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PRESENTAZIONE

Il lavoro di tesi svolto & atto ad apportare detigliorie nel sistema di trasmissione HVDC (High liage
Direct Current). Usualmente gli impianti di geneéose forniscono potenza in tensioni e correnti gime
sinusoidale alternato e tale potenza viene trasfzodi sistemi di utilizzazione mediante linee rdsmissione
trifase in corrente alternata. Nei casi in cui goantita elevata di potenza deve essere traspaodata centro di
generazione remoto a un centro di utilizzazionedib@ da esso circa 500 + 600 km diventa piU coievie la
trasmissione in corrente continua nonostante Isesper i centri di conversione. Questa conveniéndavuta al
fatto che I'utilizzo di linee HVDC consente di miglare la stabilita rispetto ai transitori, ridudenle variazioni
di tensione che avvengono con la trasmissione ghkirdistanze in corrente alternata e riportandovédori
entro le tolleranze imposte dalla legislazione imtenia, oltre ad offrire 'opportunita di connettedue sistemi
che non sono sincroni o che hanno frequenze drdagiiverse. Altre buone ragioni che portano a isifisare
gli studi su questo campo sono date dal fatto Icthesso di potenza della linea pud essere in@rtionsentendo
alla rete elettrica di diventare piu flessibilepeda ad accogliere la generazione provenientemtarfnnovabili.
Inoltre, mediante I'utilizzo dei convertitori, obgpatori nel HVDC, si pud erogare in rete potenzattrea in
modo da aiutare ulteriormente la stabilita delesrst senza la necessita di impiegare banchi di csatieri che

danno origine a transitori nel momento d'inserzierdi disinserzione.

Un elemento problematico per le linee aeree HVDW@a#o dagli isolatori, questa situazione si aggrava
particolarmente nel caso in cui tali linee sondahate in zone altamente inquinate o zone costierii I'aria
contiene elevate percentuali di sale. L'inquinarogrdrtato dal vento a depositarsi nella superisierna degli
isolatori fa si che si crei uno strato di materigguinate che, alla presenza di umidita dovutalsbra, brina o
pioggerellina leggera, diventa altamente condutti/ala notarsi che in questo caso una pioggia atzde pud

avere l'effetto positivo di lavare tale superficie.

La caratteristica principale degli isolatori &€ disere costituiti da un buon dielettrico in gradotetiere la
differenza di potenziale cui € sottoposto per swste il conduttore. Un materiale completamenteais@ non
esiste in natura ma alcuni studi sui materialirpeliici, quali le gomme siliconiche, hanno dimostrelie essi si
prestano a essere utilizzati come materiale diiglettper costruire validi isolatori. Le loro scarpeoprieta
meccaniche hanno fatto si che il loro utilizzo pifie sia di materiali di rivestimento per la mattifea di
isolatori ibridi. La natura organica di questi m&k fa si che essi abbiano una bassa energiaftipke che
rende la loro superficie idrofoba ma che al tempesso li rende interessati da un rilevante processo
d’'invecchiamento durante il loro normale esercitia.caratteristica della superficie dei materialimerici di
essere idrofoba serve a limitare le correnti dpelisione che si crea in seguito alla presenza stiaspe
inquinanti e umidita sulla superficie stessa iredainate condizioni di utilizzo. L'idrorepellenzalth superficie
fa si che non si crei un film conduttivo ma cheniiditd permanga sulla superficie sotto forma digjyolne

discrete. Questo fattore riduce drasticamenteit@&della corrente di dispersione.



Dagli studi finora condotti pero si € rilevato dfomeno di una perdita d'idrofobia superficiale c&$o in cui
tale superficie sia ricoperta da uno strato di niwi inquinante. La perdita di questa carattexdsporta alla
formazione di uno strato conduttivo che conserite @rrente di dispersione di crescere a valoevdhti. La
corrente di dispersione ha un effetto termico ohetgpcalore il quale, a sua volta, crea delle neigielle quali
l'acqua, in cui sono disciolte le sostanze inquinagvapora. In questi canali asciutti, denomirgsl gergo
inglese “dry band”, possono svilupparsi delle mscariche che portano alla completa scarica ddtifsoe oltre
a causare dei danneggiamenti nella superficigltaticcelerare il processo di invecchiamento. Hodadare che
alcune microscariche sono tollerate poiché consentm certo grado di auto pulizia dagli agenti ingati della
superficie dell'isolatore, ma nel momento in cusesliventano localizzate e intense causano I'emesib parte
della superficie nonché alla perdita progressivanditeriale. Nel lungo periodo questo fenomeno calsa

fallimento completo dell'isolamento.

Lo studio sui materiali polimerici ha dimostratoecljuando lo strato d’inquinamento viene rimossaralc

materiali sono in grado di recuperare la caratieas!’idrorepellenza.

Per ricercare materiali e forme nuove d’isolatdré i adattino bene a un utilizzo in regime corttieua un
ambiente inquinato, che si tratti dinquinamentctifiaiale o naturale, sono stati sviluppati i test
d’'invecchiamento accelerato. Ci sono diverse tigi@ali test che gli standard europei prevedontatia di test
fatti per sviluppare e meglio comprendere le caratiche legate strettamente alla composizioneniciai del
materiale (ad esempio “Incline Plane Test") e témt invece verificano I'affidabilita dell'interoatatore come
elemento unico finito (ad esempio il “Tracking Whékest”). Questi test si propongono di adottare una
metodologia atta a simulare in brevi periodi unt\wdi servizio di trent'anni, sottoponendo passaspail
campione in prova sotto tutte le diverse tipoladjistress cui € sottoposto in esercizio. Gli stashdie@nno pero
delle lacune in materia di tensione continua inrsente & previsto. Per questo motivo per testhisajatori da
usare nelle linee HVDC si & deciso di far riferineerai test ideati per la tensione alternata modlifto
I'alimentazione ma lasciando invariati gli altrirpanetri. Purtroppo la necessita di avere alimeataz bassa
impedenza interna per svolgere test con tensiongne@ porta ad avere un elevato costo nelle apphisure
da usare, a causa di cio nella letteratura sonseptiepochi casi in cui tale test & stato esegetio tensione

continua.

Il test analizzato ed esposto nella tesi € il tistvecchiamento che é riportato nella normativa &X217:2006
“Polymeric insulators for indoor and outdoor usé¢hwa nominal voltage > 1000 V — General definitiotest
methods and acceptance criteria” nell’appendice Aeénito come “Tracking wheel test”. Con il terrain
“tracking” la normativa intende specificare quehdeneno di formazione di percorsi conduttivi (trgckbe
causano l'irreversibile degradamento della supierfilell’isolatore. Tali percorsi o tracce conduttiimangono
tali anche quando la superficie & asciutta e pestguinvestono una grande importanza nel posdtdilenento

dell'isolatore.

Il test per stimare il processo d’invecchiamenttyidelatore richiede che tali isolatori siano t@tper 30 000

cicli, 1600 ore totali durante le quali sono tddleili solo brevi interruzioni per un’ispezione wiai degli



isolatori. Durante ogni ciclo l'isolatore passaraterso quattro fasi distinte. Quattro isolatorigedipologie di
campione, possono essere testati simultaneamesgies&o montati in una ruota, da cui il termineealha 90°
I'uno dall'altro. Le fasi cui ogni isolatore € sgfiosto hanno una durata di 40 s ed ogni passaggind fase
all'altra in cui l'isolatore ruota per 90° richied® s come specificato nella normativa. Tali fasipessono

riassumere come:

- Prima fase di immersione in acqua salata conteallfaterno di un serbatoio in cui l'isolatore &
completamente immerso in posizione verticale. ldetiua sono disciolti 1,40 kgfre: 0,06 kg/mi di
NaCl, in questo modo si assicura che I'acqua abbéaconducibilita di circa 2,7 mS/cm.

- Seconda fase di sgocciolamento in cui Iisolatori@ @osizione orizzontale per lasciare che I'acqua
scivoli dalla superficie.

- Nella terza fase I'isolatore € in posizione velgcad & sottoposto alla tensione di prova. Il valdella
tensione di prova definito dagli standard & datbridaltato ottenuto dalla divisione della distardia
dispersione (creepage distance) in mm da 28,6isultato € espresso in kV. Durante il test eseguit
laboratorio per un limite di disponibilita & stattllizzata una tensione di 10 kV benché per essere
linea con gli standard fosse necessaria una temsioh3 kV.

- La quarta fase & quella in cui I'isolatore & di viuén posizione orizzontale ed € lasciato a raffezd

per dissipare il calore superficiale dovuto allarente di dispersione.

L’apparato costituito dalla ruota, il supporto jgérisolatori, il serbatoio e il motore elettrictt@ a far girare la
ruota era gia stato assemblato durante il precedawbro svolto da Andrea Moncivi il quale I'ha ade per
testare gli isolatori con corrente alternata sedadr direttive della normativa. Le modifiche apjate hanno

riguardato I'alimentazione e il software per laist@zione dei dati.

Benché non sia richiesto dagli standard, bensppapositi di ricerca, & stata registrata per ogelogper ogni
isolatore la corrente di dispersione superficidle si € manifestata durate la fase in cui l'isakatra sottoposto
a tensione. Tali dati sono stati raccolti e registin file Excel attraverso I'utilizzo del softwalabVIEW™ che
ha permesso di campionare ed elaborare il segnat®rtente e tensione utilizzandoli per elaboralteea

grandezze d’interesse quali potenza dissipata edjienaccumulata nella superficie.

La decisione di registrare la corrente di dispersié data dal fatto che in alcune occasioni ss&auina buona
correlazione tra entita di tale corrente e degragamdelle prestazioni dell'isolamento. Tuttavialetteratura

sono presenti pareri contrapposti a tale riguardo.

| risultati ottenuti dall’elaborazione di tali daier i primi 100 cicli e riportati in appendice A&lth tesi sono da
ritenersi in linea con i risultati ottenuti da alticercatori che hanno eseguito test analoghii(vefgrence 12) e
non riportati poiché la qualita dellimmagine € deate. La brevita del test, che ha avuto una dulat&rca 6
ore, aggiunta al fatto che il livello di tension@ énferiore a quanto stabilito dalla normativafatio si che il
valore della corrente di dispersione si stabilisserno a valori irrilevanti. Questo trova una dagica nel fatto
che gli isolatori sono costruiti e studiati propper ridurre tale valore che almeno durante i piili deve

avere entita irrilevante. E possibile immaginare sk I'esperimento si fosse protratto per i 30 €60 stabiliti



la corrente di dispersione sarebbe aumentata. riEaiato € sempre confermato dall’esperimentortgpm nel

reference 12.

Poiché lo scopo era di comporre il set up necessariun secondo momento per testare nuove tipologie
d’isolatori aventi materiali innovativi e costruiiel laboratorio di Alte Tensioni interno all'Unirgta di Cardiff

si considera tale scopo raggiunto portando in thee per un test affidabile bisogna provvedere gistema di
stop degli isolatori diverso da quello ora previdtdatti, nell’apparecchiatura ora disponibilerieta € portata
in rotazione da un motore elettrico in correntetoam che permette di variare la coppia modificatao
corrente. Esso € comandato attraverso un impuldattnmediante un programma sviluppato con il safev
labVIEW™ che usa il valore della potenza istantanea pevithdare la posizione dell'isolatore. Questo modlo d
operare non risulta affidabile in quanto pud acoaade il valore della corrente di dispersione shmanifesta
nei primi cicli sia cosi basso da mantenersi dat&oglia necessaria a inviare I'input di contrallel motore. Per
rendere il sistema piu affidabile sarebbe utilaliste una fotocellula che individui esattamentepdsizione
dellisolatore e/o usare un contatto che & apegtamomento in cui il perno dell'isolatore lo vaactare e che
passati i 40 s € riportato alla posizione chiupamrnette al motore di girare attraverso I'utilizicun contattore

o di un software come quello menzionato.



