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IHHEPIAHYH

H moapovoa dimhopatikn epyacio acyoAeiTal LE LETPNOELS KOl
EAEYYOVC TOV £Y1VAV G€ GVVIEGHOVS Kol OLo0EOVIKE KAAD IO VYNANG
tdong, To Oomoid YPNOGLUOTOLOVVTINL GE €101KOVG HOYVATEG TOV
gmtayvviov tov  Evpomraikod Opyaviopotd I[Mupnvikov Epegvvov
(CERN).

To £épyo avtd exkmoviOnke oTIG €YKATAGTAGELS KOl TO
gpyaothiptra Tov CERN otmnv EABetia, kot a@opd oe peTpnoels Kot
eALEYYOVEC TOGO 6 NON VAP OVTA GAAG KOl GE KAlvoUpylo LOVTEAQD
opo0EOVIK®OV KoAmdiov kol cvvdééopov (connectors), To omoia
ypnoponmorovvtar oe poayvnteg Kicker. ITapovoidletar n avantoén
véov pefddov pe okond tn Peitictonoinon Kot Tapaymyn vE®V TLo
geMypuévov kalwoiov pe tn xpnon véov viikov. Efaitiag tov
YEYOVOTOG 0Tl €mpemne va yivel Tapovcioot tov mapdvtog Epyou kat 6to CERN,
éva, peyaao tunpo g epyaciog eivol YpoppéVo 6Ty ayyAKY YA®GGA.

Apyikd, eetdletol n mBAvVN AVTIKOATAGTOGT TOV OLOAEOVIKDV
KaAwdiov vynAng tdong (YT) ta omoia ypnoipomotrovv upeiypo
nemiespuévou aepiov SFe (e§apBoprovyo Beio) pali pe molvatbvAiévio
(PE) o¢ poévoon, and xoitvovupyla KoA®dia, QLAIKOTEPA TPOC TO
nepifariov. Ilpoteivovtar véa oyédia kaAwdiov, T0 omoia
YPNOLULOTOLOVV HOVOTIKA £Aato olAkOVNGg ®¢ domAekTplkd. Katdmy,
yivetatr pia mpoondfela tpocsopoi®wong ™G CVUTEPLPOPAS TOVS VIO
YT, pe 1 Ponbera Aroyiopikod mov eg@apudler ™ péBodo
TEMEPAGUEVOV O0TOLYELlOV, Yio oxedloopnd Kol feATicTOoNTOiNnGN.

Axoro¥0wg, Odeilypata kalwdiov Kot ocvvoéopov — NN
VIAPYOVTO KOl Kotvovupyta poviédo — tifeviar vnd €reyyo kot to
nelpapata AapBavoovv yopao. To £épyo mov deEdyeTal 6GTo EPYacTNPLO
nepllapfavetr tnv eykatdotoon dtataéng dokipdv koimdiov YT kat
TNV TPOAYUOATOTOINGT TOV HETPNOCEDV KOl EAEYXOV TOV KAAMITOV Kal
ocvvdéopmv. Ercdyetor pio gdbkoAn otn ypnon néBodoc perpnoewmv
LEPLKADV EKKEVDGE®V OGOV 0LPOPA oTNV OKPifELD TOV OTOTELECUATOV
KOl 6TOVG TPOTOVG PEATI®ONG TNG. AKOAOVOMC, TO ATOTEAEGUATA TOV
TPOGOUOLMGEMY GTOV VTOAOYLIOTN £MLPEPALOVOVTOL KAl CLYKPIVOVTOL
pe avtd tov gpyoaoctnpiov. Xvlnteitor m dvvardTNTO XPNONG TOV
KAA®OioV Aad100 ®G EVOAAALAKTIKY AVGT Yl0 TNV OAVTIKATACTOGT TOV
KoAwodiov pe memeocpévo aépro SFe, Kar or mpoomTikéC Yyl
peArovtikég eeriferc.

Aé&erg xkheldra:

CERN, payviteg kicker, vyniég tdoeig, puetpnioelg kot €Leyyot,
opoafovikd KaA®Ilo, COVOECSHOl, HOVOTIKA VALKA, OMAEKTPLKA,
LEPLKEG EKKEVAOOELS, YOPAKTNPLOTIKN avtiotacn, e§acBévion, tdon
évapéng / eEapdaviong / dtdomaong, nAekTplko nedio, TpITAG onueia,
TPOGOUOLMGELS, LEB0DOG TEMEPAGUEVOV GTOLYELIOV.



ABSTRACT

Vi

The current diploma thesis refers to measurements and tests
that were done to high voltage coaxial cables and connectors, which
are used for special magnets of the accelerators at the European
Organization for Nuclear Research (CERN).

This work was carried out at the facilities and laboratories of
CERN, Switzerland, and is about high voltage measurements and
tests of various existing and new models of coaxial cables and
connectors used for the kicker magnets. It includes the developing
of new methods for optimizing and producing new, more efficient
cables using new materials. Because of the fact that this work had
to be presented also at CERN, an extensive part of the thesis was
written in English language.

First, what is discussed is the possible replacement of HV
coaxial cables, which use a mixture of pressurized SFs (Sulphur
Hexafluoride) gas and polyethylene as insulation, with new ones,
friendlier to the environment. New designs of cables are proposed,
set up, and built as prototypes, which use silicone oils as dielectric.
Afterwards, there is an attempt to simulate the behaviour of the test
subjects under high voltage with the help of finite element method
software, for designing and optimizing.

Subsequently, samples of cables and connectors - still used at
CERN and the new models, are put under examination, and the
experiments take place. The work that is being done in the laboratory
involves the setting up of an HV cable test stand, and the measuring
and testing of the cable samples and the connectors. An easy-to-use
method regarding the accuracy of the results of PD measurements
and ways to improve it, is introduced. Afterwards, the results of the
computer simulations are being confirmed and compared to the
results from the lab. An outlook is given on the feasibility of oil-
filled cables as a replacement for SFs gas pressurized cables and the
foreseen future developments.

Key words:

CERN, kicker magnets, high voltages, measurements and tests,
coaxial cables, connectors, insulating materials, dielectrics, partial
discharges, characteristic impedance, attenuations, inception /
extinction / breakdown voltage, electric field, triple points,
simulations, finite element method.



