

be positive if heavy enough toallow the cleaning of the insulator

2.10.1. Artificial contamination tests for hydrophobic materials

No standard test isyet available for hydrophobic insulators under contaminated
conditions. In the standard BS EN 62217[58], it is mentioned that the
applicability of standard pollution tests specified inlEC 60507 and61245 [36],
[59] has not yet been proen on composite insulatorsand still requiring study by
CIGRE(he results of such pollution tests performed on insulators madeof

polymeric materials do not correlate with experience obtained from servicé 8

This may be due to the noruniform distribution of hy drophobicity in service
insulators, as seen in sectior2.5.4, and the influence of norsoluble material on
the hydrophobicity transfer speed, as seen in sectio.5.3 Hydrophobicity class
at the moment of testand hydrophobicity uniformity should, therefore, be

addressed in the upcoming standard for composite insulator pollution testing.
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Nonetheless,reseach on the test has been dongin particular, to realise a
uniform pollution layer which is challenging due to the hydrophobicityNaito et
al .[57] propose an improved procesdo obtain a more uniform pollution layer,
as shown inTABLE2.17 and Fig.2.16.

TABLE2.17. Original and improved process of the pollution method for

composite insulators[57].

Testing phase Duration Description
A ) Pre-contamination original or
Al 5 min _
Pre-treatment improved*
/ pre- A2 30 min Drying
conditioning A3 5 min Washing with running tap water

5 min Dipping in the pollution slurry

60 min Jean fog test procedure

B
C Variable Drying (variable or 30 min)
D
E

5 min Washing

*Qriginal: spraying minute water droplets (may be nonuniform on trunk and
shed bottoms) and then uniformly sprinkling of Tonoko powder Improved:

spraying of Tonokoslurry .

To compromise the hydrophobicity, rather than spraying water droplets and
sprinkling Tonoko powder, a Tonoko slurry is sprayed on the surface of the
insulator. Then, drying and washing are done. Finallg pollution slurry is applied

and drying occurs until the desired level of hydrophobicity is recovered. At this

stage, a fog test can be performed.
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Original Process ] |Im proved Process

Process (1) Spraying of water

Water droplels
2 20 0 o0 add e

~dsie Spraying of Tonako slurry

Process (2) Sprinkling of Tonoko Powder

SiR

Process (5) Polluting i

Pojlution slurry Tonokn

Fig. 7 Schematic process of the new pollution method for hydrophobic composite insulators

Fig.2.16. Schematic original and improved process of the pollution method for

composite insulators[57].

The authors of [57] alsoinvestigated the performance of a composite insulator
with different hydrophobicity classes, depending on the drying time C ofFABLE
2.17.The results are shown inFig.2.17.
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Fig.2.17. (a)Contact angle relationship with time after pollution (h). (b) Pollution
withstand voltage (kV) relationship with time after pollution (h) [57].

As expecteda positive correlation between hydrophobicity class indicated by

the contact angle and withstand voltage exists.

2.11. Pollution accumulation mechanism

Some pollution is being deposited on the surface of the insulator, some is being
carried away or falls from the insulator. The nett of the two gives the pollution

amount that is being accumulated or reduced.

The physical forces which determine the resulting force exerted on a pollution

particle are considered in[60]i [63] and are:
a) Wind force,
b) Gravitational force, and
c) Electric force, which hastwo components
cl) The electrostatic component, only present ilbCenergisation, and

c2)Dielectrophoretic attraction of neutral particles, which is

negligible compared to the other forces.

Thus, the resulting force can be expressed wit{2.31):
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= Fo A1 f (2.31)

This equation is in facta system of threeequations, eachreferring to one of the x,

y, and z axeswhich fully describe the position of the particle in space.

As the wind velocity vw (m/s) varies, the dominant forces exerted on the

pollution particle vary, in a way described byTABLE2.18.

TABLEZ2.18. Dominant forces on pollution particleas a function of wind

velocity [61]

Then,the dominant forces are:
AC DC

vw < 2(m/s) Gravitational Electrostatic, gravitational

If the wind velocity is:

2 (m/s) <w<3(m/s) | Gravitational and wind All three forces

vw > 3(m/s) Wind Wind, appreciable

electrostatic

In amarine environment, the Salt Deposit Density SDD generally proportional

to wind velocity. It means that as the wind increases, the nett SDD remaining on
the insulator surface islarger [64]. The ESDD ifarger for insulators close to the
coast [65]. The precise amount depends on topography and climateA
consequence ighat the highest salt pollution deposit should be found on windy

coasts.

With respect to axisymmetry of the pollution deposition, he wind side of an
insulator, which is the one exposed to windis cleaner than the lee side, which is
the opposite side to where the wind leaves pollution on the insulator{66], [67].
In general, the noruniform pollution deposition or non-uniform wetting reduces

withstand voltage byabout 70% [68], [69].

59



Chapter 2 A review of polluted outdoor insulators

For windy and polluted regions, likea desert environment, flat aerodynamic
profiles of the shed are more preferable than fog profiles. In fact, even if
aerodynamic profiles are shorter in creepage length, they allow the wind to clean

their surface more easily thanwhen havingunder-shedribs [60].

2.11.1. Electric force

In AC the electric force is constantly alternating in time, as the electric field
reverses Therefore, there is not an electrostatic attraction d pollution, but there
exists a dielectrophoretic attraction for neutral particles. However, as
anticipated, the dielectrophoretic force is negligible with respect to wind and
gravitational forces.However, if a neutral particle has a dimension which is tge

enough, dielectrophoretic attraction towards the insulator happens as well.

In DG there exists an electrostatic force because the electric field is unidirectional
[70], [71]. E is also almost constant in time, depending on hasmall the ripple of
the DC voltage is. Thughargedpollution particles are attracted to high electric

field regions, as described by the followingectorial (2.32).

1 Af (2.32)

Where the electric field vectorE is large in magnitude, the charged pollution is
attracted with greater force. The electric field E is not easy to calculate
analytically in the case of an outdoor insulator because it depends on the
insulator shape. The shpe is very different from simple geometries like
cylinders, but somebehaviours usuallyrecur, regardless of the specific insulator
profile, eg., wually, the high electric field region, which corresponds to the high
electric force region, is situatedaround the insulator electrodes andn proximity

of sharp cornersand needles.

2.11.2. Pollution charge consideration for DC

Pollution particles can be electrically charged before approaching the insulator,
for example,they can be charged in the aidue to thefriction caused by wind.
Pollution particles can also be neutral in charge. These particles canaarised

when they approach the electrically charged insulator. In fact, the electrondo
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not leave their nucleus, but still an atom polarisation takeplace, because the
electrons spend more time on one side of the atofT2]. The negative claud of
electronsis distorted because of the interaction with the electrostatic field of the

insulator.

It has been observed that DC polarityas very little influence on the amount of
deposition [4], [73], [74] . However, as a fundamental requirementit would be
desirable to avoid pollution deposit in the first place, by means of an effective

design.

2.11.3. Full Lorentz force expression

It may alsobe useful to consider thefull Lorentz force expressionwith (2.33):

17 Af ne | (2.33)

which includes thecontribution of the vectorial product of the particle velocity v
and theinduction field B. There are two components of the induction field that
need consideration One is related to the current flowingthrough the line
conductor, below the insulator (n the case osuspension insulatoss) or above the
insulator (in the case ofsubstation post insulators), and the othercomponentis
related to the leakage current, which issubstantially smaller than the line
current. TheB related component of the force seems negligible with respect to
the electric field force and it is not reported by CIGRE TB58 [2].

2.12.Wetting mechanism

The mechanisms ofnsulator wetting are the following:
a) Condensation[75], [76],
b) Precipitation [77],
c) Hygroscopic behaviour[55], [75], [78], and

d) Molecular diffusion.
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a) Condensation usuallyoccursduring the early hours of the morning, when
the insulator is still cold, and the air starts getting hotter because of solar
irradiation. Condensation can only happen when the insulator
temperature is lower than the air temperature. The larger the
temperature difference is, the larger will be the wetting rate due to

condensation.

More specifically, condensation happens whethe insulator temperature
falls below the dewpoint temperature, which depends on pressure. The
higher the density, the lower the dewpoint temperature because of the
proximity of particles. Condensation is heavier on the top of the insulator
in the early morning becauseduring the night, this part radiates more
heat towards the atmosphere than the rest of the insulatolCondensation

usually occursin the morning following a clear still night[79], [80].
b) Precipitation is later discussedn detail.
c) The hygroscopic behaviour is definedby:

c1) how the surface reacts with water (liquid and gas more generally).
If the water is absorbed in the insulating material or adsorbed (just

adheres to the surface) and

c2)the chemical composition variation of the liquid/gas and the

surface patrticles after the reaction takes place

d) molecular diffusion is the diffusion in space of gas and liquid particles due

to their stochastic thermal movement.

In the caseof no rain: if the insulator temperature is higher than air, then the
wetting is due to hygroscopic and molecular diffusion, whereas if the air is hotter
than the surfacelike in the early morning, then the wetting is due to hygroscopic

and molecular diffusion and condensation[2].

Moreover, as the tempeature difference between the insulator surface and the

air increases the wetting becomes scarcer because of evaporation.
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TABLEZ2.19 summarises thediscussed wetting mechanisms:

TABLE?2.19. Wetting mechanisns with variation of insulator-ambient

temperature difference[2].

Temperature

_ _ Wetting mechanism Wetting amount
relationship
1. hygroscopic diffusion
- If Ta-Til O, then high
Ti<Ta 2. molecular diffusion _
wetting

3. condensation

1. hygroscopic diffusion
_ o If Ti-Tal O, then low
Ti>Ta 2. molecular diffusion

wetting
3. condensation not possible

Where Ti is the insulator temperature and & is the ambient temperature.
With regards to precipitation, it is worth referencing the two main precipitation
types|[77]:

a) cumulus are very tall and usually standalone cloudsharacterised by

short and intense rain precipitations.

b) stratus instead are thin clouds that uniformly cover the sky. The rain of

stratus is usually longin duration, and the rate issmall.

Depending on the precipitation state, densityshape,and dimension, it is possible
to elaborate a classification. It is worth noting that when rain droplets are fine
with a diameter smaller than 0.5 mm, the typeof precipitation is defined as

drizzle. In the UK, this kind of precipitation ifrequent [81].
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2.12.1. Rain resistivity
It is important to note that rain resistivity can greatly affect the withstand voltage
of an insulator when the rain resistivity is smaller than 14 (E m A i[82]. The

smaller the rain resistivity, the larger the withstand voltagedrop of the insulator.

In Japanfor example, the resistivity is frequently between 5 and 30(E m A | so
having a resistivity smaller than 14 j E mAi$ € frequent event.If the rain
resistivity is assmall as 2 to 4 E m Athe\Cwithstand voltage canbe reduced
by half[82].

This thesis studies the effect of rain resistivity undesl, and Sl superimposed on
DC inChapter 4

2.12.2. Tropical precipitation

The tropical precipitation type is intense,short-lived, and usually supplied by
cumulus clouds. Based on China Electric Power Research Institutefield
experience learnt while working on the contents ofChapter 3 this can lead to a

fast insulator flashover, but it ispositive as it naturally cleans the insulator.