INTRODUCTION

This project was developed during the SOCRATES AERUS program done in the High Voltage Energy
Systems Research Group of the school of Engineesin@ardiff University, United Kingdom from i3
September 2010 to 31 January 2011 under the supervision of Professdanu Haddad.

In the first chapter there is a first and genemsatiption of the type for HVDC systems to comprike
motivations to look for better solution in thislfieof study. It is reported a comparison between&tem and

HVDC systems with the same voltage level to un@estvhen the DC energization is a better solution.

The second chapter presents the literature revtevgescription of the commercial insulators designd then
the description of polymeric insulators. It is rejed a description of the advantages and disadgastgiven by

polymeric insulators and it is done a comparisamwben polymeric insulators and conventional insratThe

Chapter third is a specific analysis of the polyim@naterial used for build outdoor insulators. Tbigpter is
focalized at the method for evaluated the hydroptigbin the surface of polymeric material becawdethis

characteristic is the main point to understandebh&age current behavior and the ageing process.

With the chapter four is introduced the trackingew! test like described in the standardizationith the
specific modification to use with DC voltage. Itdescribed step by step the arrangement to rutesteand the

program to acquire data and timing the insulatoysles.

In chapter five there is the conclusion of the eipent to see the reliability of the tracking whéedt facilities.
The data analyses are reported in this chaptetlrendomparison with other experiment is done. Hnalyzed

the worst case found with the four insulators wste



CHAPTER 1

ADVANTAGES OF HVDC TECHNOLOGY

11 INTRODUCTION

The first electric power system was developed bgri&s Edison in September 1882, it was a DC systgm b
already from the first applications was clearlyttbacessive power loss occurred when the transonissi the

energy was with low voltage.

The invention of transformers, that made possiideincreases of Voltage level with the Alternatwgyrent, led
to understand that HVAC transmission system isteebehoice to power transmission. Around 1954 baen
developed a fully-static mercury arc valve, theg #ire principal component in the AC/DC convertémdeed,
the electric power generation is made by a thress@lsynchronous generator that has features supetioe

DC generator.

Since the 1960s, HVDC (High Voltage Direct Curremgnsmission system was developed and has played a
leading role in both long distance transmission amdthe interconnection of system. The first HVDC
transmission system was a submarine cable betvaeeisland of Gotland and the Swedish mainland whindh
been exercised in 1954. The classical applicatiddMDC system is the transmission of bulk power.ryaf
these transfer power from renewable sources sudty@® and wind. The picture down (figure 1.1) exp$

various possible applications of an HVDC system.

It was investigated that for distance bigger th®9 5 600 km is cheaper using HVDC transmission than
conventional one, although these distances areceeldwhen it is used undersea cable, indeed them is
technical limit to the length of submarine cablamection. HVYDC system ride over the limit that thare with

AC, for example with the DC link is possible to omcted two system that works at different frequesicthat

2



there are no synchronized. Furthermore, the polwer dan be inverted. Using AC transmission in laligfance

there is an appreciable variation of voltage thetdmes an important limi

Using the /DC transmission it need to use Voltage Source €dev (VSC) which can do also the regulat
of active and reactive power necessary to haveriatiem of voltage comprise in the tolerable rargethe

standardizations without to spend other many tra compensating equipment like capacitor bz

However it is important to notice that HVDC systdmas also disadvantages in their use; one of thtkd
introduction of harmonic distortion in the grids i6as necessary to provide a good system ofrs. Also the

high cost of DC switches to break the short circuitent result in a limit of HYDC transmissi

Plant Complex

H;ﬂ . Plant ®
7 Y] & O

Wind Power @ é} ®
®

EA] @

Wind Power (@

Plant @

Islanding

Island Area

Figure 1.1: Various applications of an HVDC system [8]



The picture below may give an idea of the develapgméHVDC system in Europe.

Figure 1.2: HVDC DEVELOPMENT IN EUROPE [www.wikipedia.org]

Where:

[l Existing links
[l Under construction
ll Proposed

A line for DC needs only two main conductors, while AC line needs three. And the losses are |owmuever
the HVDC converter stations cost more than the AGieal stations so a certain distance is requirechae
this use of HVDC economical. Using the followingctpires is possible to compare and to understanc
sometimes is very convenient to use HVDCnsmission because of using this system should be sere
space.



Figure 1.3: COMPARISON SAME VOLTAGE LAVEL BETWEEN HVDC TRANSMISSION AND AC SYSTEM [www.abb.com]

The figure above compares two 3000 MW HVDC linesthe Three Gorge— Shanghai transrssion, China, to
five 500 kV AC lines that have to be used if ACnsmission had be selected, is clear that a lopafes can b

save using the first solution.

To see the same concept may compare using thevfotiofigure where tower configurations fAC and DC

transmission are drawn.

Figure 1.4: Tower configuration for AC and DC transmission [7]

The next picture shows a HVDC overhead lines, kiid of application are found in e.g. USA, CanaBmzil,

China and India.



Figure 1.5: HVDC LINE FOR 2,000 MW IN WESTERN USA [www.abb.com]

1.2 TYPES OF UTILITY

To be precise the HVDC transmission is used ingiudiculars ways:

- Back to back: two independent system with differelectric parameters like voltage and short circuit
power level, frequency are connected using theiBiClike show in this block diagram.

[www.energy.siemens.com]



- Long distance: this is the case where two remotespsems with a distance from 300 to 1400 Km and
more are connected. Reactive power is not transthitver DC links so it reduces the losses. It is
possible to have a completely control power floeydnd with HVDC transmission there is the
limitation of short circuit level that usually ireaise when new lines are built to extend AC systam.

this way is easier and inexpensive to provide tiéchgear apparatus.

[www.energy.siemens.com]

In this argument must be consider the case usiagtivmarine cable to connected two different AC

system separated by sea, it is very convenientusede return is done using the sea like conductor

Sea Cable

AC— & ¥-AC

Systam 1 System 2

[www.energy.siemens.com]

1.3 BASIC CONFIGURATIONS COMMONLY USED

The basic configuration that is usually used casi®emarizing into two cases:

- Monopolar HYDC where is used just one HV line fd€ Burrent transmission and to provide the return

path can be exploits the ground. This configuraisolouilt to rating up to 1500 MW.



[www.energy.siemens.com]

- Bipolar HVDC. This type of DC link consists of twepbnductors, one with positive polarity and the
other with negative polarity where their neutralrpds grounded. During the normally operation he
current following in the grounded return is zeracdngse of the same value of current flows into each
pole. The important advance of this configuratisrthat the two poles may be operated separately.
When one pole is out of order the other pole cansimit power by itself with the return by ground.
Obviously if compare monopolar configuration witlpddar configuration is clear that in the second
case the power transmitted is twice time of the gronansmitted with the first configuration.

& ¥

& ¥

[www.energy.siemens.com]

There are different HYDC overhead lines configunasi that are chosen according to economic anabsés

environmental study, some of this configurationsttewn in the following figure.



Variant Tower configuration Remaining Relative
transmission cost (%)
capacity

Loss of one pole ground return tower breakage
Permitted Not permitted

Single monopolar line E 0 0 0 85

Single bipolar line E E 50 (100) 0 0 100

Double bipolar line ?)_TE 100 100 0 114

Two monopolar lines | E 3 50 (100) 0 50 (100) 126

!
Two lines (bipolar or homopolar) 100 100 100 136

Already after this short description it is possibdeunderstand how is important the HVDC transmissd the
development of the electrical grid in Europe andhie entire Worl. So it is fundamental goes on with n
research to develop a very reliable HVYDC systen tiod has outage. In this thesis is studied a fipgeist,

originally born to AC Voltage, to found new matéria build high resistance insulators that may bed under

Figure 1.6: HVDC overhead line configurations [8]

pollution condition for HVDC transmissic



CHAPTER 2

INSULATORS FOR OUTDOOR APPLICATIONS:
CHARACTERISTICS AND PROBLEMS

2.1 INTRODUCTION

In general the insulators for outdoor applicatitiase two different functions, mechanical and eieatr The
biggest problem for all insulators is that it ispossible to provide an ideally nonconductive elenfienbuilding

it, furthermore, all insulators have external scefa that become contaminate during the services Thi
contamination will carry a leakage current becairse¢he pollution layer there are inert mineral ragtt
electronic-conductive dust like carbon or metaldesi, soluble salt and water. Often, the consecalgnbblem

is that of flashover occurs across this pollutedese when the leakage current exceeds a certhir.va

For solve this problem have been developed a Ity of insulators and a lot of materials havenbsteidied.
The better performance for this used are with gdaiceglass, polymer, and RBGF (resin-bonded gfémss

used in core of polymer insulator).

It is possible to affirm that all types of insuletare much more liable to flashover under DC th&nvoltages

in comparable conditions.

The following table explains the features of thiéedent materials used to build electrical insufato

10



MECHANICAL PROPERTIES OF THE DIELCTRIC COMPONENTSMIGH VOLTAGE INSULATORS
Units Porcelain Glass Polymer RBGF
Tensile strength MPa 30-100 100-120 20-35 1300-1600
Compressive strength MPa| 240-820 210-30( 80-170 -7600

Table 2.1: material proprieties

This kind of material has good mechanical and gtedtfeatures. The principal classes of insula@ cap and
pin insulator, longrods, posts and barrels. Theeesame different class to classify every kindrsfulators and

this class are reported in the table below.

HV INSULATORS

CERAMIC INSULATORS POLYMERIC INSULATORS (NCI's)
COMPOSITE
CYCLC?:LSIJHATIC SUDULA D
GLASS PORCELAIN FIBREGLASS ROD
EPOXY RESIN | \\/\r1i POLYMERIC
INSULATORS o
BUSHINGS &
HOLLOW
CAP&PIN |CORE ESETER()PSET PIN-TYPE | LONGROD EPDM | SILICONE
INSULATORS| |NSULATORS| ey arong | INSULATORS | INSULATORS RUBBER| RUBBER

Table 2.2: insulators classification

11




2.2 TYPES OF COMMERCIAL INSULATORS

Now there are a description of all the commergiallators comely used in AC and DC system.

2.2.1 Pininsulators

There was originally used for telephone lines aighténing conductors, have been adapted for power

transmission and some variant still in use to o medium voltage system.

The conductor is placed or on the top, in a groovalongside of it. The pin insulators are madparcelain or
in glass. On the bottom of the insulator therenisagial slot with thread; in the slot is cementkd pin which
support the insulator. The cement has to have ahee dilatation coefficient of porcelain and durthg life it
has not to deform. Angled sheds on the insulatorarfiddle voltages can increase the superficiah mditan
eventual discharge and also interrupt the liquidh pehich can create on the top of its surface. dineension of
the pin insulators are showed in the following ¢alffom the data can be notice that for more thHak\3 such

insulators would result too much voluminous andliddne subject to frequent building defects.

Vi, D H Fo Mass
kv Mm mm daN kg

10 150 112 1400 1.7
20 215 170 1900 4.3
30 225 205 2400 6.7

Table 1.3: pin insulators properties

e 85 {300) — -II

L—-M (75} ———

Figure 2.1: pin insulators for low voltage
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Figure 2.2: pin insulators for low medium voltage

2.2.2 Capandpininsulators

These are manufactured from porcelain or glassaaadased on the similar principle as pin-typelatsus. A
number of units are connected together by steed aad pins to form an insulators sting. Just teaatiral use it

is possible to calculate the number of units th#& hecessary to use to provided a right insutatiocording to
the voltage applied:

n=w 4
15

Where n=number of element cap + pin to build angtet U, Voltage applied.