EYXAPIXTIEX

Apyikd Ba n0era va ekopdow Tig BepudTATEG EVYAPLOTIES LOV
ctov Koafnyntny pov o1 oyoAn HAiextporldyowv Mnyavikov kot
Mnyoavikdv Yroloyiotov K. lodvvn I'kdvo, yia tnv eunietocHvny Tov
pov £€oei&e otnv oavabeon NG OMAO®UATIKNG, Yio TN YPNOLUEG
cvpuPovArég kot vmodeifelg mov pov £€xove KOTA TN OLAPKELL TNG
EKTOVNONG TNG KOl Ylo TNV GUECT KOl EVYAPLGTN EMIKOLVOVIO TOVL
elyope. Ma meprocdtepo yio v apépiotn Ponbeia mov pov
npocépepe, TNV KaBodNynom Kot yio TO OTL ONMOTEAEGE TNYN
gumvevong yo gpéva péco amd 1o PAOnpo Kot To €pyacTNplo, MGTE
Vo OYOTNO® TO OVTIKEIULEVO TNG GYOANG MOG.

Evyapiot® emiong ta dAha OVv0  uéAN NG  TPLUEAODVG
e€eTAOTIKNG €mMTPpONMNG, TOLG Kvupiovg lwdvvn ZtabBdémovAo «at
Opaykiocko Tomain, «abnyntéc ¢ oyxoAng HAesxktpordyov
Mnyovikov kat Mnyovikov Yroloyistov EMII.

Ev ovveyeia Oa n0era va evyapiotinow Beppd tov emiPrénovta
pov oto CERN k. Tobias Stadlbauer, yia tnv gvkatpia Tov pov £€dmoe
va €pyact® o€ £€va 1660 povadiko mepifdiiov. I'a tn Bonbeta, tov
XPOVO TOL HOVL APLEP®GE, TG GLUPOVAEG KAl TIC YVAOGELS TOL WOV
petafifoace katd ™ dtdpKela NG dWIEKAUNVNG GGKNGNHG LOV GTOV
EPEVVNTIKO AVTOV OPYAVIGUO.

Téhog, €va peydro gvyoploTd and Kapoldg, 6Tovg GiAovg Kot
TNV 01KOYEVELQ OV TOL LoV cupumapacTadnKkav kat pe fondnoav and
™V apyn KEYPL T0 TEAOG avtng TG mopeiag. Eidikdtepa, Bélo va
EKQPPAG® TNV OTEPLOPLGTN EVYVOUOGUVT HOV GTIN UNTEPO KAl TNV
adepP HOV, ylo TO TOGO UE GTNPLEAY DALKA KOl TVELHOATIKA, OV
édmwoav kovpayto, pe Bondncav ovolactikd kKat pe evldppvvav va
cuveyiow, xab’ OAn N ddpkelo TV omovd®vV pov. H mapovoa
epyacio aplep®VETOL 6T LVHUN TOov Tatépa pov, lempyiov Kovtédrn.
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KEDAAAIA

Y10 kepdiato (1) yivetatr pio cOVIOUN €L0AY®OYNH TOV AQPOPd
otov opyavicpd tov CERN xat 6to £€pyo mov Aapfdvel yodpo ctov
mapovto ypovo, Kot divetar pro pikpn meptypaen tov Kicker
LAYV TOV KOl TOV YPOUUUOV GYNUATIGHLOD TaAN®OV. AKoAoVO®G, 6TO
Ke@aiato (2) 6idetatl 10 TANIGLO TOV OPYOV TOV SLEMOVV TO KAADOLO
YT «at e&nyodvtar Poaocikég £€vvoleg NG BOewplag ypoapupov
petopopdc. To xepdraio (3) apopd otn Oewpia TOV HEPIKOV
EKKEVOOEMV. XT0 Ke@alalo (4) meprypdeetor 1 pebodoroyia kot 1
dradikacia tov petpnoeov. To kepdrato (5) amoterel pia cvvroun
napovcioon kot Bewpntikn agloAdynon tov ved e&étacn delyLATOV
Kalowdiov. 10 keedralo (6) mapovoidlovral o1 HETPNOELG KOl OL
éleyyol mov oteENyOnoav 610 gpyactNpro pali pe to anoteAéopatd
tovc. To «keedlato (7) meprypboet tig aplOuntikég pebodovg
Tpocopoimong mov wmpaypatomotnOnkav kot moapovoidalel to
anoteréopata. Téhog, oto kepdlato (8) mepllappdvovrar ta
ovunepdopata. Ta wepdrowa (9), (10), (11) xar (12) eiva,
avTioToiymg, mapapInuo, wivakag €kOVOV, ovoQopEég Kol
Biprroypapia.
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1. EIXATQTI'H

1.1. To CERN — Xvvtoun avadpopun

Ewova 1: H vrdyeia ofpayya tov LHC ko 1 evaépia didtaén [2]
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To axpovopto «C.E.R.N.» mtpoépyetar ano tig AéEeig «Conseil
Européen pour la Recherche Nucléaire», ot omoieg ota yoriikd
onuaivovv «Evpomnaixd Zvufovito yra tnv MMupnvikn Epegvvay, dnmg
ovopdotnke otnv apytkn tov popoen to 1952. 'Extote to dvopnd tov
arraée oe «European Organization for Nuclear Research»
(Evporaixkdég Opyaviopdg yia tnv Ivpnviknq ‘Epevva), opmg yio
AOyovg evpoviag mtapépeive 1o «CERN».

To CERN givat évag opyaviopndg maykdspuiag KAAong, e €dpa
otnVv Kapdld tg Evpdnng, tov omoiov okomodg eivatr n €pevva 610
nedio tng DPVOIKNG KAl CLYKEKPLUEVA GE AVTO TNG ZOUOTLOLAKNG
dvoikng, NG emoTNUNG ONAAdN TOV HEAETA TN doun TG VANG. Eivat
éva koo gyyeipnuo kpatov — peidv g Evponaikne ‘Evoong, mov
10pvOnke 1o 1954, ka1 o1 €yKOTOOTAGELS TOV Ppiokovial Gg pia
gvpltepN meployn ota mepiywpo g mwOANG tng [evedng otnv
EAPetia, mavo ota yolroeAPeTikd cvvopa.