2.12.3. Mid -latitude precipitation

In this casethe rain isgentle,and it spreads over a broad area.

2.12.4. Low precipitation regions

There are low precipitation regions because of the lack of mechanism to saturate
the air and thus create the cloud. However, over the oceans and the majority of
desert environment, moisture is present, and it deposits on insulators.
Sometimes,high precipitation areas become low precipitation areas for several
years. In recent years,this is the casefor the Brazilian linesin the Amazonarea,

as reported byEdson Gedes da Costa at the International Symposium on High

Voltage Engineering (ISH) 2019 in Hungary, BudapeR3].

2.12.5. Fog

Fog will occur when atmosphere cooling happens and sttemperature is low
enough to bring to condensation theair humidity [77]. The amount of coohg
necessaryfor fog to occurdepends on theair humidity percentage,air pressure,

and air temperature.
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Natural fog density is in the range 0.01 g/l og< 1g/m3[2].However, 90% of
fog density) 90% fog cOrresponds to0.5 g of water per m3 (g/m 3), which means that
simulating a higher fog density for insulatorfog test methods does not represent

the majority of fog cases.

2.12.6. Moisture absorption

When an aqueous solution is present on the surface of the insulator,
unfortunately, moisture absorption always happens It occurs because the
vapour pressureof the atmosphere is higher than the aqueous solution vapour

pressure.

It is worth noting that a drastic withstand voltage drop occurs when the relative
humidity of the ambient is higher than 75%[84]. This means that very humid

areas heavily compromise the performance of outdoor insulation.

2.12.7. Ice and snow

Ice and snow affect the mechanical requirements of the system. In fact, their
presence along the conductors can be significant in terms of condoc distance

to ground and distance between conductors. They also greatly influence the

electrical strength of outdoor insulation.

Ice is classified by density, appearancehape,and conductivity. One verycritical
factor to consideris the conductivity of melting ice water, which is generally ten

times the conductivity of freezing water, ag2.34) summarises.

. epT (2.34)

As a consequencemelting ice substantially increases the likelihood of flashover,

being the surface resistance significantly decreased.

When the insulator is relatively warm and the ambient temperature is below
zero, ice melts and the resulting water droples may freeze again before falling
from the insulator shed In this caseicicles areformed, and theycan bridge string
insulators (multiple units, such as cap and pin insulatojsor insulator sheds

(single unit, such as composite insulatols In this case, flashover risk can be
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minimised by installing sufficiently inclined insulators or strings. In the case of
inclined parallel insulators, icicles can bridge two strings if one string is

positioned below the other.

Ice flashover mechanism is ne better understood and, in general, this is how it
works: flashover occurs when ice meltsAs anticipated, he water dripping from
ice has a very high conductivity, especially close to the sea, so high voltage is
applied elsewhere in the dry zones. The arcing process begins, and it can lead to
flashover if the voltage applied to the dry bands idarge enough to provoke the
breakdown of air in the vicinity of each dry bandInsulator flashover under icing

conditions is explained in greaer detail by Farzaneh in[85].

One of the conclusion$2] is that vertical mounting shall be avoided in locations

prone to night icing and day melting.

2.13. Insulator cleaningbased on orientation,

diameter, and material

Different insulator profiles catch pollution in different ways and amounts. Their
shape suitability to natural cleaning varies[67]. For example, the aerodynamic
profile has a short creepage lengtlper unit axial length (i.e. a relatively small
creepage factor) but it is highly cleanable by wind as opposed taconvoluted

shed designs.Other than shape,the factars playing a role in the amount of

depositedpollution are orientation, average diameter and material

2.13.1. Orientation

Orientation is critical in the case of:
a) well-defined polluting sources
b) rapid pollution accumulation, and

C) scarce natural cleaning

Available literature shows that the inclined insulators (tension insulators)

accumulate less pollution than the vertical insulators (suspension insulators)
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and horizontal strings catch even less pollutiorj86]. Moreover, the rain generally

cleans the insulator more efficiently, wherinclined [4].

This thesis provides insights on thelaboratory performance of composite
insulators with respect to orientation. Chapter 3investigates the vertical and
horizontal HYDCperformance of composite insulators of various lengths under
the samepollution severity, showing abetter performancein the horizontal case
Chapter 4investigates the vertical and horizontal orientations, under dry and
rain conditions, under Sl and Sl superimposed on DThe results show a letter
performance of the horizontal insulator in both dry and rain conditions
respectively for reasons related to the electrode configuration and the rain

droplets direction.

2.13.2. Average diameter

There is a relationship between ESDD antihe averagediameter of insulators.
Insulators with a large diameter catch less pollution per crd@ compared with
small diameter ones[74], [87], even though his is not what one would epect.

The results are shown inFig.2.18.
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Fig. 2.18. ESDD ratio as dunction of insulator average diameter.For a), the
reference ESDD corresponds to D=115mnunder deenergised condition[87];

for b), the referenceis D=200mm, under DC energisation74].
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However, anincrease in average diameter can lead to lower flashover voltage
In fact, Fig. 2.19 showsthat under AC,a larger USCD is needed as the diameter
increases.It also showsthat polymeric insulators require lessspecific creepage
distance with respectto porcelain ones, due to their superior performance given

by the hydrophobicity property.
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Fig.2.19. USCD as a function of the average diametender AC[88].

The influences of the average diameter onpollution accumulation and on
flashover voltage are taken into account in sectio.8.3 respectively with the

factors Ko and G.

2.13.3. Material

In the majority of casessilicone rubber insulators get dirtier than those made of
porcelain [66], [89]. However, silicone rubber transfers the hydrophobicity
property to the deposited pollution, which then becomes hydrophobic,and
prevents water deposition and hence initiation of a pollution flashover event.
Therefore, depending on the hydrophobicity class on the insulatopart of the

deposited pollution does notdirectly account for the flashovemperformance.
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2.13.4. Equilibrium of pollution accumulation

When the insulator is first put in service, it is cleanWith service time, pollution
accumulates on thensulator, but wind and precipitation clean it outdoors. This
process continuesncreasingthe pollution severity up to an equilibrium average.
Usually, the equilibrium of pollution deposit is reached ina few years with an
exponential convergence. Onemeasured example for the equilibrium

convergence ofceramic insulator pollution deposit is 23 years[60].

2.14. Insulator ageing

Many factorsare associated withthe ageing of insulators. Thestctors are heavy
wetting, blown sand, corona, spark dischargessolar radiation and biological
growth.

The ageingeffects arenot uniform on the insulator. On composite insulators, he
non-uniformity was found both axially and circumferentially by Rowland et al.
[90]. In fact, with regards to the axial noruniformity, t he water droplet contact
angleswere found high at the insuldor ends and lowtowards the middle part of
the insulator. The use of corona ringgnay explain the reasonfor this distribution ,
because theylocally reduce the electrical stressand decelerate the ageing
processdue to corona With regards to the circumferential nonuniformity, the
north side contact angles were found higher tharon the south side which is
especially true on the shed top surfacesThe reduced hydrophobicity on the
south side highlights the importance of solaradiation on the ageing process.

These results are shown irFig.2.20 and Fig.2.21.
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Fig. 2.20. Average contact angle along the core of each insulator in each of the

compassdirections [90].
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Fig. 2.21. Average contact angle on the top surface of the sheds in eachtloé

compass directions[90].

2.14.1. Biological growth

With regards to biological growtheffects on composite insulatorsGubanskiet al.

[91] found that wet flashover levds reduce by approximately 30% However,

they concluded that the impact of biological growth on the electrical performance

is rather low.

In a more recent work from Shang[92], it was observed that the hydrophdicity

is lost where biological growth covesthe composite insulator surfaceand it was

70



Chapter 2 A review of polluted outdoor insulators

verified that biological growth causes an increase in leakage current, with respect

to the hydrophobic condition.

2.15. AC and D®erformance-basedinsulator design

2.15.1. Insulat or design for AC energisation

For AC energisation, evidencéased conclusionsare reviewedas follows.

For a standard profile, only a large increase in creepage length can increase
contamination performance [60], [93]. However, it is clear that there exiss a

threshold creepage factor above which the performance starts decreasing again.

For the antifog profile, attention should bepaid to under ribs bridging arcing[93].
Therefore, the proper dimensioning of the ribsis critical. In general, alternating

rib lengths increase the withstand voltage performance.

2.15.2. Insulator design for DCenergisation

Two research projects[94], [95] demonstrated that increasing thecreepage
factor does not necessarily increase the performance of an insulatoainder the
Solid-Layertestmethod for porcelain post insulators. In fact, as seen iICIGRE TB
518 [4], there are some recommended limits in the creepage factor, depending
on the application type.In the case of porcelain insulatorsCF should not exceed
4 to 4.4.In the case of compsite line insulators which are investigated in this

thesis, the creepage factor should not exceed 4.8ccording to[4].

The laboratory performance of line composite insulatorswith focus on theprofile
design parametershas been studied by Matsuoka et gB8] under light pollution,
and byZhanget al.[33] under heavypollution. Alternating large-small (ALS)shed
profile will be reviewed as opposed tqrofiles with constant shed diameter, due
to the known better performance of alternating profiles with respect to non-

alternating ones[88] .

2.15.3. DC design study under light pollution
Matsuoka et al. [88] have investigated the role of the creepage factoon the

flashover voltage per metreof ADunder the conditions shown inTABLEZ2.20.
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TABLEZ2.20. Test specifications oMatsuokaet al.[88].
NSDD (mg/cn¥) SDD (mg/cn?) HC (1:7)

0.1 0.03 7

The NSDD is not explicitly specified ii88] . However, the papereferences Naito,

Matsuoka,et al.[57] which specifiestheir practice with NSCD=0.1 mg/cn?.

The results have been posprocessedin this thesis and shownin Fig.2.23. P1
and P2 indicatethe distances in mm between the trunk and the large shed
extremity (large shed overhang) and between the trunk and the small shed
extremity (small shed overhang) respectively. The graphical description of P1,
P2, and S is provided irfrig.2.22.

P2
P1

A
\

Fig.2.22. Graphical description of P1, P2, and S, as usedrig.2.23 and Fig.2.25.
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Fig. 2.23. Specific flahover voltage (kV/m) as a function of insulatorcreepage
factor. The labels above the icons shothe spacing between two large sheds,

as shown inFig.2.22. Postprocessed from[88] .

It can be observed that he best performing designhas aspacing S betweertwo
large shed tips of 60 mm, with a CF=.6, which is larger than the 4.3

recommendation limit from [4].

2.15.4. DC design study under heavy pollution
Zhanget al.[33] have investigated the role of the profileat an altitude of 1970 m
above sea level, ah pressureof 80% the one found at sea levelStill, the result

trends should be gplicable tolower altitudes.

The testspecifications of[33] are reported in TABLE2.21.

TABLEZ2.21. Test specifications oZhanget al.[33].
NSDD (mg/cn®) SDD (mg/cn®) HC (17)

0.6 0.1 7
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CIGRE TB18 [4] reviews [33] with the Uz CF chart reportedin Fig.2.24.