The cap and pin insulators was developed to exgapftom the mechanical viewpoint, that to ceraamd glass
material have a better behaviour when they aressgat compressive force than tensile strengtls désirable

arrangement to support the axial load is obtaingdhk conical shape of the part of the steel pimedded
within the mortar that fixes it to a wraparoundtdesn cap.

When the glass cap and pin insulators are used D¥ttenergisation, the shattering of the glass siwdlrred
because of the leakage current is a unidirectimméd flow. However, the toughened glass has a higistivity
so it can be used in the glass cap and pin ingsldtw DC voltage; but to found a solution at thi®blem

technological remedial approach that has been sbde highly successful is to improve the qualityoth the
raw material and the manufacturing process.
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Another problem is the corrosion of electrode urid€renergisation but this is a well researched lprabThe
positive electrode dissolves gradually into thecte@dyte, produced by wetted pollution, due to fltev of

leakage current. For ferrous material, such coorosccurs through the following ionising reaction:

Fe - Fe* +Fe~

The loss of the weight W(z) of the positive eledealue to a flow of current I(z) for the duratiom@s found to

follow approximately Faraday’'s Law:
W(z)=1(2)TZ

Where Z is the electrochemical equivalent (i.e.rfa&ss of ion taken into the solution by a currdrdree ampere

flowing for one second).

In general for this kind of insulators, the pintiee element that suffers the most, indeed whemisal is

substantially reduced; the insulators string catonger support the conductor.

This problem for the pin is very important. The hwt successfully developed to provide a protectibthe
steel pin was to use a zinc sleeve as a sacriédégtrode. The heavy sleeve of zinc is fitted atbthe pin,

where it enters in the cement, to attack by leakageent without loss of mechanical strength inphe

/ | | | ".l Remiforead
: A 1 Calvanizing
Efficiency of the ¢ £ )
shell prafile ] I‘. Special shape 1o
f \ it electrical
f I 1 field and arc
[}

F‘nrmsiun

LINC cormosiem —

| :
-:_'::D Cement joint between the
fetardation sleeve |

cap and the shell

Figure 2.3: cap and pin insulator
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Form some studies for glass disc on line in AfrlBaandinavia and in Italy was found that this kiridnsulator
has an average failure rates per annum more thatintes higher with DC voltage than the norm for Mgs.
An insulation defect can occur with these insulaiorHVDC, it generally begins with the failure affirst one
cap-and-pin insulator, and then several insulatoes string. Such defects are difficult to detégfass, but also
porcelain, contains mobile ions, so this mobilesiamder steady stress may have a migration, ferréason
probably there are more failure under DC voltagesmedies may include reduction in ionic migration b
increase in volume resistivity of the dielectridimgnation of voids and inclusion from glass (pdaie is

inherently granular) and amelioration of corrosion.

Figure 2.4: Glass cap and pin insulators for DC lines

223 Longrods

Longrod insulators are similar to post insulatot ke lighter, it are used like a suspension irsularhe

apparently advantages that longrod insulators hibeempared with cap and pin insulators, is tmathis case
the metal fittings exist only at the ends of insoitg, it is obvious that with this kind of insulasahe quantity of
metal along the axial length is minimised. Longredsuld be advantageous for use on DC, indeed, dney
intrinsically little subject to damage from ionicigration within their dielectrics and contain noried metal

which may corrode. The problem is that they haverior performance when used in a polluted envirenm
However, good results have been obtained from tmgyion DC in moderate industrial pollution. Thetdet

performances to DC lines insulators have been fauittdHybrid longrods.
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Mallzable cast iron or ENS steel end fittings in 3
wariety of combinations, compiete with stainles:
steel locking pins

HTW Silicone heusing chemically bonded
to the core producing a bond stronger
then the tear strength of the silicone

Corona protection provided at the
vulnerable silicone/steel interface

on non-over moulded units.

Impermeable sealing

E-CR Epoxy glass

End fittings are hot dip galvanised
in accordance with IS0 1481

Figure 2.5: example of longrods insulator structure

Fiberglass-Reiinforced Resin

Silicon-Rubber Sheath

Silicon-Rubber Shed

Chemical Bond

Vulcanization

Polymer Sealing

End Fitting

Cleaving Wedge

Figure 2.6: Cross-section through a composite long-rod insulator [8]
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2.2.4 Post

They are used to support the High Voltage condumtal they are mounted on a pedestal or in the pbmes
cross arms. The post insulators are tall and afelynased in substations. This kind of insulatoas de made in
porcelain, in glass or with polymeric materials.efé are some important difference between a gladsaa
porcelain construction, indeed such porcelain past developed radial cracks due to the volume trofithe
mortar that bonds these cones together. The camdsm shattering of glass cones not seem to doecause
the glass used is toughened glass so its tensidagsh is greater than porcelain. The cracks inpicelain
surface cause a drastically reduce of path lenfgtheoleakage current. Another difference is thedkbf cement
that is used in porcelain and in glass post, facgain is used Portland cement whereas Fondu deisen
employed for glass ones. To solve this problem @egloped in a different way a design that avoidting

porcelain into a tensile mode.
A design of polymeric post consists in:

- A glass fibre reinforced resin core to provide tmechanical strength, while resisting the elegkric

stress.

- Elastomer sheds to provide the required creepadestress reduction to withstand the stress piayai

to the system. Two commonly used material are ERDiblber and silicone rubber.

A particular advantage of having a RBGC core lieghhwith its high mechanical strength and its fielidy.
Both of these features enable such posts to wittstaore readily than their porcelain equivalent shert
circuit forces that occur under high current fadhditions and the violent vibrations that happeadear seismic

activity.

Come

F Housing (Shed & Shenli)
H \ s
il e : el

el

Figure 2.7: picture of post insulator [www.polymerinsulators.com]
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2.2.5 Barrels

The important applications of the allow insulatars, for example, weather housing of bushing, sargester

enclosures, circuit breaker interrupter heads,ecabhling ends.

In the recently times is developed the polymerigdia insulators, especially ones having silicamgber sheds

bonded onto a glass fibre core tube.

The resin bonded glass fibre tube is constructed nrandrel, as per standard practice. In one dedibnshing
manufacture the silicone rubber sheds appliediottibe. The end fittings are attached while thieasie rubber
is still pliable and this complete assembly is thaltanised in an autoclave. Final machining isiedrout when
this assembly has cooled down. Such hollow corelamsrs can currently be constructed with a maximum

internal diameter of 600 mm and overall maximungtarof 6 m.

The principal commercial insulators have been bridescribed, now it is important explain what aheir

services conditions and the damage that may beaccu

2.3 TYPES OF POLLUTION

There are two types of pollutions, natural pollatend artificial pollution. Insulators placed iretenvironment

collect pollution by various sources.

- Coastal pollution: a layer of salt can be spraiyeal the surface by the wind from the sea. In @nes of
humidity or fog these layer becomes conductingdi®uo chloride is the main constituent of this

pollution.

- Industrial pollution: the power lines near théam or industrial area are subject to stack frorssion
of the plants. These materials are used dry vdegrosited but with the fog they become wet and so
probably they are conducting. The material wilsaflb moisture to different degrees, and apart from

salts, acids are also deposited in the insulator.
To summarise briefly the principal sorts of contaation it is possible to find:

- Salts fog in coastal areas;
- Dust containing salt (desert or dry region);

- Agricultural deposit (fertilizers, combustion resas),
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- Industrial pollution (coal mining, salt mining, cent plants, chemical industry);

- Pollution from vehicles (highways, non-electrifisdlways).

Wind is the instrument that causes the depositfosubstance in the insulator surface but is thé higmidity,
fog or light rain that cause wetting of pollutiomyer. Can be observed that heavy rain is pronde@nche
surface so is not a problem.

2.4 FAILURE MODE OF INSULATORS

The generally flashover caused by air breakdowpadiution, do not create physical damage to thelatsrs
and the system can be restored by the mechanismtofclosing. Some other events can cause theamably

damage to the insulators.
- Puncture

This kind of damage is common to cap and pin irswda It is occur between the pin and either theqithe
high voltage conductor. These occurrences are lyscalised by very steep impulse voltage, wheretithe

delay for air flashover exceeds that of puncturpartelain.
Definition by standardisation EN 62217:2006 to gune of an insulator is:

“Permanent loss of dielectric strength due to g¢iisue discharge passing through the solid insulptivaterial of

an insulator”
- Shattering

Glass insulator shatter when exposed at sevenmegancipuncture due to vandalism, despite that, th&gin their

mechanical integrity.
- Erosion

Prolongation arcing of glass insulators leads tsien of the surface layer of the glass. Arcing @adona over
long period can cause removal of shed or sheathriahin the case of polymeric insulators. Seveosien may

leads to the exposure of the glass fibre core.
Definition by standardisation EN 62217:2006 to &nss:
“Irreversible and non-conducting degradation ofdheface of the insulator that occurs by loss ofemial which

can be uniform, localized or tree-shaped.”
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- Tracking

Tracking occurs when carbonised tracks from becadisgrcing. These tracks are conductive. Howeves th

phenomenon only occurs in carbon-based polymers.
Definition by standardisation EN 62217:2006 to kiag is:

“Process which forms irreversible degradation byrfation of conductive paths (tracks) starting asdedoping

on the surface of an insulating material.”
- Brittle fracture

This damage may occur when water goes into the fijiass core in case of composite insulators. Therw
combined with weak acids can be lead to the britdeture of the rod. The weak acids are producedhb
combination of discharge and water; it is for ttdgason that the integrity of the metal/polymer laisg/polymer

interface is extremely important, especially ifdrogsistance glass is used.
- Crack

With the term crack is defined any internal fraetor surface fissure of depth greater than 0.1 wrording to

the standardisation.

The performance of the insulators has to test aaogto IEC-60587 (“Electrical insulating materiaised under
severe ambient conditions - Test methods for etvialyaresistance to tracking and erosion”), IEC-6221
(“Polymeric insulators for indoor and outdoor uséhwa nominal voltage>1000V-General definitionsstte
methods and acceptance criteria”), IEC-61302 (“fElesl insulating materials - Method to evaluatee th
resistance to tracking and erosion - Rotating whgetest”) standardisations but there are noearanethod for
testing the polymeric insulator, for testing theulators under DC voltage and for tasting the perémce under
snow and ice conditions. The procedure that it dexdded to follow is: using the AC test method amatified
apparatus to do DC tests. This way to work is tmaesway that may be found in the existent liteeafor DC
tests, not just for “Tracking wheel test” but alfy other kind of tests like the “Incline plane ttesThese
modifications are done after that a previously thécal analyse. The critical point to provide D€ apparatus
for made the test it is to provide a source ofagyt of realistically low impedance. In general nbenber of DC
test facilities for insulators and the reliabiliy test results have been limited by the difficudtyd high cost of

this kind of voltage source.
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2.5 PHYSICS OF POLLUTION FLASHOVER

In general an insulation flashover can be existimgnany reason, some of these are recognizeceifottowing

events:

- Direct lightning strike;

- Back flashover;

- Switching source;

- Insulator contamination;
- Insulation defect;

- Fire under the line.

Contamination flashover is a problem specificatigerent to the HVDC line. The flashover caused d@jufion
is critical because of it happen during normal menand so when the voltage applied is the volsggem.
Therefore it is important to pay attention at indual parameters that can give an idea if the @ashis near to

occur.
The probability that a contaminant flashover ocaresgiven by:

- Degree of insulator contaminant;

- Type of contamination;

- Non-uniformity of the contamination along the iregolr string;

- Different degrees of contamination of the top aralliottom of the insulators caps;
- Kind of wetting;

- Voltage polarity.