Amotekel 10 pHEYAADTEPO EPYAGTNPLO COUATIOLOKNG QVGIKNG
OTOV KOGUO KOl TO OVADTEPO GTO €100¢C TOV, GTO OMOI0 PVGIKOL Kol
pnyovikoi amd OAov tov mAavinTn ocvvepydlovtal TPokKEIRLEVOL va
AVOKOAADWYOVV TA HIKPOGKOTIKA GVGTATIKA TNG VANG KOl TOVG VOUOVG
™™g eVong mov to kvPepvovv. ' o oKOTO AVTOV, Ol EMIGTNUOVEG
npocnmafodV vo TPOGOUOLOGOVLV TIG CLVONKEC TOL EMKPATOVLGOV
KaTé TN 01APKELN TOV TPOTOV GTLYUDOV TNG YEVVNONG TOL GUUTOVTOG,
ONAadn oto KAGopato ToL deVTEPOAETTOV HeETh T0 «Big Bang», tnv
«Meyain Expnén». Tote Ntav mov ta dopikd ctotyeio Tov kKOGHOL
mov pog meptfdArel -to copatidta Tng VANg- oynuatilovrav yia
npotn gopa [1].

Ewova 2: O Meydhog Emtayvvtig Adpovimv - The Large Hadron Collider (LHC) [2]
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1.2.

YUYKPOUOoELS LONATIOLOV

H Pacikn 10éa nticw and to eyyxeipnua avtd eivat ot e§atpetiKd
VYNANG €VEPYELOG OLYKPOVOELS ocopaTdiov. Mécw avtdv TV
TOAALDOV  aAAeEWGAANA®V  ocvykpoVvoewv, véa ocopatidta Oa
onprovpynbovv, emrainbevovtag o€ MOAAEG MEPIMTMOOELS TIC Oempieg
mov mwpoPAémovv tnv Vvmap&N TOovg, KAl AVTO HE TN GELPA Ttov Oa
oonynoet otn PabvTepn KATAVONGN TNE TPOTAPYLKNG OOUNS TNG VANG
KOl TNG EVEPYELAG, KAl EMIGNG TOV VOUL®V TOVL T d1ETOVV.

[Tpokewpnévov va emtevyBovV  avTEC Ol OCLYKPOVGELS,
amattobviol peydia mood evépyetac (tng taéng tov TeV). Ilpocg
aLTOV TO0 OKOTO, COUOTIONN OO TPp®TOVIA Kol PBapéa 1OvTa, T.Y.
16vta poAvBoov, oxnuatifovv opndadeg mov ovopalovial «dEGUESH, Ol
omoieg Ba mpémetl va emtayvvOovV 6€ TAXVTNTESC KOVTA GTNV TAYVLTNTA
Tov Q®T1o¢. Toéte, o1 déopeg ovtég KatevBOVovTAl G& TPOYLEG
avtifeteg peta&d 10V Kot cvykpovovtat 1 pia pe TNV AAAN. Ao T1¢
ovVYKpoVoELg, YlAlLddec copatidta avadvovtalr, kot pe T Pondeta
TEPAOTIOV OVIYVEVLTOV, KATAYPAQOVTOL Kol peAeTdvTat [1].

Ewodva 3: Zvppdavto cuykpodcemv THTOL «Tpm@TOVIO - TPOTOVIO GTO KEVTPO TG LALocy»,
gvépyelag 8 TeV, katayeypappéva omd tov aviyveuty CMS to 2012 [5]



1.3. Emutayvovtég
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Ewodva 4: To odpmreypa enttayvviov tov CERN [7]

Q¢ Pacikd epyaieio, yio TNV TPOAYULATOTOINGN OLTOV TOV
evtvnootlakol mepdpatog, o CERN ypnoiponolel mavioyvpeg kot
0YK®DOELG d1aTAEELS KVKALKOV GVVNOmG oyNUatog, Tov ovopdalovtal
CETMITAYVVTECH, LECH GTOVG OTOIOVG TO COUATIONN EMLTAYVVOVTAL UE
™ xpnon nmiextpikov mediov. Or emtayvvtég Ppickoviar péco ce
TEPAOTIEC VIOYELEG ONPAYYES, UE TOV peyaAvtepo, tov LHC (Large
Hadron Collider, «Mgydiog Emitayvving Adpoviovy), va £xet
nepiperpo 27 yrhopétpov kar va Ppiocketar oe péco Pabog 100
LETPOV ATO TNV EMLOAVELL TOV €0GQPOVG.

Apyikd, ta copatidta poptifovral, 0VTOC OGTE Vo LTopovV va
emtayvvlodv and 10 nAektpikd meodio. 'Emeita gicépyovtar otov
EMTAYLVTY 0oiog amoteAeiTal Evav c®AN VA TOAD LYNAOV KEVOD, Kol
ekel, oltdpopa &€idn pOYyVNTOV YPNOLULOTOLOVVTIOL OGTE Vo TO
katevfHvouv pe dtdpopovg tpomovg. 'a mapdderypa, ta copatidla
emitaybvovTal pe tn xpnHon kothotntov emitdyvvong (accelerating
cavities) kot nAsktpopayvniik®v ovviovietov (electromagnetic
resonators), eved diatnpovvtal e plo ctabepn evepyelakn otdOdun
yio Vv €160ppOTNCY TOV OATOAELOV &VEPYELNG. AlmoAkol Kot
TETPATOAKOL LOYVIATEG YXPNOILOTOLOVVTAL EVPEMG Ylo TN dLATNPNON
TOV copatidiov oe atabepn Tpoyld katl yia TV €otiocn tng d€oUNG.
Eivar pio apxetd peydin kot evpeio yKOAUOM TOV HAYVNTOV TOVL
XPMOLLOTOLOVVTAUL GTOVG EMTAYVVTES. [2]
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1.4. Mayviteg Kicker — I'pappéc Zynpatiopov lMMaipov
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Ewova 5: "Evag and tovg Kicker payviteg mov ypnowonoteitot yio va gvbuypoppicst oy sioepyopevn
déoun otV TpoyId TOoL KuKAOEOpEL atov SPS [6]