0

CF

Fig. 2.24. Specific flashover voltage (kV/m)as a function of the creepage factor

[4].

However, Fig.2.24 does not differentiate between the four different shed profiles
investigated by [33]. Moreover, the trend line may induce to think that an

increase in CF leads to a performance increasehich is not the caseln this PhD
work, the pape data [33] hasbeenpost-processedin the samemanner asused
in Fig. 2.23 for ease of comparison purposesThe postprocessing results are

shown in Fig. 2.25. The graphical description of P1, P2, and S is provided iRig.
2.22.
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Fig.2.25. Specific flashover voltage (kV/m) as a function of CFhe labels above
the icons show the spacingbetween twolarge sheds as shown irFig.2.22. Post

processed fom [33].

The following observations can be madesgarding thereviewed heavy pollution

study.

a) The first observation is thatwhen the spacing between two large sheds
(or two small sheds), defined in the paper a$s (mm) repeat unit distance,
is 100 mm, the performance of each design is maximum.

b) The specific flashover voltage peaks in the same way for each of the five
investigated profiles, with respect to the spacing SThis observation
suggeststhat a different P1/P2 ratio, not included in thereviewed study
[33], would exhibit a similar trend with respect to Sat the same pollution
level.

c) Secondly, by comparing thefive designs at S=100 mm P1/P2=90/66
performs best, and its CF is 3.68.

d) It is worth noting that, at S=100 mm, thespecific flashover voltageof the
P1/P2=131/66 design is lower than the adjacentdesigns P1/P2=90/66
and P1/P2=131/90 . Sane observations can be made whe8=90 mm and

S=110 mm. Thus, it could be worth questioning the results of the
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P1/P2=131/66 design as theydo not reflect the reasonably expectable
trend which would causeits performance to be highetthan what is shown.
Equally, it could be worth questioning the results of the P1/P2£31/90
designwhich could be lower than shown if P1/P2=131/66 are correct.

e) To check the resultsof the questioned designs, it is critical to accurately
keep the same hydrophobicity classfor eachtested insulator, which is
specified in[33] to be HC7.

2.15.5. Remarks on DC design with respect to pollution severity

Having analysed thedesignsunder light and heavy pollution, a comparison can
now be made between the twaseverities. In [88], the authorsinvestigated only
one P1/P2=70/50 ratio. Themost similar ratio from [33] is P1/P2=74/54. Thus,

these two will be compared.

Under light pollution, the best performingdesign has a large to large shed spacing
of S=60 mmat CF=4.6 Whereas, under heavy pollution, théest performance is
exhibited by S=100 mmat CF=3.16. From this observation, it can be concluded
that as the pollution severity increasesthe large to largeshed spacingS should

increase

It is alsoworth noting that the bestperforming CF under light pollution is 4.6 al,
under heavy pollution,is 3.7. Thus, as the pollution severity increases, the best
CF decreasesHowever, as previously observeda verification of the results of
P1/P2=131/66 and P1/P2=131/90 with respect to hydrophobicity class could

be made.

2.16. Linearity of withstand voltage with arcing

distance

2.16.1. Under AC

The relationship ofinsulator withstand voltage performancewith string length
is non-linear. In fact, linearity exists up to the EHV range, i.e. 22880 kV [93],
[96], [97]. A coefficient is used to define the nohinearity of UHV,with voltage

levels above500 kV. The coefficient is defined as thestrin g coefficient lambda. Its
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value varies depending on the severity of pollution ESDD to which the insulator

is exposed.

2.16.2. Under DC

In non-HTM insulators, nonlinearity has sometimes been found foDC when
SDD<0.05mg/cm?2. Evidence of this can be found in the study conducted on cap
and pin insulators[98] and station post insulators[95]. Also for HTM insulators,
non-linearity has been observed at SDD=0.03 mg/chand linearity has been

observed at heavy pollution levels of 0.5 mg/c[88].

600
Shed shape : Type G

(4]
o
o

b=

400 F SDD:0.03m /sz

300 +

|

200 >
SDD:0.5mg/cm

Withstand voltage, kV

o
o
T

00 05 10 15 20 25 30
Effective length, m

Fig. 4 Linearity between WSV and effective length

Fig. 2.26. Composite insulator Inearity of withstand voltage (kV) and effective
length (AD) (m), at NSDD=0.1 mg/crA88].

Thus, when extrapolating laboratory results to UHV levels, a correction factor of
1.1 for dimensioning may be considered if the pollution severity of the

application site has lowpollution levels.
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2.17.DC to AC severity ratiosn service and inwind

tunnel experiments

2.17.1. DC to AC deposit density ratio Kp in service

There exists an approach foestimating the pollution contamination level of DC
energised insulators with respect tothose erergised with AC The approach is
based on thesite severity correction factor K [35], [64], [99] [105]. Kpis the ratio
of pollution deposit density (active or inert) under DC over that under ACThus,
by multiplying the known AC severity by k, it is possibleto estimate the DC

energised insulator contamination

Values of k, as given by Wiet al.[106], are shown inTABLE2.22.

TABLE2.22. Kp values for different environment types [106].

Kp Environment type

Natural environment, e.g. sea and

1-1.2
desert
Natural environment and a few km
1.3-1-9 _ _ _
distant industrial source
- Within a few km distantindustrial

source

Average \aluesof Kp and its distributions are availablein Fig.2.27 from a more
recentreview done in[4] of the papers[71], [99], [107] z[111].Theoriginal figure
has been editedn this thesis, by including the vertical and horizontalgridlines,

which enablea more accuratereading of the results.
Three observations are made with regards té&ig.2.27:

a) Kpdecreases as the ESDD increases,
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b) The largest k distributions can be seen for low values of ESDD, namely
below 0.02 mg/cm?, and

c) Four significant large DC severities are calculated consemiely in
TABLEZ2.23, which shows the maximum ESDf2to be 0.32 mg/cn?.
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ESDD measured on AC energized or non-energized Insulators
(mg/cm?)

Fig. 2.27. Relationship between ESDD measured onAC energised or non
energised insulatorsand Ky [71], [99], [107]Z[111].

TABLE2.23. Conservative alculation of significant

large DC severities fromFig.2.27.

ESDIAC or nonenergised Largest K ESDDB=ESDRcKp

Location
(mg/cm?) (conservative) (mg/cm?)
Sweden 0.08 4 0.32
Noto (Japan) 0.15 1.5 0.225
Pacific Inertie 1 0.015
(western USA) ' 10 015
Pacific Inertie 2
0.01 10.5 0.105

(western USA)
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In Chapter 5two deposit density assumptions are made for the conversion afK
existing lines to HVDC. The first iESDB=NSDD»c0.6 mg/cm? and the second
is ESDD=NSDD=0.2 mg/cm?. As far as seen irfFig.2.27 and TABLE2.23, the
first assumption is considerably conservative and therefore, safe toconsider in
absence of ESDA2 and NSDIAc data, and the second assumption istill mostly
conservativebut it is exceeded bythe Sweden and Noto (Japan) casess shown
in Fig.2.27.

Threewind tunnel studies, [112],[113], and[114],0on the pollution accumulation
behaviour at different wind speeds ancenergisations arefound andreviewed as

follows.

2.17.2. Wind tunnel n on-energised salt fog study
Matsumoto et al. [112] investigated the SDD for various cylindrical insulator
diameters. A wind tunnel with a relaxation chamber at the end has been ustal

contaminate the insulators with salt fog.

Straightener Blowers

:

(Wi nd_spelDurationPollutiolFine mig|

Up 14/s 15mi n Salt fog1l80m Cylindrical mode

Filter

Fig.2.28. Non-energised saltfog study at various insulator diameters with wind
tunnel [112].

The study[112] confirms the findings of [87] discussed in section2.13.2 The

deposit density increases as the insulator diameter decreases.
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2.17.3. Wind tunnel i nfluence of pollution size under AC and DC
This study [113] intended to obtain the contamination ratios between DC
energisation and AC ensgisation, previously defined as K. This has been done

at various contaminantdimensions, as indicated irfFig.2.29.

| nsul at or

high speed

section
0.5-7m/s Up L& Sand 232 m
Di atomi t 50m
NacCl 10D0m

Fig.2.29. Pollution size study under AC and DC with wind tunn§l13].

Two insulator profiles have been tested. A three skirt profile and a bell pfile
with a CD of545 and 340 mm, respectively, per insulator. 7 insulators have been

used to form a stringand have been energised at 90 kV.

The results shown inFig. 2.30 clearly indicate that at large wind speeds, the
contaminations under AC and DC are relatively similar, as the wind force
dominates the other forces, as seen in sectidhll. At low wind speeds, however,
the contamination degree under DC is much larger than under AC because the
dominant force is the electrical force. The results also show that this difference is
accentuated for small pollution particles. In the ontrolled wind tunnel
experiment, K values are found as high as 24, which is much larger than the

largest observed in service irFig.2.27, namely 10.5. Thus, it could be assumed
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that the wind tunnel experiment can therefore conservatively and safely provide

Kp values which should not occur in service.

14 K\\\\ % ~&- 5 um

5 ~—10pum
12 \\ = —4-20um
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Wind speed (mv's)

a) USCBc42.4 mm/kV
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o 10 NSDD

Proportion of NSDD

. BB

& Sum
10um
—d—20um

Wind speed (m/s)

b) USCD=26.4 mm/kV

Fig. 2.30. Results of pollution size study under AC and DC with wind tunnggdr

two different profiles [113].

2.17.4. Wind tunnel p ollution size study under increasing direct voltage

AsFig.2.31 summarises,Qiaoet al.[114] investigated the pollution accumulation

under various direct voltage levels.

The results show a visible difference in pollution accumulation distribution on

the insulator surface. As the dlect voltage increases, the deposition distribution

is more uniform as expected because the electric force gains importance over the

wind component. At low energisation values instead, the pollution is distributed

depending on the aerodynamic behaviour ae insulator, which well resembles

the AC behaviour.

82



Chapter 2 A review of polluted outdoor insulators

DNeflector Unit of length:  mm
%@ XN
Y, 25\

inlet

R=300
F
Comtaminatior] »[)7]
Cellular devices

L\

™ 2500 ersunbly B By e
(a) Diagram of wind tunnel (b) Wind tunnel
1-6 m/s 8h Si20 4&7Tm
2771m
1%Tm
4.27Tm

Fig.2.31. Pollution size study under increasing direct voltag§l14].

The Kp results have beenpost-processedin the following figures for decreasing
DC voltage levels, namely0 kV/m, 44 kV/m, and 22 kV/m. The insulator has an
AD of 500 mm and an approximate CD of 1488 mm.

3.5

25 %

15

:%

Kp

0.5
—8— 250 Mesh | —@— Mesh 400 —®— Mesh 800 Mesh 2000

Wir?d speed {r%fs)

Fig. 2.32. Kp as a function of wind speed at different mesh sizes. USG{21.3
mm/kV [114].
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Fig.2.33. Kp as a function of wind speed at different mesh sizes. USGE33.8
mm/kV [114].
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Fig.2.34. Kp as a function of wind speed at different mesh sizes. USGE7.6
mm/kV [114].