The “Equivalent Salt Deposit Density” (ESDD) hasbeleveloped for made a unit of measure to compare
different contaminate insulator surface. The ESBaisalt coating measured in mgfcwhich produces the
same conductivity, when completely wetted througfhthe actual layer of contaminants [8]. Howevsually

for HVDC lines are better to use pgfem

The non-uniformity of the contamination along timsulator string is caused by the accumulation @irghd
particles on the top and on the bottom of the ssulstring. This event is due to the field stréniiat is bigger

in these regions.

It is important to remember that the Critical Flagér Voltage CFO is lower by several percent fayative test
voltage than positive test voltage. This aspecbidirmed by many material tests done using thelithie Plane

Test Method".
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Heger, Vermeulen, Holtzhausen and Vosloo have rsade experiments using Inclined Plane Test method i
order to determine the performance of typical podee insulation materials: RTV (Room Temperature
Vulcanized) silicone rubber coated porcelain, HHigh Temperature Vulcanized) silicone rubber and&P
rubber. They tested these 4 kinds of materials utitee voltage types: ac, positive dc and negaliveThe
comparisons were done, based on the following etialn criteria: Visual observations and sample apgece,
sample mass loss, sample erosion depth, samplemrrasea, average hourly rms leakage current, geera
dissipated power, sample hydrophobicity and chelnaicalysis.

Mater@l O Matenal B; Material A;
EPDM Rubher HT% Silicane Rubber 1 BTV Silicone Rubber
Coating

Materal [;
HTV Hilicone Rubber
2

Figure 2.8: Visual appearance of samples at end of tests after washing [4]
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Mass loss (mg)
g

Material A Material B Material C Material D
[OAC Series BOCH Series ADC- Sedes]

Figure 2.9: Mass loss of all samples for different voltage types [4]

P —— —— .. .
Material A Material B Material C Material D
|OAC Sedes B DO Seies ADC- Sedas

Figure 2.10: Erosion depth of all samples for different voltage types [4]

Er-::si-c:nﬁ.rea[rnmz]

Material A Materizl B WMaterial C Material D
|[DAC Series BOCT Sadas BOC- Series|

Figure 2.11: Erosion area of all samples for different voltage types [4]

The silicon rubber based materials developed oriyomvisual erosion during the ac series but duting
positive dc series, they showed a massive incri@asmsion, especially for HTV silicon rubber. Thmsion of
this material occurred due to the formation of Boterough the entire sample thickness. EPDM madseria
showed more severe erosion than the other matevieds energised by ac but it has a good behavidrde
voltage. When the negative dc voltage was appltettieaHTV silicon rubber we can seen that thertovger
visual erosion. In contrast, the RTV silicon rublsiowed extensive erosion over large areas of dngple

surfaces when exposed to this voltage type. Tressdts can be observed by the above graphs.
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The measurements results for the rms leakage d¢uoemll the materials showed a no real corretatio the
criteria of erosion severity, which indicated thhé rms leakage current cannot be used to foresasion
severity for polymer samples, tested using then#&thod[4].

There is also a clear polarity effect when dealwvith the dc voltage, in the case of HTV rubber miats,
electrolyte that flows in a direction away from thesitive electrode produces arcs that are monénuital to
the insulator surface than in the case of a negaginarity, while in the case of RTV coating madtsithe

opposite is true.

The factors that play an important role in the Itssobtained are:

- the effect of magnitude and polarity of the loekdctric field on hydrophobicity;
- the effects of UV radiation and of the differdppes of water droplet corona (anode or cathode) on
hydrophibicityloss;

- the thermal effects of arcing, leading to chemitenge.

We can see that the insulator samples are exposedremely harsh pollution discharge conditionewkested
using the IPT method. The IPT test is a materiad, tintended to evaluate the performance of éeattr

materials under severe ambient conditions.

Behaviour of layer of artificial pollution underesgitric stress was investigated by Hampton. He s&epl of
glass were coated with layers of kieselguhr, dexrid salt. The voltage distribution as a functétime could
be measured by capacitively couple probes thatisratached to back of glass, one behind each tatmi
electrode and the remaining eight distributed alihveglayer. The layer was wetted by water fog cabinet and
the development of flashover from dry-band disceangas monitored.

The stage of the flashover process comprisingaheviing step:

- uniform voltage gradient;

- development of more than one dry-band;
- dominance of one band,;

- passage across band,;

- development of arc;

- flashover.

The problem was: what determines whether the dndbaill simply persist or whether the dischargel wil

propagate along the surface to cause a flashover?
Hampton established that the criteria for propagatvere:

E, (stress in the arc) s Estress in the layer).
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The stress in the arc,[Exceeds the stress in the layer since arcs shialliray characteristic of stress against

current:
—_ -n
E, = Al

Where | is the current and A,n are constants.

The arcs characteristic has a different behavioooming if it is developed in air or if there meteffect of water
vapour, because of its dissociation and the langental conductivity of hydrogen, upon. EHHampton’s work
was never intended to comprise all the sufficiemiditions for development of real flashover acraseeal

insulator[3].

2.6 BASIC DIFFERENCE FROM AC CONDITION

The types of insulators over described can be wgdd AC or DC voltage but with different performamc

indeed the situation is more complicity for the Bergisation.

With the DC energisation there are three importifferences to AC energisation: in the mechanism of
pollution and propagation of discharges to flashpirethe processes of surface erosion and comasieement
and metalwork and in the aging to the dielectripezially with the ceramic matter. For DC voltags hot been

done more tests because the source of voltagaligtieally low impedance is very expensive.

Some difference may be deducted from first priresplThe absence of voltage zeros on DC, and thaiyol
reversals, must favour development of primary disghs to complete a flashover. When DC voltag@jdied
the insulator becomes solely on resistance withapacitance and hence there is a greater frequérmymary

discharge.

To compare the insulators used with AC voltage @\bltage was defined the ratio:

F = Peak AC flashover
Peak DC flashover

Salt fog tests gave values of F from about 1,2,Tohlit were observed that with different shapesraaterials

may have different values of F.

The better solution is to use polymeric mattersabse their surface is hydrophobic, but they haeeptioblem

that when the surface is covered by pollution latylbecomes hydrophilic.
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There are difference for the contaminating procedsstween DC energisation and AC energisation Her
polymeric materials. Many airborne particles aextically charged by triboelectirc or frictiondfexrts, and by
attachment to ions generated form cosmic rays @ustries. Such particles will have an electric comgnt of
force added to their gravitational and aerodynaaomes, and will be caught when they come within eanf

appropriately charged DC electrodes, but will renfege in alternating fields.

Where corona activity causes large local ion flikense dirt deposition occurs, again on DC only,
electrostatic precipitator action. The motion oe tharticles having high permittivity into regionsheve the
divergence of electric intensity is large, dieleptioresis is a very short-range effect which isapol
independent. The force depends on the volume €igtive permittivity (k), on the gradient of theusge of the

field intensity (E) according to the following law:
k - 1 2
F = CONSTANT *v*.| —— |gradE
k+2

Bird droppings, growths of moss and insect inféstahave all caused flashover in special circuntstan

Dielectrophoresis is a phenomenon in which a fascexerted on a dielectric particle when it is sabgd to a
non-uniform electric field. This force does not wag the particle to be charged. All particles dxhi
dielectrophoretic activity in the presence of dliectields. However, the strength of the force degsestrongly
on the medium and particles' electrical propertesthe particles' shape and size, as well asefreéiquency of
the electric field. Since the dielectrophoresiscéois not dependent of the voltage polarity iteeffcan be

reported in AC energisation and also with DC ersatipn.

It is clear that a specific analysis to the polymmeterial using to build insulators is necessaryriderstand like

this field can be developed.
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3.1 INTRODUCTION

CHAPTER 3

POLYMER OUTDOOR INSULATOR

Polymers materials for outdoor application are éntain aspect preferable to porcelain and/or dieéssause of

their lightweight, better resistance to vandalisnd &uperior contaminant performance. Problems Heen

recorded with first generation of polymeric insolat but recently an EPRI survey has reported tB&t of

utilities were satisfied with the performance ofymoeric insulators, whereas only 4% report poorawibur[6].

The principal problem that have been recognizegaiymeric insulators were their long term performwanit is

difficult to predict the lifetime for polymeric ingator because of they have an organic nature. $pgct can

cause the unexpected degrade or age under seprnidiions. The stresses that the insulators hawaipport

during their life in service are simultaneouslyotfieal, thermal, mechanical, UV radiation. Thesadk of

stresses have a synergistic effect on the polynmsidator aging and on its overall performance.

MATERIAL PREDICTED LIFETIME (years) OBSERVED DAMAGE
PTFE 20 Slight erosion
Silicone elastormer, Best 25 Tracks and Punctures
Silicone elastomer, Worst 2+6 Tracks

Polyolefine, Best Puncture

Polyolefine, Worst Tracks

Table 3.1: Predicted lifetime of housing polymersoutdoor tests [3]
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With the term *“polymers” is comprise a wide rangfematerials different in their basic proprieties it is

difficult to comprise the long-term performance laugeneral valuation is reported in the table abéleavily

filled alicyclic epoxies, for example, sufferingreiderably loss surface properties, PTFE suffecmgsiderably
less loss of surface proprieties and silicon rupleknow water repellent, but all these materiats @alled
“polymers”. Another problem to evaluated the lifeé of polymer insulators it is that no same insrkatre in
service form 25 years because of the technologgnsinuously in development. From this point isgible to
understand because it is so important that actelegsts are elaborate, indeed, they have to ppayedd results

in a relativity short time.

The most important use of polymer is in housinghwithich it may control external leakage current levhi
protecting the contents against invasion by watke surrounding polymer weathershed consisting®fsheath

and skirts provides the electrical strength undec@nditions that are dry, wet and contaminatebe Tibber
glass rod is made up of electrical grade glasseftblibonded with either epoxy or polymer resin. Bpesin
bonded fibber glass rod is a better solution thatygster resin bonded rods because they have higher
mechanical strength. Nevertheless there are imsslavith polyester resin bonded rods that are ivice
successfully. The rod can be cast or pultruded. fboeis attached to the aluminium or malleable isovd

fittings by means of a crimp, wedge or glue butlibst choice seems to be the crimped fitting[6].

It is fundamental to provide a protection for theber glass rod against the moisture under all itimms
because of if the organic resin comes in contath wome water, it will easily carbonized in presermd
electrical stress. The protection is provided by teathershed material. Only few materials can mptish

successfully this weathershed function, they dieosie rubbers and ethylene rubbers.

About this, it have been observed that the causdeatrical failure in general can be recognisetihia cases:
the first is the poor bonding between the fibbénfogced rod and the housing material, and the se&:és the
weathershed material itself, which, because of aper selection of ingredients and/or manufacturingy be
prone to erosion and tracking. Indeed, the causehf® mechanical failure can be observed when ttsesn

inadequate attachment of the FRP rod to the etirafit

Concerning in specific the materials for the shibé, Polysil (acrylic polymer heavily loaded withnsd and
NIM (new inorganic materials) are most stiff andosg so they are designed to perform the functiohs
mechanical support and electrical insulation baythave a problem when in their surface theretargollution
layer. Polysil and NIMS cannot be used directljaion complete insulators because of their varialionolume
resistivity with humidity. In the Hybrid insulatopolymers are used solely to control the leakagesoti The

electrical performance of Polysil in pollution istrfinally established.