[Ipokeipévov va emtevyBodv o1 VYNAEG €VEPYELEG TOVL
xpetdlovtal yio TiGg GLYKPOVGELS TOV OEGUMOV cONATIdiOV, eV apKel
évag povo emMTAYLVING, AALA amalTeiTol £€va GUGTNUO ETLTAYVVIOV,
pe moAAamAl emimeda evépyelag, oTadlokd avavopuevng and to Eva
610010 610 dAL0. '’ avtd otV Tpdén xpnoipnomnoleital To AEYOUEVO
«ovumieypa emttayvvtovy (Accelerator Complex). Apyikd, n déoun
gloayetal og €vav mpowOntn (Booster), kot otn ocvvéyeia and
UIKPOTEPOVG GE UEYAADTEPOVS EMLTAYVLVTEG, 01 0moiol cvvepyalovtatl
Y10 VO ETLTAYVVOLV TO COUATION GE TAYVTNTEG KOVTA GTNV TAYVTNTA
TOV MTOGC. AVTO onuoaivel 6Tl 01 OECUEG TPETEL VA LETAPEPOVTAL ATTO
™ pla dtdtaén otnv GAAN pe ypniyopo, akpifn Kol ATOTEAECULATIKO
tpomo. To €d1kd €id0¢ pAYVNTOV 7OV YPNGLULOTOLOVVTAL Yl TNV
ELCAY®YN, TNV €EAYMOYN KOL YEVIKA TN LETAPOPE dECUDOV COUATIOIOV
amd TOV £vVaV EMLTAYLVTN GTOV AAAOV, ovopdlovtol payviteg Septa
kat Kicker, kot cvoyvé ypnoipomnotleitar o cvvdvacspuodg tov 6vo. Ot
payviteg  avtoi, mpokewwévovr va  mapdovv TO0  1GYLPO
niexktpopayvntikd medio mov ypetdleTar yia va eKTpEYEL TO
copatidole amd TNV TPoyYld TOLSg, TPOPOdoTOVVTAL aATd opHoydViovg
naipovg vyning taong (high voltage pulse, ocvyva 30 — 40 kV). Ot
payviteg Kicker éxovv moAd ypnyopovg xpdvovg avddov / mTd®ONG
Tov opfoydviov maipo®v taong (cvvnbog and 50ns émg 1lus) kot
Eyovv yaunin évtaon mediov (<0,3 T) evd o1 Septa eival mo apyoi
(slow pulsed, yxpdévor avdédov-kabddov ocvvRbwg >1pus) aArd
napéyovv ueydiec tipég mediov (<1,7 T) .



Me aira Adyia o Kicker payvitng, otov omoio avapépetat n
mapovoa gpyacia, eival n otdtaén mov (pali pe tov Septa payvntn)
Oa extpéyetl - Oa ddoel To «Kicky otnv déoun dote va Tng aAraet
™V TpoyLd.

RCPS
Dump PFN or Main Transmission Kicker
Switch PFL Switch Line Magnet
2 ) 2 H
Z i 7 Terminating
Resistor Resistor

Ewdva 6: Amhomompévo ddypappa evog Kicker cuotipotog [3]

‘Eva  ocvotnpo Kicker, o6mowc o¢oivetar otnv eikéva 6,
amoteAeital amd MOAAA e€foapTApOTO OM®G: TNV Ypaupn 7N diktvo
oxnuotiopov naipodv (pulse forming line or network, PFL or PFN),
tov payvintn Kicker, tovg ypfyopovg drakoémteg vyning toyvog (fast
high power switches), 1o 71po@odotikd 1oybdoc — @OpTIONG
ovvtoviopov (Resonant Charging Power Supply, RCPS), t ypapun
peta@opdg (transmission line) xat Tig OVTIGTAGELS TEPUATIONOD
(terminating resistors). [3]

Coaxial Cable (PFL) of Length /,,

Large Valued -
Besistoros Charact_erlstlc Impedance Z, and
Tedtoetor Single-way Delay 7,
0 \ _
\ ) Switch
DC Power I' =1 I =[ﬁ] and
Supply (V) Zo BT Resistor

| (Z1)

Ewdva 7: ATAOTOMUEVO S1AYPOLIE TOV KUKADUATOG GYNUATICUOD TOV TaApol [35]

E1wdikdétepa, 1o opoaovikd KaA®Ol0 TAAUIKNG VYNANG TAGNG
elval 10 KVPLO GLGTATIKO TOV KVKAMUOATOS GYNUOATIGHLOD GTO OToio
TAPAYETOL 0 TOAROC. [3]
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2. OMOAEONIKA KAAQATA KAI ZYNAEEZMOI
(CONNECTORS) YYHAHE TAZHX

¥

Ewova 8: Opoa&ovikd kaidmdio 200, 40Q [39]

Ewcova 9: Opoaéovikd kadddia kot ouvdeapot 20Q [39] Ewcova 10: Opoa&ovikd
KoAdd1o vyMAfg Thong [27]
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2.1. Opwopoi

D>

A\ 4

Ewova 11: Awtopn opoagovikod kaAwdiov

‘Eva opoagovikd kaAddto eivatl €va €100¢ ypapupung petagopdg
T0 omoio amoteieital and tpio Pacikd pépn: (i) Tov ecwTEPlKO
aymyo6, o omoiog eivar évog OoydYLHOS GOANVAS N CULUTAYNG
kOAwvdpog, (i) tov gEwteplkd aywyd, o0 0moiog TeEPlLKAEiel TOV
€cmTEPLKO Kol pumopel va eival eite cvpumayne coAnvag (emimedng
eMPavelac | ne aviakeg) eite petariikd tAéypa kot (iii) tn pévoon,
n omoia &ivar to OmAekTpikd péco peta&h TV 00O AYOYOV Kol
uropel va Bpioketal oe otepen, vypn N aépta pope1. Ot dractdoelg
TOV JLApETPpOV TOV 000 ayoyodv (D2 yia tov eEotepikd kat D1 yia
TOV E6MTEPLKO) OTTMG KAl 1 TIUN TNG OINAEKTPIKNG oTabepac (er) TNG
poévoong, mailovv onpoviikd poro yio 10 KOA®Il0, €meldN eival
kaBoplotiKol TAPAYOVTEG YO TN XOPOKTNPLGTIKY TOV OVTIIGTACT KOl
yia dALeg onpavtikég mapapéTpovg. O mo cVYVE XPNCLULOTOLOVUEVOG
TOTOG VALKOD Y10 TOVG UETAAAIKOVG ALTOVS AYy®YOVS €ivatl 0 YOAKOG
(Cu), evod yio T poOvoon cvvibog ypnoiponoteitar moAvatBviévio
(PE) yapuning mokvotntog.