As expectedKp increases as the wind speed decreaseand the influence of DC
on accumulation isstronger for particle with a larger mesh size, which means
smaller particles. Furthermore, a larger USCD corresponds to a lower DC

influence on accumulation, as the electricdid is smaller.
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2.18. Summary of key points

1 Thenon-necessity of corona rings under DC polluted condition has been
reviewed [8]. This is due to the dominatiorof the conductive layer on the
voltage distribution along the insulator, which occurs above a threshold
current, specific to the insulator design This currentis generallyexceeded
in service.

1 The influence of nonsoluble deposit on thehydrophobicity is reviewed
[28] and a positive correlation is found betweernthe non-soluble material
pore size and the transfer recovery speed In fact the LMW silicone
migrates more easily to the surfacavhen pores are largeKaolin is found
to have slow transfer speedsvith respect to Kieselguhr.

1 The nonuniformity of hydrophobicity and, in particular, the U-shape of
HTM insulator service hydrophilicity is reviewed [32]. It is found that a
partial loss of 66.7 % of hydrophobicity (on the insulator ends)causes a
loss of DCperformance greater than the fully hydrophilic case.

1 DC severities are reviewd and it is found thatESDD values are not larger
than 032 mg/cm2[71], [99], [107] z[111] NSDD values are not largghan
0.9 mg/cm?2[4], and ESDEy values are not larger than 0.533 mg/cra[4].

1 As expected, he hydrophobicity recovery positively affectsthe pollution
flashover performance[57].

1 Under light pollution[88], namely NSDD=0.1 mg/crh and SD[>0.03
mg/cm?2, the best performing creepage factor is 4.@Inder heavy pollution
[33], namely NSDD=@® mg/cm2 and SDD=0.1 mg/cm2, the best
performing CF is 3.68.

1 In service, K values decrease as the ESDD decreasp4], [99], [107]z
[111]. The largest distributions are gen for low ESDD values, below 0.02
mg/cm2 [71], [99], [107]z[111]. In wind tunnel experiments,it is clear
that as the wind speed increases, gdecreases, due to the domination of
the wind force over the electric force It is also clear thathere is anegative
correlation between USCbcand Kp[113],[114].
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Chapter 3.HVDC Flashover of Heavily
Polluted Composite Insulators Rated
120 to 250 kV: Laboratory and

Analytical Characterization

3.1.Introduction

To ensure reliable transmission of the bulk power, the high direct voltage line
needs an effective outdoor insulation system, and composite insulators are
extensively used for this purpose. Field evidence recorded by China Electric
Power Research Institute (EPRI) suggests that wet contamination is the main
cause of insulation failure. Thus, the insulator pollution performance is a critical
factor in ensuring a reliable power transmission, highlighting the research need

in this area.

For line energisation, or after a fault clearance, the overhead line is energized

with a direct voltage ramp, up to its rated voltage. Thichapter presents the
experimental test results of suchenergisation with focus on the dynamic

mechanism of the insulator fault resistance. Tli has been done also to provide

power electronics control researchers and engineers further knowledge on the

fault resistance before the instant of flashover. In fact, it is common practice to

assume an instantaneous change in resistance to simulate afali A8C8 c¢mm |
overhead lines[115]h AT A x L[116E[Tids chapieAdrofides an insight

into the overhead line pole to ground fault case.

Different insulator lengths and orientations were investigated, andestimated

and measured flashover voltageare provided.

Also, an indepth analysis of the partial arc phenomenon on the trunks is
performed, using Finite Element Method simulations, voltage and current

measurements, thermal images and vieb recordings.
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1T AAAOOAOA ANOEOAI AT O AEOAOEO 1 &£ "AEEEI C #
analysed. Moreover, the arc propagation is investigated using the extensive

experimental data.

The laboratory test results indicate that a better performance is diained with
the horizontal orientation of the insulators, which is attributed to the differences

in the arc propagation and in the convection heat direction.

This work will be of interest primarily to outdoor insulator technical experts and

Standard Testsdevelopers, HVDC protection engineers and scientists and,

secondarily, to Transmission System Operators (TSOs). Thisapteris the result

i £ A AT 11 AAT OAGET 1T AAOxAAT #AOAEALE 51 EOAOOEC
EU funded InnoDC Project.

3.2.Background to the Test Programme

A laboratory test programme was undertaken to investigate the performance of
composite outdoor insulators under a heavy degree of pollution. This choice was
made to investigate the insulator performance under severe condans, which
would be more useful for industrial applications. Four artificially polluted
composite insulators of increasing arcing distance have been stressed with an
HVDC ramp of negative polarity, while oriented vertically. Similarly, the same
insulators have been tested horizontally. However, a portion of the two longest
insulators has been shorcircuited, only when horizontal, to achieve flashover.
Voltage and current readings were recorded as well as infrared images and
visible light videos. The visibé light videos were recorded at normal and high

speeds: 50 and 1000 fps respectively.

The insulators have been energized with an HVDC ramp to achieve the flashover
of each insulator and to do so in a relatively short time. This was done to study
the performance of the insulators under a voltage ramp, which occurs in the field,

after a fault is cleared. The ramp energization led to two advantages:

a) First, the ramp allowed to achieve flashover in less than 1 minute. The
short voltage and current recordings ofthe phenomena could be then

used for the proposed computer modelling. In fact, excessively long
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recordings (up to 1 hour for standard testing) may lead to the non
practical feasibility of reproducing the experiment with a computer
simulation.

b) Secondly, h each test, the ramp guaranteed flashover occurrence, which
was then used as a synchronizing event of the electrical recordings with
the video recordings

3.2.1. Circuit modelling

Computer simulations of HVDC pollution flashovers have been undertaken to
study the interaction with the voltage source in a testing environment. The
voltage drop of a threephase voltage doubler rectifier circuit has been
investigated at increasing leakage current ifil17]. Also, Rizk et a[118] studied
the pollution flashover in a similar way to the present study. Moreover, the
source used in118] was a voltage doubler circuit, similar to the one used in this

chapter.

3.2.2. Arc modelling

Extensive modelling has been performed for insulator pollution discharges, as
reviewed and investigated by Slama et @|119]. Pioneered by Obenaufl8], the
model has been expanded by the contributions of many authors. Ayrtdi20]
characterized the electrical dischargewith the longitudinal voltage gradient
expression, which has been further characterized by others, as reviewed[ir19].
Moreover, these studies[119] focused on calculating the critical stage of arc
length, current and applied voltage which, by definition, precedes an inevitable
flashover. Inthis chapter, the critical physical quantities could not be determined,
because an HVDC ramp forces the flashover to occur, which does not provide

information on the critical stage at which flashover is inevitable

3.2.3. Arc propagation

As mentiored in [4], some studies have documented aspects of the difference
between AC and DC arc propagation on polluted outdoor insulators. Tlakapter
explores the previous observations regarding direct voltage and provides further
details on the DC arc propagation physical mechanism under the described

conditions.
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3.3. Methodology

The investigation is carried out with the following methodology: a test
programme, an analog LTspice computer circuit simulation and a Finite Element
Method (FEM) simulation.

3.3.1. Test program me

Standard test methods are not yet available for Hydrophobicity Transfer Material
(HTM) insulators under HVDC energization. Standardization exists for HTM
insulators under HYA(121], and norHTM insulators under HYD(59]. For this

reason, the practice established at CEPRI has been used, and it is described below.

The artificial pollution has been obtained mostly with Kaolin and some
Kieselguhr for the inert component and NacCl fothe active component. For each
test, the nonsoluble deposit density (NSDD) and solid deposit density (SDD) are
chosen as NSDD=SDD=0.6 mg/émwhich corresponds to a heavy degree of
pollution. The pollution slurry has been brushed onto the insulator surfaes and
left to dry for 24 hours, obtaining a hydrophobicity class of 6 (HC6). Then, each
insulator has been uniformly wet with fog for 20 minutes, the fog was then
extracted from the chamber to allow clear filming, and the ramp was started until

flashover.

To estimate the flashover voltage prior to the test, the same equation applied in
[122], and further explained in[4] and Section 2.8.3, has been used

2000 200

(3.1)

8 8 8
0 0020 800— 20— 0]

Where

i. Itis convenient to knowCD is the creepage distance in mm.
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The calculation of the average diameter £of the insulator is needed to
calculate the direct voltage, and is in this case 97.6 mm, which is less than
250 mm. For this reason, &1.

Due to the small number ofnsulators considered, the statistical factor K

is 1.

There are options for the values of NSDDDbh AT A mh OEA AET EZ
can be found later in sectior8.4.3

Kois a proposed orientation correction factor, later discussed in section
3.4.3 which can initially be assumed as 1.

For brevity, the explanation of the other parameters is not included, and
can be found in[4].

that Da can be calculated with IEC 6081% [42] formula, which can be expressed

as a function of the insulator sface S$s (mm?2) and the creepage distance CD

(mm), as follows

$®A%3
#9$ "AH S

i i (3.2)

The insulator profile used for the tests is shown irFig.3.1.
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(a) Insulator profile dimensions and radii

1 (b) Model of trun

Name AD, CD 2-sheds Estimated U;
(mm) repetitions (kV)
V3 2700, 11589 33 212
: V2 2110, 9131 26 167
I R77 > "4 1220, 5269 15 96
i R110 H3, H2 1680, 7211 20 132
> H1 1220, 5269 15 96

Fig.3.1. (a) Insulator profile dimensions and radii in mm; (b) model of trunk
partial arc on the right in blue; and table of the dimensionsaand estimated
flashover voltage of all tested insulators. V and H stand for vertical and

horizontal .

The polluted specimens left to dry are shown irFig. 3.2, and the ertical and

horizontal test arrangements are shown irFig.3.3.
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Fig.3.2. Polluted specimens left to dry

a) V2with modified electrodes b) H1 with original electrodes

Fig.3.3. Vertical and horizontal arrangements for DC pollution tests.
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According to IEC 600661 [29], the source should supply a voltage with eate of
rise of 2% of the final voltage per second. The supply used in the test programme
can deliver a constant rate of rise of about 5 kV/s, which ideally followed the
standard, when the final voltage was 250 kV. Furthermore, it is specified by the
samestandard [29], that a voltage drop of less than 10% needs to be achieved
during non-disruptive discharges of pollution tests. This requirement was also

met and verified.

3.3.2. Test set up and equipment
The test equipment is shown inFig. 3.4. To allow an easier visualisation and
comparison with the equivalent circuit model of Fig. 3.5, the pictures of Fig.3.4

have been mirrored.

-Autotransformeriiifiea
-Transf of mer gr o

b
i1

Ahhbhbhiol

=

Jie

%

I |

CN

=
=
e

Fig.3.4. The test equipmentor the HVDCtest. Pictures are mirrored.

3.3.3. Analog computer circuit simulation
An LTspice circuit simulation has been carried out to model the flashover
phenomenon.Fig.3.5 and TABLE3.1 show the circuit, its parameters, and the per

unit method base values.
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Test transformer
referred to secondary

_ RAHV
u C R20 D1 cz Ci Rp
RdALV

AC divider

Voltage doubler DC divider Insulator

Fig.3.5. LTspice equivalent circuit model of the experimental saip.