The electrical aging in polymeric materials hasrbezcognized to come from to extensive deterionaf@m
hydrolysis and UV attack. Type of epoxies and ethgl propylene rubbers had such problems in thebphshe

present day materials are much improved and dsuftdr like their predecessor.
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The main feature of the silicone rubber surfag@éshydrophobic aspect that ensure the low valubenfeakage
current. The initially hydrophobic state is caussdthe inherently low surface energy materials.sThind of
important ability is very much dependent on theyp@r type and formulation. Different kind of polyriee
material can be having a very different behaviauthie electrical aging so a judgment cannot be neoedthe
insulator performance based on material family @lobnfortunately this desirable property of polyioer
materials is very much dependent of the contamitiaitare present in their surface. In fact, sereiperience
showed that polymeric materials like Teflon, EPMRBM, silicone rubber, cycloaliphatic resin, wereme to
surface erosion when thick pollution layers werenfed. Nevertheless the silicone rubber can recdser
hydrophobicity quickly, despite being contaminatadd this aspect had led many to believed thahtaterial
would not age much during the expected life of latar, but it was found that is not completely thecause
there was a permanent changes that are not timendept like hydrophobicity; it was shown that sitie

rubber ages, and that surface hydrophobicity at@ mgood indicator of aging.

Silicone rubber showed a certain advantage becafugs water repellent in comparison to the otheusing

materials; it proved, however, to be sensitiventokt pollution layer exposure.

EPM and EPDM weathersheds materials suffered frbatkeng and crazing and in some cases from loss of
bonding at the junction of two consecutive shedtead those kind of damaged weren’t observed icosi
rubber insulators. Deformation and reduction ofdhass of the RTV silicone rubber weathersheds was
observed.

The high voltage group of Chalmers University otfieology reached some important conclusions:
- EPDM and silicone rubber perform better than glarsporcelain [6],

- The aging of silicone rubber result in formatifre low molecular silicone layer on the insulasarface which

preserves the good electrical insulating propedfahe aged silicone rubber insulator [6],
- The EPDM insulators tend to lose their hydroptitpiby weathering after some years of exposure,

- For the RTV silicone elastomer coating the conemgle was lower than that measured on the Rlidbse

rubber housing [6],

- The leakage current activity for the aged sileambber insulators is lower than that of EPDM iagurs

subjected to the same natural aging [6],

- A reduction of a contact angle in silicone rublsulators seems to be due to an increase ofutface
roughness and to an increase of the surface pafarizdue to hydroxyl presence, which in turn dases the
surface hydrophobicity [6].

- Leakage currents and surface degradation isrdiffefor various polymers, so that showing cleatig
importance of manufacturing process for housingenms. The presently used accelerated aging &estsot

suitable since they tend to show that the degradati polymers is more a function of their inorgafiiler [6].
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Now, electrical discharges or electrochemical lieast cause erosion and the loss of surface mat¢hiese
effect increases with density of leakage currerieWthe discharge of ions meets the metal termovaénd of
carbon tracks, aggressive products are originatedtlais carries to form holes and channels. Whed&asse
erosion usually is tolerable on the surface of mmubecause of thanks this phenomenon the insufaéyr give
some degree of self-cleaning, the localised or entrated erosion is fatal, since it allows invasiéthe interior

by water and contaminants.

Criteria for good housing polymer are complex aodtadictory, indeed non-wetting and non-stick acef will
reduce leakage current in pollution but give poonding to the protect substrate. The polymers lthae these
features are Teflon and PTFE. Instead, Epoxy, pmMsradhesive resin, will give excellent bond thet

substrate but will adhere strongly dirty and watit suffers rapid surface degradation.

During the processes of curing can be formed saobsthlke the residues of polymerisation and caislys there

is an undesirable salt.

It cannot be said that good correlation has beandavith result based on TERT (tracking and erosést) and
similar test on housing materials. Some types afshig materials have shown characteristic advastagel
disadvantages. Extreme case are the heavily fthedmoset epoxies, which generally suffer sevess lof
surface proprieties causing a decline in perforrmamoeasured flashover voltage per standard sgyefiution,
as high as 40% from initial value in two or threeass, and fluorocarbons, especially PTFE (Tefldije
rubbery materials, EPR or EPDM and the butyl rublieave shown only fair maintenance of surface pitgzse
while some have tended to split under weatheritgstBmers having silicone rubbers as a principaktent
have often shown good maintenance of ‘non-sticldpprties, although mechanical weakness and bounding

difficulties have plagued some[3].

Hence, with accelerated testing a life of 30 yeaway be expected on the evidence. However, predicted
performances should be treated with suspicion dgersingle polymeric pieces but for complete asderab
(housing, core and terminations) they have to expeothe complete insulators to severe pollutionenrsbme

degree of overstress. This is the sole reliabldegui

High intensities of field, in surface water-repalie of material under test, causes spreading gisdotherwise
contained by surface tension. The heavy pollutiofoiced upon all samples by method of contaminatiat in

real conditions of service the surface propertiesld catch much less than other.

Laboratory testing is made to find new components$ t try new materials so they can be discussiotwo

separate sections:

- surface tracking and erosion testing:
This group of test is made to study the entire att@ristic of insulators, not just materials. Waglfined

tests for seacoast pollution and for industrialyi@n are sought.

- material tests:
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This kind of test is made to study the hydrophobéhaviour of silicone rubber surface and how it is

recovered after the period of dry band arcing.

3.2 EVALUATION OF THE HYDROPHOBIC AND HYDROPHILIC S URFACE

According the IEC 62073:2003 standardisation, tlaeesthree methods used to determine the degreetoéss

of a surface, namely the contact angle methodsthface tension method and the spray method.

3.21  Contact angle method:

A good measure of wetting of an insulating mategdhe contact angl®, of a sessile water drop residing on its
surface. The contact angle is defined like the ebgtween the edge of a single droplet of watertaadurface

of single solid material as show in the figure.

A

me;

c D.
Q Q

7 i

Figure 3.1: shapes of water drops

The value of the contact angle is depended frormahghness surface. Therefore the contact anglsuned on

a pollution surface may differ from the contact lengeasured on smooth, clean and plane surface.

The following picture showed like the contact angleneasured:
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Figure 23.2: method to evaluate the contact angle

There are three coefficients of interfacial tensibnwhich controlled this angle. The equation is tedaby
Young- Durpe:

A, COST =A, — A,

Where subscripts a, i and w refer to air, insulatodt water, respectively.

The value ob change according to the surface, for clean andasFamic surfacé is about 30° while for clean
and new silicone rubber surface is about 100° th&nthe surface become coated with pollution l@yisrangle
become essentially zero, some example are reportdte figure. The difference between ceramic case
silicone rubber case is that in the case of palligarface for ceramic materiélalways stays zero (i.e. the

hydrophilic case) but it will, in time, return talsstantial value for silicone rubber (i.e. the lorobic one).

3.2.2  Surfacetension method

The surface tension method is based to the obsanvaft the ability of wet the surface of insulatbat droplets
of a series of organic liquid mixture could haveéhaincreasing of surface tension. It is necessapaty attention
because of there are restriction when using thithagefor polluted insulator surfaces, the surfagesion

method is affected by interaction between certgies of surface pollution.

3.2.3  The spray method

To evaluated the surface with this method it neelave a visual inspection after that the samplegetted by

water mist for a short period of time.
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Is possible to classify the state of surface usthgvettability classes, namely completely hydrophobi
(wettability Class 1) to completely hydrophilic (iaility Class 6). The examples of this classtiica are show

in the follow figure:

WCH WC2
WC3 WC4
WC5 WCe

Figure 3.3:Photographs defining of wettability clases WC1 to WC6 [7]
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3.3 INFLUENCE ON THE LEAKAGE CURRENT OF THE SURFACE STATE OF THE
INSULATORS

3.3.1 Hydrophilic case

A leakage current is conducted in the insulatondase when a film of polluted water covers comgllethis.
Because of Joule heating, some of the water evlgmr@an be a region where the thickness of thenigtess
than a critical value or the power densit )jis maximum and the increases with the time so also the electric
field E=jp in the electrolyte increases. The electric figldhe air immediately above this area has apprasiya
the same value. Once the ionisation level in thisemched, a discharge can occurs. This kind gibreis called

dry band. The discharge can be a spark, a glow ar@according to its duration and magnitude efdhrrent it
conducts. If a pollution flashover is to take plédeas to be an arc whose the roots propagatetbeesurface of
electrolyte and along the length of the insulatéwsrertically mounted sting of cap and pin insatatthe value
of j is maximum around the pin cavity and the vadd@ is maximum around the cap where the washing effect

of rain is relevant, for this reason this two place subjected to more discharge[2].

The voltage V and the current | relationship ofaan plus electrolyte in the insulators surface lbarexpressed

by the Kirchoff’'s law as:
V=IR+V(e)+ If (p) f(X)

Where R is the resistance of the arc; V(e) is tha ef the voltage drops at the junctions betweeratic and the
electrolyte (i.e. anode phenomenon, about 200 Vcatitbde one, about 700 V)pf(is a function op, the value
of which varies along the length of the electrolgted f(X) is a function of the arc length, X, thars of the
electrolyte’s length plus that dry band (togethgmahd the effective length of the arc’s root on dtectrolyte’s

surface near the cathode and near the anode.

A value arc resistance can be calculated from $aitt equation:
— | —(1+a) X
R=I jo A(X)dx

Wherea is a constant and A(X) has a value at positionomfthe beginning of the arc that depends upon the
proximity of that part of the arc to the electrelg surface, the amount of water on the surfacethmdextent
that thermalisation has taken place within thebautcfor the first approximation, A can be considete have an

effective value, that applies for the whole lengtlthe arc.

The resistance of the arc decreases as its cunmergases and so its length extends, the criteigorthe

propagation of the arc’s root to effect this in@e#n length can be stated as:
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d_|> 0
dX

There are a lot of mathematical models that hawen lalopted to solve these equations for simpledteu
shapes but for more complex insulator shapes|ikegthe anti-fog design, the first additional asipthat need to
taken into account is the form factor F. For the-fog insulators we need to taken into account dtet not all
the insulator’s surface are interested by arcffiecg the sparkover of the air gaps between shedsthe ribs of
a shed can effectively shorten the arc’s lengththigiaatically, this can be represented by statiag tiie arc’s

length X(a) is related to the corresponding sparneegth X(i) of insulator by:
X(a) = kX (i)
where k<1 for the shortening case and k>1 for legigihg one.

From the practical observation we have found tmeeathe critical conditions have been reachedhdiasr is
likely to occur even though an appreciable lendtthe insulator remains to be spanned by the afier Ahis
stage the resistance of the electrolyte aroundutheoot is much smaller than that of the reshefélectrolyte’s
length that still remains so be spanned and saalfgractical purposeg, be taken to have a constant value and

f(X) can be considered to be of the form:

_pl1- X
f(X)—F[l L}

The value of the flashover voltage V(FO,DC) is defeate as being:

V(FO,DC) = (oF )ira (KAL )ivs

The effective quantities for the various constamats be determined by comparing the calculated saklith the
measured ones. Those farcan be obtained from simple bench-top experimentsA we can use the data
obtained with artificial pollution test made on tsieple designs of post and longrod. The corresipgnealues
for k are best driven from the testing of insulators thave anti-fog profile. We can assume, a=0.5, A=10
V/imm?root amps and N=100 V/nfmoot amps. For anti-fog cap and pin insulatorsisnfl that the value of k
can to vary between 0.4 and 1, it depends upopahlation severity and whether AC or DC energissdaller
values apply to the DC case. An examination of #gna that we use to calculate the flashover veltaging the
parameter values quoted above, readily shows tiga¥{FO,DC) is much lower than V(FO,AC) for the gam
level of pollution severity. That is, the lack diet reignition process makes DC insulators substntonger
than those for corresponding AC case if their ftagh is to be avoided. Linearity between AC flasgftowltage
and insulator length does not apply over the cotapienge of length, the pollution flashover perfarmmme under

AC energisation is best to obtained by testingstidle insulators at, or close to, the relevant atpey voltage.
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From the theoretical viewpoint, this restrictioredmot apply to the DC case, which is an aspethtieds to be
considered further by experimentation [2]. To comepimsulators used under AC voltage and insulaticesd

under DC voltage to see chapter 2.6.