Inner Conductor:
Bare copper wire
Diameter: 6.66 mm

Insulation: PE
Lupolen 1812 D
RG-220/U Diameter: 23.1 mm
Quter Conductor:

bare copper wire braid without joints
Diameter over braid: 24.2 mm

Fire barrier wrapping:
Two layers of Cu-foil
Diameter: 24.4 mm

. Wrapping:
Sheath: ]
Megolon S 534 Two layers of PET-foil

Diameter: 31.0 mm Diameter: 24.6 mm

Ewdva 12: Aopn opoa&ovikod kadwdiov Tomov RG-220/U otnv omoia ¢paivovial To S14¢popa oTpOUAT
TV VKOV [34]
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2.2. Baowkd XapoktnpioTikd Xtoryeio

Ot opoaéovikég ypappués kot ta opoagovikd KoA®Ola
YPMNOLULOTOLOVVTAL EVPEMG TOGO Ylo TO OGYNUATIGHO OGO KOl TN
petadoon moAudvV vynAng taonc [4]. EZdpoova pe T Oewpia
I'pappov Metaeopdg [5], and tnv avtictoryn PipArloypaeia, pia
YPOUUN HETAPOPAC amoTeAeital amd dVO AYy®YOVLS - Evav VIO TAOT
Kol pio yeioon - kot v amapoitntny LOVOGoN ard SINAEKTPIKO VALKO
peta&v tovg. Kat ot dvo aymyoi €xovv ctabepn emipdveilo d1aTOUNC.
Moali pe 1o dimAekTplkd, umopovv va avoamapoctabodv and éva
10000 VapHo KUKA®UO TOL o7moiov TO  OloKEKPLUEVO GTOlXELN
KOTAVELOVTOL OMHOLOHOPOO GTO UNKOG TOov. Mo GyYNUATIKN
avantapdoTocn TOV GToyEiov NG YPOUUNS HETAQOPAS QaivovToal
otnv Eiwkdéva 13.

Rdx  Ldx
o—/ \NN—Y Y o
Gdx>S =—/— Cdx
(o, & ]

Ewova 13: Opoa&ovikd Kolddo pe ta ava povada
oTotyeia Tov

Ta Bacikd xopakKTNPloTIKE TNG YPOUUUNG avd povado UnKovg
elvar :

e h: 1o unkog tov karmwdiov

e R/h : n avtictaon ocepdg Ppoyxov (loop series resistance) tov
ECMTEPLKOV Kol TOL eEmTEPLKOD aymyoL o /M

e G/h:nmoapdAiinin ayoyipdétnta (shunt conductance) G oe S/m,
N omoia avtimpocommeVEL TO pPevHA dlAppong otn Uoévoon
petagv tov 600 ayoydVv

e C/h : n mapadrinin yopntikdétnto (shunt capacitance) C tov
Kolwdiov og F/m, n omoia oynuatiletal amd to SiNAeKTPlKd Kot
ToVG 000 Ay®Yovg

e L/h:nenayoyn ceipdc (series inductance) L, oe H/m n onoia
e€aptdtol and TNV EMLPAVELN OLATOUNG TOV KAA®IIOV
Anod 1o técoepa mopamave Pacikd ctolyeio HmopovUE Va

e€ayovpue v egflowon NG aviictaong €16660V  HLOG YPOUUNG
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LETAPOPAC M omoia amoTeAEl TNV XOpAKINPLOTIKY avtictacn Zo, G€
Q, o0e 0OMOLAONTOTE GLYVOTNTA ®G €ENG :

0

7 = R+ jwL
|G +jwC

(1)

Mo vyniéc ovyvotnteg (tng tédéng tov moAlov MHZz), n
napandve e&icoon propel va anromoinbei og e&nc:

ZOZ -

- @

H otaBepd d164600mg TOV KOpOATOG €lvat:

y=a+jB =R+ jwL)(G + jwC)

(3)

6mov o eivar 1 eEacBévien oe nepers/km (f oe dB/km edav
noAlamiacidoovpe pe 8.686) katr B eival 0 cVVTEAEGTNG AALAYTG

Qaonc.

Ot mapandve oxécelg 6ivouv T1g 300 PAGIKEC TAPAUETPOVS TOV
OHOOEOVIK®OV KAA®OT®V, TN XAPOKTINPLGTIKY aviictacn Zo Kol TNV
e€acBévion a. Qo1600, OT®OG mTpoavaPEPONKE, 0L TAPAUETPOL AVTEG

UTOopOvV va TPOKOLYOLV

amd TO YEMUETPIKA KOl MNAEKTPLKA

YOPOKTNPLOTIKA TOV KAA®OIOVL, ONAMON TG JLAGTAGELS TOL KOl TN
GYETIKY EMLTPENTOTNTA TNG LOVAOOTG.

Sopeova pe tnv avtictoyyn Biprioypaeio [5], Ppickovue 6Tt
ol €§l0MGELS Yo To POCIKA YOPAKTNPLGTIKA oTOolyeio avd povada
pfikovg ¢ ypauung, L, C, R kot G, eaptdvral and 11¢ dStapéTpovg
TOV ECOTEPLKOV KAl TOV EEMTEPLKOV AY®YOV, TN GVYVOTNTA KOl AALEC
010N TEG TOV VAIKOV, 6T ¢eaivetal mapokdatow. Emniong and n

dmAiekTplkn otabepd & =
me

TPOAYLATIKO  UEPOC

€o (e’ — J&’’), 0mov €' = €'r-g0 eival to
uyadikng  (complex) emitpentdTnTAC

e=¢ —j€e" =¢ - (1-jtand), 6mov tand = (w-e" +0)/ (0-€") eival

h
/Outer
conductor

nner
conducto

2

Ewova 14: Aatopn opoo&ovikod Kohmdiov

TOV OTOAELOV Kol
TOV

N €QATTONEVT
EMTPETTOTNTA
g0 = 8.85-10" 12 F/m.

Amo v ewkdva 14, Exovpe:

L_ul (r2>
ho2m T/’

€0 M
KEVOD,

(H/m) (4)
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OmOoV W = Mo-Hr €1Vl M LOYVNTIKY S1OTEPATOTNTA TOV VALKODV
TOL OY®YOD.

C
hEy ©

Eniong and tnv swxova 14:

R
t(;ltal = [RDCinner + RDCouter] + [RACinner (f) + RACouteT (f)] =

=it e | (@) (6), 18]

Adinner'dcu  Aouterdcu Aeffinner @CU  Aeffouter

OmoV Ainner K0l Aouter €lval 01 EMPAVELEG TNG OLATOUNG TOV dVO
ayoyov aviictowga, desr, = 2w r1°8s, OmoV r1 givar n eEotepikn
0KTiVa TOV £6WTEPIKOD AY®YOV Kot Agfpr = 21 I2°8s, OTOV I2 gival

N ecoTEPKN aktiva To0V e€MTEPLKOD ay®Y0V, ds €lval To emdepuikd
. 1 ; ,
BaBog, g = ——=—————=, ka1l Gcu N AYOYILOTNTA TOV YAAKOV.
V(o frmacy)

Eivat:

4mle e, tan(6)

G
em ™ ™

[§)
"

XpPNOLOTOLOVTAG TIG TAPATAVE® £E10ADCELS, £vag GALOG TPOTTOC
Y0 VO EKQPACOVUE TNV YXAPOAKTINPLOTIKN avTicTacn Zo 1oV KOA®diov
ce Q, péco TOV 0106TAGEDV TOV gival:

2= e ()2 ®

Kat 1 otabepd eEacOévnong oe dB/km givat:

_1 (R+G Z>8686 9

a=3 7 0 .686.
6mov G = G(f) xat R = Rtotal = Roc + Rac(f), vroroyiopéva t6c0
Yo TOV €0MTEPLKO 0G0 yio Tov eEmtepikd aywyo, Dz = 2-ry,

Dy =2-r1.