The circuit parameters have been determined as follows. The transformer
equivalent circuit, referred to the secondary side, has been calculated as
explained in [123]. The AC divider, the voltage doubler, and the DC divider
parameters were available on spreadsheets and equipment plates. The insulator
model has been realized with a parallel branch of a capacitance &d a
resistance R. Grepresents the air, silicone rubber, and fibre glass capacitances.
Ro represents the pollution resistance, which is the smallest among the
resistances of the other physical media and ,jsherefore, the most critical for
circuit modelling. G has been calculated vwh a FEM, and the pollution resistance
has been evaluated as the ratio of voltage and current recordings. Before being
used for the resistance calculation, the current high frequency component has
AAAT EEI1 OAOAA OEOI OCE A ¢ut allpwia clkakédd AAEOAT
visualization of the resistance at large values, by filtering out relatively fast

current oscillations close to 0 A.

The per unit method[124] was used to minimize computational time. In this case,

the method has been proven necessary to run simulations in a convenient time.

95



Chapter 3HVDC Flashover of Heavily Polluted Composite Insulators Rated 120 to 250 kV:
Laboratory and Analytical Characterization

TABLE3.1. Circuit Parameters and Per Unit Base Values

Symbol  Description Magnitude

u Autotransformer voltage ramp vBuTMWNCg I
Reo Iron core losses resistance Ce8x -1
L20 Core magnetization inductance 4.9 kH

20 Winding ohmic lossesresistance exX8m m
, 0 Leakage flux inductance 878.5 mH

G AC divider high voltage capacitance nduv { &
Ro1 Protective resistor 1 pm Em
G Voltage doubler capacitor 1 P8P [ &

D1, D Diodes 1 and 2 -

G Voltage doubler capacitor 2 080 | &
Ro2 Protective resistor 2 pmm Em
Ranv DC divider high voltage resistor OTT - m
RaLv DC divider low voltage resistor pmt Em

G Insulator and air capacitance, from FEM 1 pF

Ro Pollution resistance 6 AOEAAI
Uo Base voltage, same as transformer HV 200 kV

S "AOA DPi xAoh OAI A A 1000 kVA

2o Base impedance = &/ Sp T Em

lo Base current = & Uy 5A

3.3.4. Finite Element Method (FEM) simulation

The FEM simulation has been carried out tanalysethree major instants of the

flashover phenomenon of every test. For this purpose, COMSOL Multiphysics®

was used. The three instants represent the uniformly polluted and wet condition,

the trunk dry bands condition and the trunk partial arc condition. Thematerial

properties used for the simulations are shown inTABLE3.2.
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TABLES.2. Material Properties for FEM Modelling

Material Conductivity (S/m) Relative permittivity

(adim)
Air p O P*il25] 1
Silicone rubber p O P*{l26] 3.5[126]
Fibre glass p DPl27] 3.5
Pollution (3.3) 80[128]
Partial arc 2.12[119], from (3.4) 1

The surface layer of pollution was uniformly wetted at the beginning of the test,
and it is assumed to be uniformly dry at the end. In between these two stages, the
pollution layer dries first on the trunks and later on the sheds. As observed
during the test programme, this is due to the smaller surface available on the
trunks, with respect to the sheds. The consequence is a larger current density and
heating on the trunks, which causes a faster local evaporation. For FEM
modelling, the pollution conductivity has been calculated at two different
instants: at the ramp start for the wet pollution, and just before flashover when
no arcing was present for the dry pollution. The IEC 60507 standaf86] formula

was used, and expressed in S/m

) Ag )¥$ 3
50 A3 50 DI

A (3.3)

Where | is the current (A), CD is the creepage distance (m), U the voltage (\4, D
the average diameter (m) which can be calculated witl§3.2), t the pollution
thickness (m). In this case, due to the heavy pollution degree, t has been
estimated to be0.5mm. It is important to note that the estimation accuracy of t

is not critical with regards to FEM modelling. Infac(3.3)AET AO dawdyA £
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OEAOh E&£ A AE E££AQOIIG diferetbut hOdiEeht Addidgd h OEA [
through the insulator and the electric field distribution will be the same.

The partial arc regions wee assumed to be filled by air and water vapar [119],

and their conductivity has been calculated with(3.4):

A pm O O
. 7 p TE 3 (3.4)
n —
p T OAQLC,+4 o8 U ;

The expression of the discharge resistance per unitlengtejr LIZ 1 I @ EO A@bl AET A/
in detail by Slama et al[119], and the expression of thedischarge section &

(mm?2) can be found in [129]. The description and values of the parameters for

(3.4) are given inTABLE3.3.

TABLES.3. Arc Conductivity Formula Parameters

Symbol Description Magnitude
l'od Pre-exponential constant n8pyg L7
Wi/Ks lonization energy / Boltzmann constant 0 8 ¢ pUKDnplTT
Td Dischargetemperature 2250 K
i Current for FEM simulation o 1T D3ATT

3.4. Main Results and Discussion

The following results are presented and discussed. First, the modification of the
insulator ends is studied, and the source voltage drop requirement is
experimentally verified. Then, the estimated and measured flashover voltages

are shown. The voltage, cuent, and resistance waveshapes of the test are
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discussed. The wet and dry pollution conductivities calculation follows. Finally,
an analysis of the trunk partial arc phenomenon is performed, and details of the

arc propagation in both vertical and horizonal orientations are presented

3.4.1. Modified and original electrodes

To realize the different specimen lengths, some insulators have been cut in the
laboratory. This practice is common at CEPRI for pollution testing, as laboratory
evidence suggests the electragl configuration has little to no influence on the
phenomenon and the flashover voltage. To verify that the tangent electric field
would be similar on the great majority of the insulator surface, regardless of the
electrode geometry, a FEM simulation was prmed, as shown inFig. 3.7, and
the mesh is shown inFig. 3.6. The energisation voltage of the simulation
corresponds to a stabé resistance region, which starts a few seconds after the

ramp start.

Fig. 3.7 shows that at the triple junction, constituted by metallic electrode,
silicone rubber housing, and surrounding air, the tangent electric fld is at most
6.3 times larger when the electrode is modified. However, due to the wet
pollution on the insulator surface, the notable difference is present only on less
than 55 mm of creepage distance in the proximity of the triple junction.

Elsewhere, abng the insulator, the difference factor is reduceftfom 6.3to 0.03.

It should be acknowledged that the modification of the electrodes, performed on
some of the insulator ends, may cause moisture ingress in the ceneusing
interface and a reduction of the flashover voltage, as reviewed jh30]. However,
these insulators have been exposed to moisture no longer than the test duration.
Moreover, the insulators are conformant with thedye ingress test. The modified
electrodes were used for simulations, to consider the worstase scenario with

the higher electric field.
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Fig. 3.6. a), b): mesh and its details of the insulator with original electrodeg
axysimmetric model. ¢), d):mesh and its details of the insulator with modified
electrodesz three-dimensional model. Metal domains were meshed because the
electric current physics has been used.
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(a) Ground electrode, original (b) Ground electrode, modified
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Fig.3.7. (a) Equipotential lines (V) of the original electrodes; (b) equipotential
lines of the modified ele¢rodes. On the right, tangent electric field along the
creepage path of both electrode types. The results correspond to an energization
of 40 kV.

3.4.2. Verification of source requirements
During the experiments, a voltage drop of less than 10% was met and verified, in

accordance with[131], asshown in Fig.3.8.

The green voltage wavesape \4 refers to the simulated clean and dry insulator
voltage, which was obtained by modelling the insulator as an ideal capacitance
G. The blue voltage waveshape nVis the measured insulator voltage, which
showed close agreement with the parallel €R, modelling. The red function is the
percent voltage drop, calculated as peraequation in Fig. 3.8, which always falls
below 10%.
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Fig.3.8. In green, the simulated clean and dry insulator voltage, whenodelled
as the capacitance iClIn blue, the measured (or simulatedbecause of great
agreementwith measurement) wet and polluted insulator voltage. In redthe

percentage voltage drop, always below the standardpecified 10% limit.

3.4.3. Estimated and measured flashover voltage

The maximum direct voltage that the source is able to supply is 250 kV. To select
the insulator maximum arcing distance that the supply wald reliably cause to
flashover at the given heavy pollution degree, there was a need to estimate the
flashover voltage at varying arcing (or creepage) distances. For this purpose,
(3.1) was used. It had been estimated that V3 insulator with an AD of 270@m
would reach flashover at 212 kV, which would be suitable for the source
capability. However, the V3 test exceeded expectations with a flashover voltage

of 252 kV, and likewise shorter insulators exceeded the estimations.

Moreover, when the longest inslator with AD=2700 mm was oriented
horizontally, it could not reach flashover. Even the insulator with AD=2110 mm
could not reach flashover when horizontal, which suggests both their flashover
voltages are greater than 250 kV. These preliminary horizontdaésts proved the
horizontal orientation to perform better than the vertical one, and they justified
the decision to shortcircuit a portion of these two longer insulators, realizing a
shorter AD of 1680 mm, to achieve flashover.
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Fig. 3.9 shows the estimated and measured flashover voltage$he flashover
voltages were measuredonce for each insulator Thus, measurements may

slightly vary if tests are repeded.
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Fig.3.9. Estimated and measured flashover voltages (kV) as a function of arcing

distance (mm). Abbreviated nomenclature reflects definitions oFig.3.1.

Asanticipated in the Methodology, there are options for the values of NSy,
AT A4 ef (3.1) and are discussed below.

Both 0.1 and 1 can be used for NSb[and a value of 1 has beerthosen because
itis closer to the test NSDD (0.6 mg/c#), and the estimation results better reflect

the laboratory flashover voltage measurements.

The reference diameter DAT A OEA Agbi 1 AT O m AOA Al ODI
consideration that as the aveage diameter I increases, the collected pollution
per unit areadecreases. CIGRE TB5]4 advisessREcuvmn i AT A mEm8ov

produce the best fit with the analysed service experience data. However, a
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Japanese study43] is also referenced, and it proposesdE ppuv I AT A MEmN8cp38
The latter values have been used in thighapter becausethey produce an

estimation which is closer to the measuredlashover voltages.

Notably, the measured flashover voltages are larger than the estimated ones, and
this could be due to the energization, which is not constant, as it is a ramp. It could
also be due to the fog injection termination before the ramp startdone to allow
clear camera recordings, which causes the pollution to be neamiformly wetted

while evaporation occurs.