3.3.2  Hydrophobic case

When the water drops remain discrete the flashpathr involves the intervening air gaps. The watepglays
two major roles. In one, it acts as stress enharter to its much larger permittivity than that lwith the
surrounding air and the insulating material on \Wwhicresides. In the other, it reduces the lendtthe air path
across the dry part of insulator. The flashovehpatthrough the drop when the water is highly eanithg or

across its surface when is not so. Moreover, thetiét field caused the deformability of the wadeop[2].

3.4 PROBLEM ABSTRACT

In conclusion to highlight and to summarize thebpea that may occur with polymer insulators useti\fDC
overheads lines in service in pollution areas carsdy that contamination of insulator surface $elftis not
critical but became so when moisture is preserieakage current occurs along the surface of thdatar, this
current can easily be as high as several 100 mAa #esult of the heat which is generated, somesatgaout.
The voltage, which was previously distributed umifity, appears across these dry areas, resultinzpitial
flashovers. This effect, which also occurs withkealating current, is particularly critical with dat voltage no
zero crossing to allow an extinction of arc currdike above reported. There is thus a significhaizard that a

partial flashover grows into a total flashover.
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CHAPTER 4

TRACKING WHEEL TEST FACILITIES

4.1 INTRODUCTION

This chapter describe the set up made to run Hukitrg wheel test with DC supply. In spite of thésenot a
specific standardisation for DC supply, it was dedi to follow the standardisation EN 62217:2006lyReric

insulators for indoor and outdoor use with a notnimdtage > 1000 V — General definitions, test noelh and
acceptance criteria” for AC, but with one modificat, in order to be able to test using dc voltabe,apparatus

was modified by adding a rectifier to the circuit.

4.2 TRACKING WHEEL TEST FACILITIES

From the standardisation is described that witls tihd of test may be tested two pairs of test ispexs

simultaneously but it is recommended not mixed Widiffering materials on the same wheel.
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Figure 4.1: Test arrangement of tracking wheel test [EN 62217:2006]

The test apparatus of the wheel as showed in ttterpiabove from the standardization. The insutatorder
test have to go through four positions in one gyitle positions are at 0°, 90°, 180° and 270°.Merg position
the insulator have to be stationary for 40 s andjdobetween two different positions, so to make, 36&

insulators has 8 s. The different positions ofdele may be described like:

- First position: the insulator is dipped into a salsolution;

- Second position: the insulator is left to standifign a horizontal position to reduce the salinkigson
from its surface.

- Third position: the insulator is in the verticdltouch the copper tape so it is under the volagmly.

- Fourth position: the surface of the insulator thed been heated by the dry band sparking is alldwed

cool.
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Figure 4.2: High - Voltage setup

The test circuit is composed by a 240/10 kV setrapsformer that is used to generate the requéastdvbltage,
a full-bridge rectifier, a smoothing capacitor losen to achieve a not big ripple of the outputags.

Figure 4.3: DC Voltage generator

The applied voltage is variable up 10 kV and itrisasured using Haefely mixed resistive capacitivitage
divider with a ratio of 3750:1 because of the |alBW signal has to have a ration voltage between 1b0A0V.
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Figure 4.4: Snapshot of Voltage Divider (ratio 3750:1)

The leakage currents was monitored throughout élsé dsing a 5,6 (X and was recorded using an on-line

leakage current analyzer data log.

Figure 4.5: Resistor to monitored the leakage current (5,6 kQ)

To make sure that in case of flashover the DAQ dardrotect from the large voltage produced, aalde
resistor was place in parallel at the leakage otrsggnal and also with protection system. Thistgxtion

system comprises:
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- GDS (gas discharge tube):

It is an arrangement of electrodes in a gas wistmirinsulating, temperature-resistance envelopnigas. tubes
are tubes whose electrical characteristic are anbatly influenced by the pressure and compositibrgas

contained inside.
- MOV (metal-oxide varistor)

It is an electrical component with a “diode-likeSmlinear current-voltage characteristic. Varistor aften used
to protect circuits against excessive transientagals by incorporating them into the circuit suctvay that,

when triggered, they will shunt the current credigdhe high voltage away from the sensitive congms.
- TVS (transient voltage suppressor)

The characteristic of a TVS requires that it regfsoto overvoltage faster than common overvoltageeption
components such as varistor. These dispositivetazsen and placed in parallel because the TVSsierféhan

the MOV, that is faster than GDS, so the leakagaitoong apparatus is definitely protected.

Figure 4.6: Protection system for leakage current data analyse (GDS, MOV, TVS)

To provide a good electrical contact between thenalium wheel that support the insulators and gsistance
that was used to detected the leakage currerddibeen done a groove in the post where the whdigled and
inside the groove was placed a conductor connewiteda ring. The ring is then in contact with agfndae brush
which crawls to the ring during the rotation thambi&s spring placed behind it which assures a goodgiact. The

ring is connected to the resistor which is in gatatlith at the protection system and at the vdeiabsistor.
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Figure 4.7: Wheel - ring connection

The water is grounded at earth by a copper bdiixad in the tank and linked at the zero poterpiaint of the
system. The dimension of the tank is chosen acegrai the insulator that can be tested, so theyl@dex 77,5

x 35 cm. The tank choice has been done in a nbt §igd not expensive material, so was decided éogless
reinforced plastic (GRP).

Figure 4.8: Copper tape to ensure a good contact between the Voltage Source and the insulator under energisation

It is necessarily to have a good electrical contanén the insulator is in the vertical position,thts is done

using a copper tape attached in a non-conductiveTro stopped the insulators in the right positias used the
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threshold value of the instantaneous power. Evieng that instantaneous power was above the thréshdd
means that the insulator had been touched the cdppe so it is in vertical position then the rmatof the
wheel had to be stopped. This kind of timing tgpstiee wheel it was not a good choose because thiiffirst
cycle the surface of the insulators is not so wetarry a high value of leakage current, in thiyy wametimes,
especially with low voltages, the input to stoppleel motor is not given in the right time and th&t ie failed. A

better solution could be the test timing controlgda position sensor.

The rod where is placed the copper tape can be dngvend down so the insulators tested can bedifférent
length. Probably a better design to this electrioaitact could be a rectangular copper tape fingtié same rod
along the smaller dimension because the copperdapetimes seems to be blocked in a high positjothé
force given it when the prior insulator moves frtm vertical position. These entire staffs aredixe a frame

with wheels so it is possible move the machineif hecessary.

According the standardisation EN 62217, insidetémk is put salt water, the salt water where tisalators are
dipped has a quantity of NaCl equal to 1,40 kg/m3the case here describe, in 340 | of water, 478 e
dissolved and the conductivity of the solution ig8 21S/cm.

To evaluate the salinity of the water inside thektdnad been used a conductivity meter of “HANNA

instruments” at every tests to make sure thataharsthe water is the correction value with thenslardisation.

HIB733
Conductivity

TEMPERATURE (

Figure 4.9: Conductivity meter of "HANNA instruments”
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Figure 4.10: Tracking wheael test facilities

The test is considered as passed, if one botlspesimens:

4.3

no tracking occurs;
erosion is less than 3mm;

® insulator surface is not punctured.

DATA ACQUISITION labVIEW ™ ENVIRONMENTAL

Although not required by the standard BS EN 6220062 the leakage current and the applied operation
voltage was measured, processed, displayed onGhméhitor and saved onto the hard disk to research
purpose. The leakage current and the applied wliagre processed using a graphical programming
language called LabVIEW that was used also to control the motor and thtilming of each of the four
insulators. The LabVIEW' program communicates with the external by a periahdevice call Data
Acquisition (DAQ) card. The DAQ device is normalgomposed by sensors that convert physical
parameters to electrical signals, signal conditigriircuitry to convert sensor signals into a fdirat can

be converted to digital values, analog-to-digitahwerters, which convert conditioned sensor sigtals

digital values. The DAQ is connected with the pas@omputer.
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- LabVIEWTM

LabVIEWTM (short for Laboratory Virtual Instrumeri@n Engineering Workbench) is a platform and
environment for a visual programming language dgyedl by National Instrument. LabVIEWTM has three
components: a block diagram, a front panel, anohaector panel. The last is used to represent thie Ne
block diagrams of other, calling Vis. The front phis the user interface and it is quite similaptosical
instruments. LabVIEWTM uses the dataflow programgnianguage, also referred to as G. The graphical
approach allows non-programmers to build progranvibyal instrument which represent lab equipment
that they have already used. The programming ceduriiit in the block diagram where there are all th

staffs arranged like blocks which are connectediden each other by wires.

4.3.1 Main programto acquire the data

- FRONT PANEL

The front panel to the program that allows showviimg value of Voltage applied, leakage current duadr t

product, instantaneous power, is reported in figure

E DAO_W heel_Test_CPLI_copia_temporizzazione.vi Front Panel *

File Edit ¥ Proje Operate Tools Window Help

: [ mn] [ 130t spplication Fort |« |8 | e [ ] [#55+]
| Leakage Current meﬁn‘jo LC -_ Yoltage mean 1o _Valtage -A

Saving caleulated
( .), } ‘ s I . &
Lorg saving

-

i

1 I T I I ] I I
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'."05”'3”’”“’“"“: Istartsnens Powss  fasntanesis paer |  Istantaneaus Fower = |
CARDIFF
UNIERSITY
FRIFTSGOL
CARDYE
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| e under DC Voltage
: —(—
1 Tirme: [ms] )
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oo oo T <} 10000 o) 1000
U U : b A

Figure 4.11: Front panel of data acquisition program
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To acquire the data into the excel file is necesgapress the button Saving calculated and thdatsr has
to be in the vertical position, under voltage, dtew both of this conditions are satisfied the gieg is on
and the data are stored and written in the exatdio 43s. The current conversion is necessamgvde mA
and the Resistor 1 and Resistor 2 is the valubefésistor that is placed to convert the curnetat Voltage

and so it is possible to acquire by labVIEW that @arks just with voltage signals.

BLOCK DIAGRAM

a) Current, Voltage and Instantaneous Power admunsi

The block diagram of the programme that acquireitiy@ortant parameters like Leakage Current, Voltage

applied and Instantaneous Power is shown in figure:

B DAQ_Wheel_Test_CPU_copia_temporizzazione.vi Block Diagram *

File Edt Yiew Project Operate Tools ‘Window Help

-I@]E ba|@ o | 13pk Application Font |« l|$,;|_vl|7|]:v! |C§)vl|:ﬁ

SA—

—

:
et —

DAG Assistart |
data :
efror aut ¥
task out H

[stantaneous power

—= _ -

|mB———
=l i
|
[a)
T e

Figure 4.12: Block diagram of program to acquire voltage and leakage current
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The basic of the program has been developed byeanhituncivi but some modification was necessary to

use with direct current where is not practical $e some function like the FFT.

The leakage current is acquired by the functionéais function solve the follow equation:

I

S
5
iR

I
o

Where n = number of sample per second.

Also the voltage is acquired by the function metmanks this function the dimensions of current and

voltage that are array 1D are converted into scalare to be record there.