2.3. Yynirég Taoerg Kar AitmiekTpikad

2.3.1. O Porog Tng Amiextpikng Xtabepdg &r

Ta opoagovikd «KaA®OLL VYNANG TACNG YPNOLULOTOLOVV
OLOLQPOPETIKA HOVOTIKA VALKA ®¢ OINAeKTPIKA péoa petald Tov 000
ayoyonv. Ta vAitkd propel va gival oteped (0T®MG 0TNV TEPIMTOGT TOV
nolvatBvieviov), vypd (m.y. élota oclAikdvng / opvkTérhaia), agpio
(m.x. agépac, aépro SFe) N kevo. H diniektpikn otabepd (1 oyxetiky
emtpentOTNTA) KaBopilel TN GOOTN AMOITOVUEVN YOPOAKTINPLOTIKNY
avtictaon yio Kabe spappoyn kat emiong dradpapatilel onpaviikd
poro otnV €£ac0EVIoTN TOL GNUATOG KAl TIC ATMAELEG TOV TAALOD GTO
KaA®oto. Ot gupvTEPA YPNOLULOTOLOVUEVOL TOTOL OIMAEKTPIKADV
VALKOV TOV YPNOLULOTOLOVVTAL O LOVOTEG paivovtal otov [Tivaka I.

[Tivaxog |
Amiextpikég otabepég yia drapopetikd VAIkd otovg 20 °C

Yhiké Amiektpuci) Xtabepd
Kevo 1
Aépog (1 Atm) 1.00059
Aépro SFe 1.00204
Aépag (100 Atm) 1.0548
Yypo Fluorinert™ FC-40 1.9
Tepiov 2.1
Atdpopa Elata Ztdkdvng 2.18-2.38
IMoAvaiBurévio 22-23
IMoAvmpomvAévio 22-23
IToAvotupévio 2.55
"Ehato Bluesil™ 47 V 20 2.7
IMie&ryxhig 2.7-3.7
Mika 3-6
[ToAvPovikoyrwpidio 3.18
Xapti 3.3-35
Baxkehitng 35-5
Emo&edikn Prytivn 3.6-6
ool 5-10
[opoeidvn 6-8
Elaotiké Neompévio 6.7
Zihucovn 11.9
T'eppdvio 16
Nep6 (amootayuévo) 80.4
Trravikd Xtpdvtio 310

Kdto and opiopéveg ocvvOnkeg, m povoon avtn pmnopei va
vrootel PAAPeEC Kol Vo amoTVy el TEAEI®G 1| LEPIKDG, TPAYUO TO OTTOLO0
odnyel oMV  KOTOAGTPOPY TOL KoAwdiov. Ymdapyovv moAllrol
dtapopetikol punyoavicpoi, avaiAdymg pe 10 OIMAEKTPLKO UEGO GTO
omoio pumopei va cvpPet avtd to parvopevo, katd T drapketa {ong
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Tov KaAlwdiov, evd N dradikacio e€aptdtol and ToALEG HeETAPANTEG.
O1 mapayovteg avtol eivat o1 BepuiKég Kot NAEKTPIKEG KATATOVNGELG,
N axktwvoPfoiio, O1 UNYOVIKEC KOTOATOVAGCELS, Ol TEPLPAALOVTIKEG
ocvvOnKec kaBMG Kot N ¥povikn dLdpKELN KATA TNV OTOoio TO KOAMAI10
vopiotatal to kdbBe €idoc katamovnong. Emopévmg, ot onpavrtikoi
TapAyovTeG ol omoiotl evBvvovtal yia TNV vroPdOuion tng pévoong
eltvat: m taomn, n Oeppokpacia, N tieon, n vypacia, n akTivofoiia Kot
emmpocBétmwg, moAL ocoPfapdg mapdyovtag eivar m  mopovoia
akaboapoldv / emkabnoe®v 6TO SINAEKTPIKO KOl OTEAELOV TOVL
KaAl®oiov, dONAadn He TN Hopon pOTOV, AGVVEYELOV (KOIAOTNT®V) Kot
eniong ayyuUNpoOV oKUOV, OT®OG €MTIGNG TO GYNUO Kol 0 TOTOG TOV
AYOYOV.

2.3.2. Taon Atdomnaong Kat Méyiotn Tdon

24

H mio onpavtikn kot povipun BAEPn mov propei va cvpPel otn
povoon evog kalmdiov kaAieitar niexktpikn dtdonacn (BreakDown -
BD). Eival ovcla6Tikd 1 KOTAGTPOPN TOV OINAEKTPLKOD, KATH TNV
omoia: N €pappolopevn TAcn 6TOLS VO AY®YOoLs Eemepvdh TNV TAON
diaomaong (BreakDown Voltage - BDV), ot Tiuég T@V NAEKTPIKOV
nediov EemePVOVV TNV NAEKTPLKY OVTOYXN TOL VALKOV, Ol dVO ayw®yol
YEQUPAOVOVTAL NAEKTPLKA, KOl gmopuévmg M poéveoon yivetoar miéov
ayoyiun.

[Tivaxag 11
AmAextpikn avtoyn ya dtpopeTikd vAkd otovg 20 °C
Yo Amiektpuciy Avroyn (KV/mm)
Emo&educn Prtivn 05-2
Aépag 3
Xoprti 6-—12
Travikd Xtpovtio 8
Aépio SFe 9.018
Tepudvio 10
Boakelitng 12 - 28
"Edaro Bluesil™ 47 V 20 14
Atdpopa Edota XA vng 14 -18
oAl 17-30
Yyp6 Fluorinert™ FC-40 18.11
Elactikd Neompévio 18 -25
IMoAvaiBurévio 18.9 - 160
IToAvotupévio 19.7
Kevo 20 - 40
IThe&ryhag 30
SaKovn 30
TToAvPuviloyrwpidio 40
ITopoerdvn 40 - 50
Tepiov 60
Nepo (amootaypuévo) 65 - 70
Mixko 200
ITolvmpomvAévio 230 - 250




Me GAla Adyla, M OINAEKTPLIKY AVTOYN €VOG LALKOV &gival m
HEYLGTN MAEKTPIKN Koatamovnomn (1o HEYLoTO mMAEKTPIKO medio,
ONAadn N néyiotn taon ava povado uikovg, ce KV/mm 4 MV/m) nov
umopet 1o VAIKO va avtégel mpv tn 01domoon.