CIGRE TB$2], [4] review linearity of the flashover voltage with the insulator
arcing distance, when SDD>0.05 mg/cfor the low influence of the electrodes
asFig.3.7 shows. The vertical results ofig. 3.9 confirm this finding at both SDD
and NSDD equal to 0.6 mg/cin

The better pollution performance under HVDC in the horizontal orientation was
previously found in [4], because of the arcs extension away from the insulator
surface due to convection. No orientation correction for the estimation of the
Unified Specific Creepage Distance USCIhnj/kV) is yet available in [4].
Therefore, the introduction of an orientation correction factor k is proposed.
From Fig. 3.9, it is possible to calculate the average Unified Specific Creepage
Distance (USCD) for each orientation. For the vertical case, the average USCD is
42.7 mm/kV and, for the horizontal orientation, it is 38.3 mm/kV. Thus, Kcan

be preliminarily chosen as 1 for the vertical orientation, and 0.896 for the
horizontal orientation. As proposed, K would be a factor at the denominator of

the voltage estimation calculation, a§3.1) shows.

3.4.4. Stagesof the flashover phenomenon

The common stages of a @lution flashover phenomenon are known for
hydrophilic surfaces [132], and also for hgrophobic surfaces under a power
frequency ramp voltage[133]z[135], which show a similarbehaviour to the

present HVDC ramp tests
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Fig.3.11. V1 test. Test video frames, (i) to (vii).

Fig.3.10 shows that the current increased linearly for 2 to an applied voltage of
10kV, during which no discharge activity was observed. Alis time, the first dry-
band streamer discharge was initiated on a trunk section of the insulatoFig.

3.11 (i). During the period of a further voltage ramp increase to 5V at 9s, the
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number of trunks which supported dry band streamer discharges increased (ii)

and the overall leakage resistance of the insulator remained approximately

constant at 1- IU8 & OI I OEEO PDPIiET O 11 OdedameOi 1 OACA
intermittent, and partial arcs intermittently spanned increasing numbers of

trunks (iii z v). Partialarc current increased with voltage, current pulse

durations statistically decreased, while periods of arc inactivity progressively

increased. Thevideo frames confirmed these changes. The period before

flashover at 25s was characterized by a dark period, and flashover occurred

when the partial-arc current exceeded 500 mA.

Fig. 3.10 is further discussed as follas. Firstly, the measuredvoltage ramp

presents drops when there is partial arc activity on the insulator.

With regards to thecurrent, as expected, a clear correspondence between partial
arcing and a nonzero current reading can be observed. During ther§t half of
the test, the current increases relatively steadily, in correspondence to a
continuous partial arcing on the trunks, and an increasing number of short
circuited trunks. This initial partial arcing is due to water evaporation, which
happens onthe trunks at a higher rate than on the sheds. Sectia®4.6 later
provides details on why this occurs. Approximately from half of the test time, the
current becomes intermittent, which is when the arcs start to intermittently span
increasing portions d sheds. More specifically, the current pulses duration
statistically decreases as time progresses, while periods of arc inactivity
progressively increase. This occurs because fog injection is suspended from the
start of the test, and as the insulator inceasingly dries, partial arcing needs a

larger voltage to occur.

From theresistancepoint of view, an almost constant region, or stable region, can
be observed in the first half of the test when the partial arc activity is continuous.
This suggests that tle wet pollution resistance per unit length is the same or very
close to the partial arc resistance per unit length. In the second half of the
experiment, the resistance intermittently spikes when the partial arc activity is
not visible, and the current isclose to zero. This is due to themall conductivity

of the dry pollution, which has a large influence on the current, when the high

conductivity arcs are not present. Moreover, it can be observed that, during the
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partial arcing periods, the resistance stadily decreases, as more and more
insulator portions are bridged with highly conductive arcs. Also, when partial
arcing is not present, the resistance steadily increases due to the water

evaporation from the wet pollution layer.

In AC instead[133]z[135], the first trunk dry-band occurs immediately, at 23
kV. As a result, the majority of the voltage gradient is transferred to the dry band,
where rewetting is prevented by lowcurrent streamer-corona discharges. The
increased resistance limits the leakage current to a few mA. As the voltage
increases, further dry bands are formed on other trunks, maintaining the low
current regime. Eventually, the voltage becomes large enough to launch pat
arcs which bridge the dry bands. Finally, flashover occurs at a peak current

exceeding 500 mA.

In conclusion, the AC and DC flashover phases appear very similar, with the

difference of current intermittency during the second half of the present DC tées

3.4.5. Wet and dry pollution conductivities

Thanks to(3.3), it is possible to calculate the wet and dry pollution conductivities

Kow AT A, tspectively, shown inFig.3.12. Their accuracy has been verified

with a FEM model, which well reflected the laboratory measuremenE.g., the V1

&%- OEIiI O1l AGETT AOOOAT O EO ¢p 1! mI O OEA
the dry condition, at 140 kV.

Firsty, no deb AT AAT AA T £ OEA Dlploh &éng distanckiisT AOAOQE
TTOAAT A8 3 AAT T A lar® helatively Esimilar t® Eakh ofher, the

ET OEUIdAOMA 1A A TOAAO T &£ T ACT EOGAAnisi AOCAC
suggests that as the test progresses, the horizontal case, the water content is

larger, and the evaporation rate is smaller. In fact, the hot air, vapour, and plasma

move upwards in both orientations, and thus heating the insulator by convection

when vertically oriented, allowing more evaporation. This heat transfer by

convection does not hapen as much on the horizontal insulator because the heat

is dispersed in the upper air, as recorded and shown iRig.3.12. This is the first

identified reason for the better performance of the horizontal orientation.
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Fig. 3.13. Water vapour moving upwards during HVDC pollution flashover in

both vertical, on the left, and horizontal, on the right, orientations.
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It is worth noting that the conductivities are given for the purpose of direct

APDPI EAAQETT ET 1 Ax I arddidvérselg prqportiorfalGditien  OE A O
pollution thickness t, which is estimated at 0.5 mm. A different estimation of t
AT O A AA T AAAh A8C8 mn8p i1 h pAdcddingt® x1 OI /

(3.3). In both cases, the conductance of the pollution layerilwbe the same and

the current flowing through the pollution layer will be the same.

3.4.6. Trunk partial arc phenomenon

As anticipated in Section3.4.4, from the voltage ramp start, a leakage current
flows on the wet pollution layer of the insulator. This current is equal at every
position along the creepage path, due to the high conductivity of the wet
pollution, with respect to the surrounding silicone rubber and air. The pollution
layer thickness t is approximately the same along the profile, and the pollution
section (* J0 w ) is proportional to the diameter D(x), which varies along the
creepage path coordinate x, and is smaller on the trunks and¢ger on the sheds.
The result is a higher current density J (A/m), where D(x) is small, which is on
the trunks. The laboratory infrared pictures and the FEM simulation confirm this

as clearly indicated inFig.3.14.

tWJ

(a) H3 msulator thermal image

(b) H2 insulator thermal image

(c) Tanget current density model

Fig.3.14. Thermal images showing advanced stage of dry bands at two different
view angles. (a) a clearer view of the sheds, from H3sulator. (b) a clearer view
of the trunks, from H2 insulator. (c) the current density tangent to 270 degrees

of the insulator surface
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As a consequence, the evaporation is faster on the trunks than on the sheds. Dry
bands are formed on the trunks, and ahost all the voltage is applied on their
extremities due to the high dry pollution resistance. As the voltage ramps up, the

air breakdown occurs, bridging the dry band.

The electric field tangent to the insulator creepage path drives the current
through the pollution layer. Fig. 3.15 shows the tangential electric field k&
(kV/mm) in three different phases: when the pollution layer is wet, when it is dry
onthe trunks, and when partial arcs bridge the air alongside the trunk dry bands.
The partial arc locations have beemodelled according to the video recordings,
and the electrode high voltage has been selected according to the voltage
measurement in the séble resistance region discussed isection 3.4.4. This was
done to allow a better arc geometry modelling and an acceptable comparison of
the results,which is when the arcs still have not expanded away from the trunks,

and their shape can be assumed as cylindrical.
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Fig.3.15. Tangent electric field E(kV/mm) as a function of the creepage distance
(mm) in three phases: uniformly wet pollution layer in blue, trunk dry bands in
green, and partial arcs in red. On the left the whole creepage path, on the right a

detail of a trunk.

When the pollution is we, & is relatively uniform along the profile, with slight
increases on the wet trunks. Then, when dry bands are formed on the trunks, E

substantially increases on the dry pollution and decreases on the wet pollution.
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Finally, when a partial arc is formed & is relatively large on the arc extremities

because that is where the current is being driven, and it is small in the middle.

The wet, dry, and arced conditions of the trunk slightly differ, depending on the
test. Details are shown irFig.3.16. Similarly to Fig.3.15, the voltage selected for
each smulation corresponds to an instant of the stable resistance region, in

which the arcs propagate with no interruptions.
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Fig.3.16. Tangent electric field E(kV/mm) as a function of the creepage distance
(mm) at same three instants and with samesolours of Fig. 3.15. Each chart
indicates the insulator name, simulation voltage, time from ramp start, and

number of short-circuited trunks.

The individual results ofFig.3.16 show the same trends identified in the~ig.3.15

result.

Due to the relatively highdry pollution conductivities, H1, H2, and H3 exhibit a

smaller & in the dry band simulation in green, than V1, V2, and V3, respectively.

Also, as the number of dry bands increases; @ecreases on the individual dry

bands, driving less current and thus slowing down the flashover phenomenon.
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Finally, as the number of partial arcs increases, Becreases with respect to the

dry band condition, with relatively high peaks on the arc extrenties.

3.4.7. Arc propagation
With regards to arc propagation, the video recordings show that partial arcs are
located on paths which most often do not follow the insulator profile, confirming

observations under DC reviewed in4]. However, Fig. 3.17 and Fig. 3.18 can

reveal further information on the arc propagation under DC.

50 55 60 65 70 75 80 85 90 95(ms)
Fig.3.17. Arc propagationFrames of the vertical V1 test, each taken evefyms.
The recording occurred at 1000fps, 1 frame every 1 m3.he frames showabout

3 alternating shed repetitions.

100 110 120 130 140 150 160 170 180 190(ms)

Fig.3.18. Framesof the horizontal H1 test, each taken ever§0 ms.Therecording

occurred at 1000fps, 1 frame every 1 msTheframes show 8alternating shed

repetitions.
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In both orientations, the partial arcs move upwards in time by heat convection,
because of their high temperature. The difference is that, in the horizontal
orientation, the arc expands upwards and tends to extinguish more eias This is
the second identified reason for the better performance of the horizontal
orientation. Also, asFig.3.17 shows, in the vertical orientation, the arc moves
upwards and it quickly connects two shed tips, which helps accelerate the

flashover phenomenon

3.5.Conclusions

The results confirm that for HVDC insulators performance under heavy pollution
conditions, the electrode influence on theelectric field tangent to the insulator

creepage path is negligible.

It is also established that the insulators in the horizontal orientation perform

better than when in vertical configuration. This was attributed to two reasons:

a) Firstly, in the horizontal case, the convection heat is dispersed in upper air
and not on the insulator, which results in lower insulator temperature, slower
evaporation, and larger dry pollution conductivities. The consequence is a
decelerated formation of dry bands, and ultimatly a decelerated flashover
phenomenon.

b) Secondly, the horizontal arcs expand upwards, and tend to extinguish more
easily. Thus, for the calculation of the USCD, the introduction of an orientation
correction factor Ko is proposed. From the findings of thiswork, Ko is
proposed as 1 for the vertical orientation, and 0.896 for the horizontal.
However, more test conditions such asdifferent pollution severities and
different insulator profiles, need to be investigated to accurately determine

this factor for avast range of applications.