The instantaneous power value is obtained by:
Py, = V(1)i(t)

Where v(t) and i(t) are the main value of voltagel &urrent that are calculated into the 100 samples

recorded.

The data acquired are stored into four Microsoftigef Excel 2007 Files, each for insulator, for e
during of the tests. The time of sampling was tme used with AC tests because of it is not cleahgt
can be expected by the experiment that uses D@galit has been decided to sampling with a rdt®0o
points per second. After that the data has beeorded, a data elaboration was developed to detect t

behaviour of the different insulators.

=5 Bl
I\l' means [ h mi—‘ E‘"
II means [mA
ez +| T
JAbsclute pesk [ma I‘j ::J

SEREREEH

S

j#create or replace |
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Figure 4.13: Saving function to calculated data (in the case for one of the four insulators)
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In the excel file are stored the houar of the expent (time), the voltage, the current, the absopgak of

the current and the poewr loss with the lakageetiiin the wetting surface of the insulator.

4.3.2 Motor control program

To move the wheel where are placed the four instdahas been used a DC permanent magnet motor
because of with this kind of motor is possible &vd simply speed control and fast response tdrgjeaihd
stopping. The necessity to have a simply speedralotitere is because the insulators tested can have
different weight but the time to move from two difént positions have to be the same 8 s so it is
fundamental to have different torques. The torquedd characteristic of a DC permanent magnet nmistor

linear and the speed can be controlled by varyiegctrrent.
- FRONT PANEL

The program to stop the motor and timing the spafethis was developed by Andrea Moncivi and not
modify. To create the input to stopped the motoemvhne of the four insulators are in vertical positvas
decided to use the value of the instantaneous pthaéincrease up a certain value when the insutatech
the copper ring that is connected to the supplyabgse of the leakage current is present in the dette
surface, like above explained.

Devl/portd) Dev1/port0f

140

-
F po-3

Figure 4.14: Front Panel of motor control program
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Thanks to the front panel of the motor control perg is possible to follow which number of cyclerigning
and what is the threshold instantaneous power rieesit®p the wheel. It is clearly and easy progthat is in

communication with the main program.

- BLOCK DIAGRAM

end

start motor digitzl
output="5Y

#F

scquire current and
voltage

v

calculzte power

T¢F

W 'l

stop motor digital saving calculated = true
output=0V insulator T

| n4?

¥

n® cycle=n® cyde+l

i=i+1

Hﬁ

start motor digitzl
output="5V

Figure 4.14: Flow chart of motor control program



The data acquisition program and the motor comtroyram are in communication to detect the numbeyde

that is running which is shown in the front panel.

The RMS value is the value of the global varialfestanatenous power, through this value is chddkthe
motor has to be stopped. When the insulator ruwdst two position the program output is a digitathot of 5
V and the instantaneous power value is under theshiold value arranged in front panel while whea th
insulator is in vertical position the instantaneposver value exceeds the threshold value so thadautput of

the program is carried down at 0 V and the motstapped.

Once the motor is stopped the “Saving calculatddba@ variable is set to true allowing the savingdtion to
run. In the same time the routine to control theecstructure to store the data in the four diffeexcel files is

run. Moreover the number of cycles elapsed areteoun
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Figure 4.15: Block diagram control motor program
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Figure 4.16: Block diagram control motor program, part of this that detect the insulator under voltage through the global
variable

It is appropriate to remember that the programap she motor using the instantaneous power vauet the

best option so it is opportune to modify the progffar future tests.
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CHAPTERS

TEST RESULTS

51 INTRODUCTION

In this chapter is described the most interestiagpof study obtained from the analysis of the datpiired to
the tests.

Four silicone rubber insulators, with different ides, were tested. Two insulators were charactgrize semi
spherical texture, whereas the other two insulat@n® flat. The insulator number 4 was the texinselator. It
was a damage insulator already before to startetbte It is shown in the following picture; it i®gsible to see

clearly the damage in the insulator surface.

The standard EN 62217:2006 specify that just twiespat the test specimens can be test simultaneousne

wheel and it is for this reason the two types stilators were chosen.

Figure 5.1: Flat insulator (insulator n°1 in the test)
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EXAMPLE OF THE
INSULATOR
SURFACE DAMAGE

Figure 5.2: Texture insulator (insulator n°4 in the test)

According to the standardisation EN 62217:2006agmglied voltage to do the test is given by:

creepage distance [mm]
28,6

[kV]

The specimens used in the tests had a creepagaatistf 375 mm so they needs of a voltage supplB &V to
run an official test and the duration of the testsording to the standardisation have to be 3098 so it
means 1600h or 67 days no stop (30000 cycles =4{408*4)*30000]= 1600h= 67days). Weekly interruptso
of test for inspection purposes, each of theseero¢eding 1h are permissible and one longer inggomi up to
60h is allowed. The voltage generator availabléhanlaboratory could give 10 kV like maximum positiDC
value and the time to run the tests was the tiraeghrmitted to do 100 cycles so this is the casdied.

Before to start with the test the conductivity bé tsaline solution in the tank was measured byomeluctivity

meter of “HANNA instruments”. It showed that thelwa of the conductivity was exactly 2.7 mS/cm.

Already before to start with the test could be ptedl that it is difficult to have a high value leekage current
and damage of surface visible with the inspectiecaise of the short duration of the test and thevimue of

the voltage apply, different results means thairkalators testedave a poor behaviour.

To analyse the data recorded during the test wasechto elaborate the data of the cycle test nugfaero , 80,
90, 100 for each of four insulators. Complete asialgre reported in the appendix A.

53



5.2 CASE OF STUDY

5.21  Analyse cycle 60 of the insulator 1

The leakage current analyse in the insulators serfsas shown some particular events during the afest

insulator 1, at the cycle number 60.

Leakage Current
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3
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2
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£
<
0.02
0.01
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Time [s]

Figure 5.3: Insulator 1 cycle number 60

The value of the leakage current is very low fdrtlaé 40 seconds but around thé"3second there is a peak
value. This instantaneous peak of leakage curi@minteans that a discharge may occur in the inswaréace

at this second.

To detect the normal size of leakage current instiméace of this insulator has been done anothaghgwhere

not appear the peak value.
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Figure 5.4: Insulators 1 cycle number 60, normal value of leakage current

It is possible to see that the average of the pakairrent is around the 0.002 mA for all the faegonds, just
two values are around the 0.004 mA.
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Figure 5.5: Power absorbed by the flat insulator number 1

5.2.2  Analyse cycle 60 of the insulator 4

The insulator number 4 was a texture insulator ki@t important damage also before to start withtélsé In

fact in this insulator the moisture can penetrateits rod, like is shown in the following picture.
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Figure 5.6: Details of insulator 4

The data analyse shown that the leakage curretitisncase is higher than the leakage current ofother
insulators tested.
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Figure 5.6: Insulator 4 cycle number 60

There are two points, during the™6ycle, where the leakage current increase up 0rimA, this value is not
so high but it is high if compare with the resufghe other insulators.
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Figure 5.7: Insulators 4 cycle number 60, normal value of leakage current

Also with the analyse without the instant of peiisipossible to see that the average leakagentug@round
0.04 mA and not around 0.002 mA like before.

Obviously, the power graph and the accumulatedggngraph showed the same peak where probably these

a partial discharge consequent the formation otdiryd zone.
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Figure 5.8: Power absorbed by texture insulator (insulator n°4)
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Figure 5.9: Accumulated energy by texture insulator (insulator n°4)

During the other cycles of the insulator numberpeak value of the leakage current was detectdukifirst

instant, when the insulator touched the copperuimder voltage. To explain this it is reported fibieowing

graph of the cycle number 100.
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Figure5.10: Leakage current in the texture insulator number 4 during the 100th cycle
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Could be interested to analyses the last ten cyotebe insulator number 4 that it is the insutatith the worst
behavior. It is possible to see that, every timbemwthe insulator touches the ring under voltalge,l¢akage

current increase but after this instant the leakageent value decrease rapidly (Figure 5.11).

Leakage Current of the Insulator 4 for the last
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Figure 5.11: Leakage current of insulator 4 for the last 10 cycles

To justify the results obtained from the analyges possible to compare them with the results iobth from
YinYu, Liang Xidong, Zhou Yuanxiang and Li Xueson§ Department of Electrical Engineering, Tsinghua
University during their tests. They tested two ldraf composite insulators with positive DC voltaaged with
negative DC voltage using the Tracking Wheel TBsth of the two kinds of insulators that they testeere
liquid injection molding insulators, sample 1 wasrmal kind and sample 2 was the kind that, the tbheh
insulator includes the front part of the end-figtim he creepage distance for both insulators wa® bdm so the
applied voltage was 35,7 kV (=35V/mm). The duratidrtheir test was 1000h but we can use the fiesiod of
their analyses to compare our results. They founttet for the first period, the sample kept good
hydrophobicity, none corona and discharge couldleerved. The leakage current was less than 1 rhA. T
seam result was obtained for positive and for negd@C voltage. It is interesting to notice thag@buring this

experiment the leakage current was less than 1 orAtte first day although after 5 or 6 hours the
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hydrophobicity of samples became worse. Just afterday the leakage current measured was betweeh 5

and 10 mA[12].

53 CONCLUSION

In conclusion of the data analyses it is clearbt ttme reliability of the electrical and mechanisgstem of the
test-cell is reached but it must to be providedttien stop system to the insulators in verticaitgms A system
with an optical sensor or with a photocell to detihe insulator position can be better solutionschaper
solution can be to use a contact with a rod thanagp contact when the insulator touch it, in thég/t is sure
that every cycle the insulator is stopped alsoleh&age current is low because of the insulatoeutekt has a

good behavior or because the pollution is not gb like can append for the first cycles.
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Data Analysis of Flat Insulator 1 at Cycle n° 60
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Data Analysis of Flat Insulator 1 at Cycle n° 70
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Data Analysis of Flat Insulator 1 at Cycle n° 80
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Data Analysis of Flat Insulator 1 at Cycle n° 90
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Data Analysis of Flat Insulator 1 at Cycle n° 100
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Data Analysis of Texture Insulator 2 at Cycle n° 60
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Data Analysis of Texture Insulator 2 at Cycle n° 70
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Data Analysis of Texture Insulator 2 at Cycle n° 80
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Data Analysis of Texture Insulator 2 at Cycle n° 90
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Data Analysis of Texture Insulator 2 at Cycle n©10
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Data Analysis of Flat Insulator 3 at Cycle n° 60
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Data Analysis of Flat Insulator 3 at Cycle n° 70
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Data Analysis of Flat Insulator 3 at Cycle n° 80
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Data Analysis of Flat Insulator 3 at Cycle n° 90
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Data Analysis of Flat Insulator 3 at Cycle n° 100
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Data Analysis of Texture Insulator 4 at Cycle n° 60
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Data Analysis of Texture Insulator 4 at Cycle n° 70

Leakage Current Leakage Current
0.7 0.05
=< 06 = )
E 05 E 0045 |
g 04 g
2 03 2 004 :
-y =y
g 02 € 0.035
< 0.1 <
0 T T T 1 0-03 T T T 1
0 10 20 30 40 0 10 20 30 40
Time [s] Time [s]
Power
Power
6 0.5
’ |
- — 0.45
s
E* z
< =
g3 T 04 -
£ £
E 2 3
< < 035
1
O T T T 1 03 : .
0 10 20 30 40 0 20 40
Time [s] Time [s]
Accumulated Energy
20

) /
10

Amplitude [mJ]
(03]




Data Analysis of Texture Insulator 4 at Cycle n° 80
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Data Analysis of Texture Insulato at Cycle n° 90
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Data Analysis of Texture Insulator 4 at Cycle n©10

Leakage Current Leakage Current
0.7 0.05
0.6 0.048 L
g 0.5 E 0.046 |1
2 £ 0042
= 0.3 g. |
£ < 0.04
< 0.2
0.038
0.1 0.036 : : : ]
0 | : : . 0 10 20 30 40
0 10 20 30 40 Time [s]
Time [s]
Power Accumulated Energy
18
0.5
16
0.48
s 14 //ﬂ
£ 0.46 1 = 5
o 0.44 = )y
-] 3 10
2 042 \11. g 3 ~
o H—
g o me IR <
0.38 <, )y
0.36 T T T 1 2 /
0 10 20 30 40 0 . . . .
Time [s] 0 10 20 30 40
Time [s]




APPENDIX B:

Abstract of EN 62217:2006



BRITISH STANDARD BS EN
62217:2006

Incorporating
corrigendum no. 1

Polymeric insulators
for indoor and outdoor
use with a nominal
voltage > 1 000 V —
General definitions,
test methods and
acceptance criteria

The European Standard EN 62217:2006 has the status of a
British Standard

ICS 29.080.10




EN 62217:2006 —-6-

POLYMERIC INSULATORS FOR INDOOR AND OUTDOOR USE
WITH A NOMINAL VOLTAGE >1 000 V -
GENERAL DEFINITIONS, TEST METHODS
AND ACCEPTANCE CRITERIA

1 Scope and object

This International Standard is applicable to polymeric insulators whose insulating body
consists of one or various organic materials. Polymeric insulators covered by this standard
include both solid core and hollow insulators. They are intended for use on overhead lines
and in indoor and outdoor equipment with a rated voltage greater than 1 000 V.