O1 moiklAio TOV TOPAYOVI®V TOV UTOPOVV Vo 0dNYNGOLV GE
dtaomacn elval evpeia Kot TOAOTAOKN Kol cvyvé propel va amoteiel
oVVOVOGUO  TWOAA®V  unyoviopodv  katdppevong  (breakdown
mechanisms), ot omoiot dpovv TOvLTOYXpPOVO, ¢£ite AGAAOTE Va
opeidovtal og pio poOvo amodektn Bewpia, OT®G TO KPALVOUEVO TNG
YLOVOGTIPAdac» TNV TEPITTOON TOV VYPOV Kol ToV agpiov. Kdto
amd YOUNAN NMAEKTPLIKN KATATOVNGN, G€ £va OINAEKTPLKO a€Plo OEV
VIAPYEL PO PEVUATOG EKTOC €AV VTTAPYOLYV APpKETA eheVBepa 1LOVTA M
niexktpovia péoca oe ovtd. Eav n miektpikn katamdvnon eivol
apKeETA VYNAN, €va mAektpoévio pumopel va tovicel €va poOPLo Tov
agpiov péow kpovong, and Tnv omoia Oa mapaybovv dvo niekTpdvia
kat éva 10v. Tote, ta dV0 avtd MAekTpoOvVia pe TN Gelpd T0VS Oa
tovicovv 000 akdua 10VTa, TAPAYOVTOUC TEGOEPO NAEKTPOVLIA KAl dVO
ovta kot ovte kabeéng. H 6An avtn dradikacia, n oroia ovopdaletat
«nAigktpoviakn ylovootifada» (electron avalanche), ctadiakd 6o
00NYNOoEL GE £Va AYDYLLO LOVOTATL NAEKTPOVIOV, LE ATOTEAEG LA TNV
armotvyio ™G pOvVOoNng Kot Tnv mpoOkAnom oitdomaocng. H tdon
akpipdc mpv v évapén avtov Tov eatvopévov ovopdletatl péylotn
taomn (peak voltage) tov kaAwdiov kot givar N pEYLGTN EMLTPERTT
(ovopoaotikn) thon Asttovpyiog kdto amd TNV omoic TO KAADJILO
emitpémeTal va Aettovpyei pe aopdiera [5], [6].

2.4. Opoafovika Karl®ora

2.4.1. Znpavtikég Mapdapetpor Evéoc Opoagovikov Kaiwdiov

O1 mapdyovteg mov KATEYOVV ONUAVTIKO pOAO GTNV TOLOTNTA
Kot otnv anddocrn €veg opoa&ovikoy KAaA®Oiov, CUUQOVE UE TLG
avaykes tov cvotnuatov tov Kickers tov CERN, gival ta nAektpikad
YOPOKTNPLOTIKA Kol 1010TNTEG WOV avaypAeovTal oTo OgATio
TEYVIKOV oTtolxeiov tov katackevootn (datasheet) tov exdotote
kaAwdiov, vyio 10 omoio yivetar &€k wapayyeiio  oOTLC
KOTOOKEVAOTIKEG €TOLPieC KOA®ITI®V. O1 1610TNTEG AVTEG €lvar :

e N yapaktnplotikn avtictacn (Zo) Tov kKaAwdiov, og Q

e 1 &géoocBévnon (amdAeleg) TOL UETAOIOOUEVOL GNUOTOC KATA
UNKoG Tov KaAmdiov (e§aptdTal amd 1 cVYVOTNTU TOV GHUATOG),
oe dB/km

® T0 UHEYLGTO TWAATOC TOV UEPIKOV EKKEVOGE®MV GTO HOVOTIKO
OMAeKTPLKO TOV KaAwdiov, o pC
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e n péyiwotm AC xar DC tdon xor n tdon didonaong (TA) tov
KaAwoiov.

O1 nhextpikég 1010TNTEG AVTEC €ivol 10taitepng onpaciog yia
to CERN «xat ot unyavikoi eivat mdvtote vroypeopévol va eréyEovv
Kol va emPeEPatd®oovV TO €AV Kol KATO TOCOV TO KOAMILO TANPOVV
ta tpdétvma Tov CERN kot to av eival kataokevaspéva cOUEe®VA 1E
T1G €EE101KEVIEVEC ATALTNOELS TNG EKAGTOTE €PAPUOYNG. ['t” avtdv TO
A0y0 oavtd yivoviar cvyvol £€Aeyyxol Kol HETPNOELS GE Odeiypoto
Kaloolov Kol cvvdéoumVv mTpokelpwévov vo eieyyBel n aflomotia
AVTOV TOV TPOTOVTOV. Mia GAAN CNUAVTIKN TOPAUETPOG TOL TPEMEL
va Anebel vmoyv oyetiletal pe t1g ovvONKeG KATO® amd TG OMOiEG
npoKeLTal va xpnotponotnfovv ta kaloddia. Ta Kad®olo avtd Tpémnet
va givatr avlexTikd otn padievépyeta ®ote va avtéEovy 6TiG 00GELG
akTvofoAriag mov Ba AdPovv katd tn Sidpketa tng {owng tovg. H
padievépyeta Exel amoderyBel 611 0dNyel e unyovikn Katdppevon 1M
AAAOY TOV SINAEKTPLIKOV YAPAKTNPLOTIK®OV [7].