It is also concluded that, with respect to the sheds, the first dry bands appear on
the trunks because their pollution layer section is smaller, and the current

density is larger which causes more local evaporation.

The electric field tangent to the insulator surface drives the current through the

pollution layer. This field is small and uniform when the insulator is wet, it later
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becomes substantially larger on the dry bands. Finally, when arcs are formed, the
field decreases vith relatively high peaks at the arc extremities where most of

the current is being driven into.

With regards to the arc propagation, the partial arc moves upwards in both
orientations. The consequence is that in the vertical orientation, the arc tends to
connect portions of the insulator more quickly, whereas in the horizontal

orientation the arc tends to extinguish more easily
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Chapter 4.Performance of Composite
Outdoor Insulator under Superimposed

Direct and Switching Impulse Voltages

4.1.Introduction

The development and implementation ofHVDCtechnology, done to integrate
renewable resources, increase power transfer, and allow flexible grid operation
bring new research challenges that need to be investigated. One of these
challenges is to determine hw outdoor insulators perform under various stress
conditions. For example, when a pole to ground fault occurs on bipolar DC lines,
the healthy pole is stressed by a slow transient overvoltage superimposed on the

system DC voltagd136]i[139], as shown inFig.4.1. The same happes for the

neutral conductor [140]. These superimposed overvoltages are similar to a
Switching Impulse (SI1)[140].

T » n
sSamme gy ARl
sremil iRl

N

HVCD bipol ar scheme

Fig.4.1. Voltage supeimposition waveshapes on HVDC lines. Studies pi36]i
[139].
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This chapter aims at contributing to the understanding of the nevwproblem by
bringing new experimental data of tests operated on a composite insulator. These
tests have been performed with positive and negative Sl voltage, and negative Sl
voltage superimposed on negative direct voltageThe reason for the useof
negative only direct voltage is due tathe laboratory capabilities. Thevoltage level

for the negative direct voltage is 16 kV, and the voltage range for the Sl varies
from about 168 kV to about 345 kV.

These tests were performed for both vertical and horizontahrrangements and
in dry and rain conditions too.Four different rain conductivities have been used
in the test programme because these insulators can be exposed to different acid

conductive rain types, typical of industrialized environments.

A comparisonbetween the two tests(negative S| and negative superimposition)
has been conducted to quantify the degradation of performance due to DC
energisation when switching impulse is superimposed and explore whether an
indicative [141], [142]switching surge factor (SSF) of 1.5 can be safely withstood.
SSF is defined as the ratio between the maximum switching surge voltage and

maximum operating pole to ground voltage of th power system[143].

An analysis of the time to flashover with respect to the flashover voltage has also
been performed to determine the possible relationship with the superimposition
test. Ths analysis of the time to flashover is essential to HVDC systems control

engineers to accurately simulate the instant of fault caused by switching surges.

It was possible to conclude that, in most cases, the direct voltage peaergisation
has a negativeimpact on the flashover performance. The increase in rain
conductivity leads to lower flashover values, and the horizontal orientation
outperforms the vertical configuration. Under these test conditions, the flashover
voltages were all larger than a typiceDC operational switching surge. Thus, in
the case of pole to ground fault, the healthy pole failure risk appears to be small.

However, further research is needed on higher voltages and polluted conditions.

This work will be of interest primarily to outdo or insulator technical experts and
Standard Tests developers, HVDC protection engineers and scientists and,

secondarily, to Transmission System Operators (TSOSs).
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4.2.Backgroundon HVDC insulatorflashover under

switching impulse superimposed on direct voltage

A number of papers have been published on the characterization of outdoor
insulation under HVDC, as reviewed if2], [4], and under lightning impulse
superimposed on direct voltagg144]. However, to the autho® knowledge, only
#1 OOET AQQ45)AD AP A@A OAT AAdS|@escrileAne AuPerimposition
energisation, which is carried out in this work. Cortinaet al. [145] used a fixed
amount of Salt Deposit Denigy (SDD), using rain on substation post insulators,
glass capand-pin and composite long rod suspension insulators. Watanalj#46]

investigated non-composite insulators under the dry condition only.

Despite the consistent deployment of DC outdoor insulation in industrial
environments characterized by acid conductive precipitatiorf2], such as eastern
North America, Europe and eastern Chingd47], the dependence of flashover on
rain conductivity has not been adequately studied utler SI, and S| superimposed
on direct voltage. This chapter investigates this aspect through the measurement
of flashover performance of composite insulators when rain is applied at
different conductivities. The conductivities have been chosen from a crial
range of the conductivities investigated by Fujimuraet al.[148], as shown inFig.

4.2. For comparison purposes, the dry condition has been investigated too.

15L Measured points: 383 points in Japan (20°C)
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Fig.4.2. Rain pH world map[147h AT A * ADPAT 80 OAET Al

[148].
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This voltage superimposition may cause an arc alongside the insulator, which
should be avoided by the DC insulation coordination [8]. The flashover may occur
in the case of substation vertical post insulators, overhead line horizontal
tension, post, andcross-arm insulators. It may also occur alongside suspension

line insulators if they are sufficiently short.

It is worth noting that Liao et al. [149] show results regarding the SI
superimposition on DC voltage, buthey consider the electric arc to occur across
a uniform air medium (clear, openair), not alongside the insulator. This
assumption is valid for traditional high voltage towers equipped with suspension
insulation. However, as stated in the examples above, there are cases where this

hypothesis is not valid anymore.

4.3. Experimental Setup

The laboratory layout (Fig. 4.3), components and test specifications are
described in this section. Two laboratory test arrangements were used in this
programme, depending on the presence of the DC power supp(¥ig. 4.4). For
both arrangements, the rain tank and the rain nozzles have been employed at
different water conductivities. In addition, the dry condition has been

investigated.

Fig.4.5 shows the vertical and horizontal test configurations of the test insulators
as used in this work. The vertical arrangement was achieved by hanging the
insulator from the metallic structure with a thick copper strip conductor. The
horizontal arrangement was achieved fixing the insulator to the side of the
metallic structure. The shortest distance between the high voltage energized rod
and ground is set to be across the insulator, not across anther air gap. This is
done to reproduce the electrical behaviour of line tension, post and crossm
insulators, and substation post insulators. The tested composite insulator is
described inFig.4.6 and TABLE4.1.
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nsul ator

Fig.4.3. Laboratory test setup forswitching impulse superimposition on direct

voltage.

To supply the high voltage waveshapes, the following equipment has been used:

a Phenix 120 kV DC Hipot test set and 6 stages of astdge Haefely SGS impulse

voltage generator. To protectthe DCsouke £O0T I OEA OxEOAEET ¢ Ei pOI
water resistor has been used. This resistor is1ade ofa polyvinyl chloride (PVC)

tube filled with distilled water. This allowed the DC source to stay part of the

circuit during the switching impulse. To isolate the vtiage divider from the DC

source, a sphere gap was employed, with spheres of 125 maiameter and

separated by a gap of 25 mm.
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Fig.4.4. Map view of laboratory setup for voltage superimpaosition.

The varioustests carried out in this work are presented inTABLE4.2, andTABLE
4.3, which show the requirements set by BS EN 600602010 Standard[150]. As
can be seen iNTABLE4.2 and TABLEA4.3, the interval ranges and values applied

in our tests are more demanding than required, whenever possible.
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(b) Horizontal test configuration

Fig.4.5. Vertical and horizontal arrangement of the insulator.
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350

Fig.4.6. Tested insulator. All units in millimetres.

TABLEA4.1. Test Insulator Dimensions.

Material of
AD(mm) CD(mm) CF
Core Umbrella
) SiRrand
350 1047 3.0 Fibre glass EPDM mix

Where AD is the arcing distance, CD is the creepage distance, CF is the creepage

factor, aSir is Silicone Rubber, EPDM is Ethylene Propylene Diene Monomer.
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TABLE4.2. Switching Impulse Test Parameters.

. . : . Impulses per
it 04  tjt0q s5 aroup
Standard Standard Standard
250450 2500+£1500 1.5%- 3% -
Applied Applied Applied
250+10 2500150 2%

TABLE4.3. Rain Test Data.

. o Standard : _—
Rain rate Application conductivit Applied Conductivities
. . . y
(mm/min) time (min) . ~ 7 , -
it 3TAI it37/f EmO
Vertical A1 96.2 10.4
1.5+0.5 K2 160.8 6.2
Il puv 100+15
Horizontal A3 354 2.8
1.5+0.5 Ra 527 1.9

For both configurations, the rainorientation was kept constant in front of the

grounded metallic structure, at about 45° with respect to the floor.

4.4. Methodology

4.4.1. The Rain Conductivity

As shown inTABLE43h A AT 1 AOAOEOEOU | £ wo8¢
recommendedby the standard[150]. However, many conductivities have been
used to study the insulation performane in conductive rain conditions. One of
the main molecules present in acid rain is sulphur dioxidgl51]. However, using
it to vary the test rain conductivity would affect the reliability of the testresults

becauseit would evaporate during the test [152]. Therefore, to reproduce
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different conductivities, the following technique has been used different

combinations of distilled water, aquifer water, and NaCl habeen employed.

The first conductivity has been obtained by using distilled water only; the second
has been obtained by mixing distilled and tap water; the third is the laboratory
aquifer water conductivity; and the fourth is the aquifer water conductiviyy when
NacCl is dissolved in it. The quantities of the components have been adjusted in a
way to obtain a uniform set of conductivities that would evenly describe the
relationship between the flashover voltage and the conductivity of the wetting

solution.

The choice of the conductivity interval has been inspired by a previous stud§2],

which investigated the AC flashover performance reduction due to an increase in

rain conductivity. The study[82] had shown that, wiE OAODPAAO O xp 1t
EmOAIi qh A OECi EEZEAAT O AAAOAAOGA ET ~El AOGEI]
Ol 1 OOETT AT1 AOAOEOEOU EO COAAOAO OEAT pm;

AOAOOEAATI T U OAABAAA AU vnbp AO vuvnm t 3TAI ]

4.4.2. Selection of Direct Vol tage Magnitude

The direct voltage magnitude has been selected for the insulator under the
hypothesis of high NSDD and ESDD on the field, both of 0.6 mgfcrRrom a
previous paper[153] and Section 2.8.3 it is possible to derive(4.1) for the direct
voltage calculation. The calculated direct voltage is a function of the insulator

material, geometry and hypotheic installation environment:

Y - P QE6 (4.1)

To calculate the direct voltage value, the calculation of the average diameter of
the insulator [42] is needed and gives in this case 60.7 mm. For brevity, the

explanation of all remaining parameters is not included and can be found [jh53].
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4.4.3. Flashover Voltage Measurement

The applied direct voltage and current were measured at the source, by the

Phenix supply. To measure the voltage impulse, the Haefely damped capacitive
impulse divider has been used. To measure both DC and switching impulse
componerts, a mixed divider would be the best option. However, the damped

capacitive impulse divider has proven to be sufficient to accurately measure the

impulse transient, which was causing the flashovers. A detailed explanation is

provided here.