The object of this standard is

— to define the common terms used for polymeric insulators,
— to prescribe common test methods for design tests on polymeric insulators,
— to prescribe acceptance or failure criteria, if applicable,

— to give recommendations for polymeric insulator test standards or product standards,
complemented by specific requirements as needed.

These tests, criteria and recommendations are intended to ensure a satisfactory life-time
under normal operating and environmental conditions (see Clause 5).

2 Normative references

The following referenced documents are indispensable for the application of this document.
For dated references, only the edition cited applies. For undated references, the latest edition
of the referenced document (including any amendments) applies.

IEC 60060-1, High-voltage test techniques — Part 1. General definitions and test requirements
IEC 60068-2-11, Basic environmental testing procedures — Part 2: Tests, Test KA: Salt mist
IEC 60507, Artificial pollution tests on high-voltage insulators fo be used on a.c. systems

IEC 60695-11-10, Fire hazard testing — Part 11-10: Test flames — 50 W horizontal and vertical
flame test methods

IEC 60721-1, Classification of environmental conditions — Part 1. Environmental parameters
and their severities

IEC 60815, Guide for the selection of insulators in respect of polluted conditions

IEC Guide 111, Electrical high-voltage equipment in high-voltage substations — Common
recommendations for product standards

ISO 868, Plastics and ebonite — Determination of indentation hardness by means of a
durometer (Shore hardness)

ISO 4287, Geometrical Product Specifications (GPS) — Surface texture: Profile method —
Terms, definitions and surface texture parameters

ISO 4892-1, Plastics — Methods of exposure to laboratory light sources — Part 1: General
Guidance

ISO 4892-2, Plastics — Methods of exposure to laboratory light sources — Part 2: Xenon-arc
sources



=P EN 62217:2006

1ISO 4892-3, Plastics — Methods of exposure to laboratory light sources — Part 3: Fluorescent
UV lamps

3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.

3.1
polymeric insulator
insulator whose insulating body consists of at least one organic based material.

NOTE Coupling devices may be attached to the ends of the insulating body

NOTE Polymeric insulators are also known as non-ceramic insulators.

[IEV 471-01-13]

3.2
resin insulator
polymeric insulator whose insulating body consists of a solid shank and sheds protruding from

the shank made from only one organic based housing material (e.g. cycloaliphatic epoxy)

3.3

composite insulator

insulator made of at least two insulating parts, namely a core and a housing equipped with
metal fittings

NOTE Composite insulators, for example, can consist either of individual sheds mounted on the core, with or
without an intermediate sheath, or alternatively, of a housing directly moulded or cast in one or several pieces on
to the core.

[IEV 471-01-02]

3.4
core (of an insulator)
central insulating part of an insulator which provides the mechanical characteristics

NOTE The housing and sheds are not part of the core.

[IEV 471-01-03]

3.5
insulator trunk
central insulating part of an insulator from which the sheds project.

NOTE Also known as shank on smaller insulators.

[IEV 471-01-11]

3.6
housing
external insulating part of composite insulator providing necessary creepage distance and

protecting core from environment
NOTE An intermediate sheath made of insulating material may be part of the housing.

[IEV 471-01-09]

3.7
shed (of an insulator)
insulating part, projecting from the insulator trunk, intended to increase the creepage

distance. The shed can be with or without ribs

[IEV 471-01-15]
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3.8

creepage distance

shortest distance or the sum of the shortest distances along the surface on an insulator
between two conductive parts which normally have the operating voltage between them

NOTE 1 The surface of cement or of any other non-insulating jointing material is not considered as forming part of
the creepage distance.

NOTE 2 If a high resistance coating is applied to parts of the insulating part of an insulator, such parts are
considered to be effective insulating surfaces and the distance over them is included in the creepage distance.

[IEV 471-01-04]

3.9

arcing distance

shortest distance in air external to the insulator between the metallic parts which normally
have the operating voltage between them

[IEV 471-01-01]

3.10
interfaces
surface between the different materials

NOTE Various interfaces occur in most composite insulators, e.g.
- between housing and end fittings,
-~ between various parts of the housing, e.g. between sheds, or between sheath and sheds,

— between core and housing.

3.1

end fitting

integral component or formed part of an insulator intended to connect it to a supporting
structure, or to a conductor, or to an item of equipment, or to another insulator

NOTE Where the end fitting is metallic, the term "metal fitting” is normally used.

[IEV 471-01-06, modified]

3.12
connection zone
zone where the mechanical load is transmitted between the insulating body and the end fitting

3.13
coupling (of an insulator)
part of the end fitting which transmits load to the hardware external to the insulator

3.14

tracking

process which forms irreversible degradation by formation of conductive paths (tracks)
starting and developing on the surface of an insulating material

NOTE These paths are conductive even under dry conditions.

3.15

erosion

irreversible and non-conducting degradation of the surface of the insulator that occurs by loss
of material which can be uniform, localized or tree-shaped

NOTE Light surface traces, commonly tree-shaped, can occur on composite insulators as on ceramic insulators,
after partial flashover. These traces are not considered to be objectionable as long as they are non-conductive.
When they are conductive they are classified as tracking
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3.16
crack
any internal fracture or surface fissure of depth greater than 0,1 mm

3.17

puncture (of an insulator)

permanent loss of dielectric strength due to a disruptive discharge passing through the solid
insulating material of an insulator

[IEV 471-01-14]

4 ldentification

The manufacturer’s drawing shall show the relevant dimensions and information necessary for
identifying and testing the insulator in accordance with this standard and the applicable IEC
product standard(s). The drawing shall also show applicable manufacturing tolerances.

Each insulator shall be marked with the name or trade mark of the manufacturer and the year
of manufacture. In addition, each insulator shall be marked with the rated characteristics
specified in the relevant IEC product standards. These markings shall be legible, indelible and
their fixings (if any) weather- and corrosion-proof.

5 Environmental conditions

The normal environmental conditions to which insulators are submitted in service are defined
according to Table 1.

When special environmental conditions prevail at the location where insulators are to be put
in service, they shall be specified by the user by reference to IEC 60721-1.

Table 1 — Normal environmental conditions

Condition Indoor insulation ] Outdoor insulation
Maxi bieritisit emberatie Does not exceed 40 °C and its average value measured over a period of
SXINLIVAmDIeE Al P 24 h does not exceed 35 °C
Minimum ambient air temperature -25°C [—40 =
. ) Negligible vibration due to causes external to the insulators or to earth
Vibration .
tremors
Solar radiation ° To be neglected Up to a level of 1 000 W/m?
No significant poliution by dust, P:;I:go\r}ab)(/)S;sgrssr:ﬁk;écoorgcéilrv =
Pollution of the ambient air smoke, corrosive and/or flammable g . Vap y .

Sses VADGUFS. OF Salt Pollution does not exceed “heavy” as
gases, vapouls, defined in IEC 60815

The average value of the relative
humidity, measured over a period of
24 h, does not exceed 95 %;
Humidity measured over a period of one
month, does not exceed 95 %. For
these conditions, condensation may
occasionally occur

? Vibration due to external causes can be dealt with in accordance to IEC 60721-1.

® Details of solar radiation are given in IEC 60721-1.
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Annex A
(normative)

Wheel test

A1 Test specimens

Two test insulators of identical design with a creepage distance between 500 mm and 800 mm
shall be taken from the production line. If such insulators cannot be taken from the production
line, special test specimens shall be made from other insulators so that the creepage distance
falls between the given values. These special test specimens shall be fitted with standard
production end fittings.

Up to two pairs of test specimens can be tested simultaneously on one wheel. It is
recommended not to mix widely differing materials on the same wheel.

A.2 Procedure

The test specimens shall be cleaned with de-ionized water before starting the test. The test
specimens are mounted on the wheel as shown in Figure A.1 below. They go through four
positions in one cycle. Each test specimen remains stationary for about 40 s in each of the
four positions. The 90° rotation from one position to the next takes about 8 s. In the first part
of the cycle the insulator is dipped into a saline solution. The second part of the test cycle
permits the excess saline solution to drip off the specimen ensuring that the light wetting of
the surface gives rise to sparking across dry bands that will form during the third part of the
cycle. In that part the specimen is submitted to a power frequency voltage. In the last part of
the cycle the surface of the specimen that had been heated by the dry band sparking is
allowed to cool.

The test voltage is supplied by a test transformer. When loaded with a resistive current of
250 mA on the high voltage side the test circuit shall exhibit a maximum drop of 5 % in its
output voltage.

The salt solution shall be replaced weekly. Weekly interruptions of the test for inspection
purposes, each of these not exceeding 1 h are permissible. Interruption periods will not be
counted in the test duration. One longer interruption up to 60 h is allowed. An additional
testing time of three times the duration of the interruption period shall be added. The final test
report shall include details of all interruptions.

A.3 Test conditions

Electrical stress: The power frequency test voltage in kV is determined by
dividing the actual creepage distance in millimetres by
28,6.

NaCl content of de-ionized water: 1,40 kg/m3 * 0,06 kg/m3

Ambient temperature: 20°C+5K

Test duration: 30 000 cycles

A.4 Acceptance criteria

The test specimens of identical design shall be assessed together. Pairs of test specimens of
different design shall be assessed separately. The numbers of flashovers and trip-outs shall
be recorded and noted in the test report.
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The test is regarded as passed, if on both test specimens:

no tracking occurs, (a megohmmeter shail be applied along any suspect path, using 1 kV
DC or higher. The probes shall be between 5 mm to 10 mm apart. A resistance of less

than 2 MQ shall constitute failure);

for composite insulators: erosion depth is less than 3 mm and does not reach the core, if
applicable;

for resin insulators: erosion depth is less than 3 mm;

no shed, housing or interface is punctured.

HV
Rotation in 90° steps /

2

_J_ l> Suspension type insulator
Energized : 1 /
period i Grounded insulator
support wheel
Cooling g - -
period T Drip period
1 o 0o
3] 00
b © (o]
\\ o o

Salt water

<«—— Dip period

IEC 1960/05

Figure A.1 — Test arrangement of the tracking wheel test
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