Immediately before the impulse trigger, the voltage across the test object is equal

to the direct voltage applied by the DC source minus a small voltage drop (3% of

16 kV) along the portion of the circuit that connects the DC source to the

insulator. At this instant, thevoltage divider measures 0V. After the triggeevent,

the sphere gap chargesuptex m1 E6 ET AAT OO oy 1O AT A EO
voltage. Following the instant of sphere gap breakdown, the divider measures

precisely the voltage across the insulator. Herefore, the voltage peak of a

withstand case and the flashover voltage measured by the divider did not need

to beadded tothe DC component value.

To verify that the peak of the voltage superimposition lies in an expected interval,
a gap can be used ahe specimen location, and multiple tests arperformed. As

the voltage superimposition remains the same for each test, the initially large gap
distance is reduced. The interval in which the voltage peak lies is determined by

two subsequent tests of opposi result, namely withstand and breakdown.
45.UsoA T A% Ealculation

According to[150], to calculate 6o, which is the prospective voltage valughat
has a 50% probability of producing a disruptive discharge on the test object, the
up and down method has been ftlowed for each case. All flashover or withstand
voltages have been corrected according to the ambient pressure, humidity, and

temperature. The Wo value has then been computed as shown (@.2):
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x B Y
Y _— (4.2)

where U is the flashover voltage or withstand peak voltage of each impulse and
n is the number of impulses per case. In this work, n was 20 for every case.
AEA DPAOAAT O OEI A O Al AchesiaBoibeen caf@lldted A O A

with respect to the switching impulse peak time, as shown i{4.3).

(4.3)

. P 10 00 1 81

Where m, 10 statistically, is the number of flashovers per test casg;; is the time

to flashover of each impulse, and is the average time to flashover per test case.

4.5.1. EMTP/ATP Simulation

An Electromagnetic Transient Program, EMTP/ATP, simulation has been carried
out to analyse the transient characterized by the sphere gap breakdown and
determine the voltage applied to theinsulator. The calculation of the sphere gap
and the insulator capacitances was performed in COMSOL Multiphysics®his
can be done by using a capacitance global proba a charge probe when the
energisedelectrodeis setat 1 V. The second method workd€ased on the known
relationship between charge Q, and capacitance C and voltag€)#CVIt is good

to use bothmethods to double check the resultsThe simulation circuit is shown

in Fig.4.7. TABLE4.4 summarizes the parameters used for the circuit model.

Many current-variable resistance arc models aravailable in the literature [154]i
[161]. As recommended if162], the Toepler law[160] has been adopted, a&t.4)
shows inTABLE4 4.
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Marx generator Sphere gap
Rc y; ‘_{ }_.—‘
Em ——Cs Cs
Ls V) _9I|g—; Ra }J—;@

=Rt  Rf Re o S

Cl1 RW Ci T
Voltage divider %Rll Edc Insulator
1 DC supply

Fig.4.7. EMTP/ATP circuit model of the experimental setip.

TABLE4 4. Full Description of the Circuit Model.

Elements Description Magnitude

Em Marx generator voltage Variable V

Re Resistor for capacitor charging Pgtrmnmde
G Stage capacitor n8efT o
R Impulse tail resistor Pgtrmnmde
Re Impulse front resistor CTmTOQP m
Re External water resistor vt Em

Ls Inductance due to how stage isonfigured C8LVLO0 t
Ci1 Voltage divider high voltage capacitor 1200 pF

Ri1 Voltage divider high voltage resistor pmmT m
Gsg Sphere gap capacitanceFEM calculated 0.325 pF

Ra Current dependent arc resistance, by Toepler (4.4)

kt Toepler formula constant g g t)){;r) % IT[
d Gap between spheres 2.5cm

Rw Protective water resistor, for DC supply pcTm - m
Edc Direct voltage 16 kV

G Insulator capacitancez FEM calculated 0.877 pF
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The resistance R(i(t)) is expressed as

YD E X
0" (4.4)

Fig. 4.8 provides a comparison between the circuideveloped in this work and

other two circuits from Cortina et al.[145], and Watanabd146].

The three circuits have the same structure, @nposed of a Marx generator
highlighted in orange, a sphere gap in black, an HVDC supply in green, and the

test object in red.
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Fig.4.8. Comparison of superimposition test circui.a) Circuit developed in this
work [122], b) Cortina et al.[145] and c) Watanabe[146].
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4.6. Results and Discussion

4.6.1. Measurement Versus Simulation of Divider Voltage
The EMTP/ATP simulation results show the applied voltage on the insulator in
Fig.4.9 (a) which allowed to observe the difference compared with the damgxd

capacitive divider measurement shown irfFig.4.9 (b).

The divider-measured voltage and the insulator actual voltage differ by the
sphere gap voltageAs Fig. 4.9 shows, the sphere gap is DC charged positively,
despite the negative DC voltage. When the impulse generator is triggered, the
sphere gap behaves first as a capacitance charging negatively and, when it breaks
down at-70 kV[163], it follows the Toepler law[160]as a variable resistance arc,
in parallel with the gas stray capacitance. Therefore, the voltaggpplied across
the insulator differs from the Marx generator switching impulse. In fact, at first,
the insulator is charged more slowly than it should because the sphere gap is also
being charged negatively by the impulse. Then, when the sphere gap voltage
collapses, a relatively high capacitive current is applied to the insulator. This
current is high relatively with the time window considered inFig.4.9 (a), and it
causes a higher risk of puncture, compared to the risk of a slower switching

impulse front.

The laboratory measurement agrees well with the simulation and confirms that
the damped capacitive divider can measure a fast impulse voltage but cert
measure the DC component just before the start of the impulse. Thus, the
flashover and withstand voltages detected by the divider did not need to be

added to the DC component.
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Fig. 49. (a) EMTP/ATP simulation results for the switching impulse
superimposed on DCenergisation; (b) damped capacitive divider experimental
measurement during the superimposition of the switching impulse and DC

voltage obtained in the laboratory.
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4.6.2. Dry and Wet Flashover under Switching Impulse Superimposed on

Direct Voltage

In this work, the test programme examined the performance of the outdoor

insulator under different energisations, orientations and rain condudtvities.

Three groups of results are presented: (a) positive switching impulse, (b)

negative switching impulse and (c) negative switching impulse superimposed on

negative DGenergisation. In addition to the wet tests, the dry condition has been

includedii OEA AEAOO0O AO n t3TAi8 41 OEOOAI EU
of the Wso drop with respect to the dry case(4.5) has been used.

p Qi énp LN A8 (4.5)

Fig.4.10 (a), (b), and (c) show a decrease of performance when the rain is applied

and when the conductivity is increased. This is true in every caseitw only one

evident exception which is the positive horizontal flashover under the 96.2

t 37TAI OAET 8 4EA OAOO EAO AAAT OAPAAOAA
measurements. These results confirm the expected behaviour of decreased
performance when theinsulators surface is wet and becomes more conductive,
facilitating the discharge inception and propagation until flashover.

AEA ET O01 AOT O PAOAEI Oi ATAA Aoi PO OEA 11060
rain conditions, when stressed with both the negativempulse with and without

negative superimposed direct voltage. As can be seenhig.4.10, beyond a rain

AT T AOGAOGEOGEOU 1 £ p ¢ 18 ge of tBeXdshoher i©headured. EQOOT A
The positive Sl flashover of the vertical orientation chart shows the largest drop

in breakdown voltage between the lowest rain conductivity and the next
conductivity. Whereas, for the horizontal case, the positive impulsehart shows

a variable behaviour.
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(c) Negative DC and negative SlI

Fig. 4.10. On the lefty-axis, the flashover voltage as a function of rain
conductivity. On the right y-axis, the flashover drop, with respect to the dry
condition, as a function of rain conductivity. Each chart includes the dry condition
AO nm t37AIl 8

The minimum and thus most critical switching surge factor that the insulator is
able to withstand is 172 kV / 16 kV = 10.8, which is much larger than 1[341].
Cortina et al. [145] have shown a minimum of 1500 kV / 300 kV = 6. It follows
that, in the absence of pollutio accumulation, the arc span of the healthy pole
insulators is not likely during the transient overvoltage due to pole to ground
fault of a bipolar circuit, but the risk is higher [145] with increasing DC system

voltage.

Fig.4.10 (a) and (b) show that the positive Sl is more severe in the dry case.
However, the same does not occur for the wet conditions. In some cases, the
negative Sl has proven to be more severe thdine positive polarity , and in other
casesthe difference is not evident. Thus, at these voltage levels, both positive and

negative superimpositions need to be investigated. This chapter contributes to

135



Chapter 4 Performance of Composite Outdoor Insulator under Superimposed Direct and Switching
Impulse Voltages

the understanding of the phenomenon by investigatingn detail the negative, as
shown in Fig.4.10 (c).

4.6.3. The Influence of Direct Voltage
To clarify the influence of the DGnergisation application before the Sl on the
flashover voltage, the chart ofFig. 4.11 gives the percentage of the flashover

voltage drop due to the D@nergisationwith respect to the DC voltage.

Compared with negative Sl, the application of the negative DC peeergisation
causes the largest performance drop in the dry and in the horizontal lowest rain
conductivity cases; particularly, the largest difference is found for the horizontal
wet condition. In most cases, the direct voltage negatively affects the flashover
performance, but with an unclear profile. Moreover, it needs to be noted that the
DC is only 6.8% of the average impulse. A higher [E@ergisation may have

caused a larger égradation of performance.

107%
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c y —_ 50 50 . 1 0 0
Y 68% Upc
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©
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-23%-23%
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Fig.4.11. The flashover voltage drop due to the Dénergisation normalized to

16 kV, which is the applied direct voltage, as a function of rain conductivity.
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4.6.4. Effect of Insulator Orientation on Flashover Voltage

The insulator shows a notably better performance when tested horizontally,
except for the first two cases b positive switching impulse. The trend is
attributed to the larger horizontal surface area and thus larger amount of
deposited rain when the insulator is vertically oriented Furthermore, because
the elongation of water droplets during their free fall isoriented vertically, the
creation of an arc path in the vertical orientationis facilitated. However, it was
not obvious that the vertical arrangement would perform worse also in the dry
case A FEM model has been developed, whose mesh can be sedfigM.12. The
calculation of the electric field magnitude along the creepage path of the two

arrangements has been carried out, as shown Fig.4.13.

As can be seenfFig. 4.13 indicates the maximum electric field magnitudeis
located on the edge of the ground electrode for both orientations. In the vertical
orientation, the maximum value is larger than that of the horizontal arrangement

because the ground electrodes are different.
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a) Full, vertical orientation d) Full, horizontal orientation
b) Ground, vertical e) Ground, horizontal
c¢) High voltage, vertical f) High voltage, horizontal

Fig.4.12. a), b), c): mesh vertical section of vextal insulator model. d), e), f):
mesh horizontal section of horizontal insulator model. The metal was not meshed

because the electrostatic physics has been used to model the clean and dry
insulator.
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