2.4.2. Z¢ Tloweg IMepintwoerg Kat IN'ati Xpnowponotovpe Opoagovika
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Koarddra

Ot payvnteg kicker ypnowpomotodvtalr ce 0A0 T0 cOumAEypQ
emitayvvtov tov CERN yia ™ petogpopd deopdv copatidiov (beam
transfer) petaéd tOV emTaAyLVIOV AAAG KOl ylo TNV amdppLyn TOV
deopdv (beam dump). Xpetdletar va €xovv ypRHyopovs xpOvVovg
av6dov/kab6d0v TOv payYVNTIKOD TOVG TEdiOV MGTE, Yia Topadetypa,
va uropovV va eKTPEYOLV £va LOVO TAKETO TNG OECUNG TOV ELGAYETAL
ce évav emtayvvtn, xopic va exnpeactei n (MO vrdpyovca) déoun
mov  KvkAlogopeli oe avtdév. T v gpappoyn  avtn,
XPMNOLULOTOLOVVTOL KVKAM®UATO oYNUOTIopol tayéomv maipov (fast
pulse forming circuits). Ta opoa&ovikd xoilddia LVYNANG Thong
ypnopomorovvtar gvpéwg oto CERN yio 1t Oonupiovpyia ot

LHC Injection: Measured Pulse
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Ewéva 15: Xapaxtnpiotikd gvog opboydviov maipon evdc kicker mov
ypnoipomoteitan otov LHC yio sicoymyn déoung [42]



petopopd maipmv kKicker. To poyvntikd medio tov kKicker mpénet va
aLEAVETOL KOl VO HELOVETAL TOAD Yypnyopo, ond OekAdeEC OE
ekatovtdoeg nS. H arhovotepn drataén eivar n Fpappun Zynpuatiopnov
[Moaipo®v mov (Pulse Forming Line, PFL) mov amoteleitar amd
opoagovikd koaimoto. Tta tétoov eidovg ypnyopa petafatikd
eoawvopeva, copeova ue ™ Bewpio TOV 00€HOVIOV KVUATOV, TPEMEL
VO 1KOVOTTOloUVTAL OlLAQPOPEC OMOLTNOELS KOl oLVONKES dOTE Vva
eacpaiiotel opaAin Asttovpyio. Ta o CNUAVTIKE YOPpAKTNPLOTIKA
otolyeio TV opoa&ovikdv Kalwdimv, yia ypNomN GTO GLGTHUOLTA
TOALOV TAONMG, €lval: 1 OHOYEVNG YOPAKTNPLOTIKN OAVTIOCTAGN TOV
KaAwdiov, mn omoia mpémer va eival {on pe TNV YOPAKTINPLOTIKY
avtictacn 1TNnNg €KACTOTE EQUPUOYNS ®OCTE va oamo@evybHovv
AVOKALCELS KOTO UNKOG TNG YPOUUUNG LETAQOPAC KOl ATMOAELEG GTO
payvntikd medio tov Kicker, n yaunin e€oacOévion, wote va
aropevyfei m mwTtdom tov pevpatog (current droop)kar 1
nopapopewon tov maipdv (pulse distortion), 6mwg emiong xat M
OMAEKTPIKNY OVTOYN, MGTE VO OVIEYOVV OTILC VYNAEC TAGELS MOV
QTOLTOVVTOL Y10 TN HLETAPOPA TOV PEVUATOC.

5.5 0.36

< 50 0.33

_T;’ ‘ 4; ——Current| | 337
@ 35 e [B.d] 0.24 ’g
5 3.0 T 021 o
O 25 0.18 =
= 2.0 015 ©
® 15 012 @

g 1.0 0.09

05 0.06

@ 0.0 0.03

i S T g 10 1] 14 19
Elapged time (ps)
10 x 50 Q
Transmission
: Magnet (5 Q
Lines gnet o4}
Z Z J,
Terminating
Resistor (5 Q)
Ewéva, 16: O opbBoydviog mapdg evog Kicker kat pépog g
PFL [42]
Yvvoyilovrtag, Ta ONUAVTIKE OPOKTNPLOTIKA TOV
A4 n X

opoagovik®v kKaAwdinv givarl :

v TpoGApPUOCUEVT KOl OLOYEVAS XOPAKTINPLOTIKY avTioTaon
v yaunin e€achévion
v oynin dnAeKTPIKN avToyn
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2.4.3. To CERN Xpnowponotet E1dikd Opoagovikd Karddia Yyning Tdong
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ITov Ilepiéyovv Aépro SFe (EEa@Boprovyo Ocio)

Eivalr kpiociung onpoaciog yio Tic €Qoproyég TOV HOAYVNTOV
kicker, o maApog tov poyvntikov nediov va €xet, 16avika, opboydvia
popon. Emopévoc, yperaletatr o xpoévog avodov-kaboddov Tov maipnov
va givar pikpog, n ntoon/e§acOévion tov wailpod (droop) katd tnv
eKQOpTIoN va gival pikpn, katl eniong B€lovue ghayloTonoinon tov
OLOKVUAVOE®V KATA TN S10pKELN TOV WOAAROV (OTNV OTOKAAOVUEVN
«flat top» ypauun). I't’ avtd amatteitor €va KAADSILO YOUNADV
atoAELOV pe TWOAD pikpn e&acBévion (<2.9 dB/km) kot opoyevn
(yopig StakLVUAVGELS) YAPOKTNPLOTIKY AVTioTOOT OCTE Vo emttevyOel
glaylotomoinon TNg MAPOUOPPMOONG TOL TAAUOVL. AVTO £yxel OC
amoTéEAEGHO TO Vva  €ival addvatny n YPNoN TOV MNUILYOYIUOV
ctpopdtov, ta omoid Kovovikd eEopaAdvovv tnv £€viacmn TOv
NAEKTPLKOV ediov 6TN SLETAPN TOL AY®YOV He TO povotn. Tétola
CTPOUOTO  KOVOVIKQ EMITPETOVYV TNV KOTOGKELY GCULUTAYOV
eobnuévov (extruded) kaAmdiov yio eQaproyéc VYNAOV TAGEMV.
>to CERN, 710 mAdtog g péyiotng taomng oOiverar amd nv
armattovpuevn évioomn tov Kick tov poayvitn (magnet kick strength)
kat ¢tavel ta 80 kV. I'ta tnv amo@uyn avakALGE®V TOLV TAAROV, 1
YOPOKTNPLOTIKY oavTioToon Tov KoAlwdiov mwpémer va  gival
TPOGOPUOGUEVT KOlU 1OoM HE TN YOPOAKINPLOTIKN OVIIGTAGTN TOV
EKAOTOTE HOYVATN. XZVVAO®OC YPNOIULOTOLOVVTAL YOUPAKTNPLOTIKEG
avtiotdoglg pe tipnég petalv 2 kot 25 Q. 'Hon ocdpoova pe aniovg
VTOAOYIOHOVG, PaiveTAl OTL Y10 CUYKEKPIUEVEG ATALTNOCELS OG TPOG
TNV YOpOKTNPLOTIKY oviictacn, tnv &&acBévion kot tnv Tdom
Agttovpyiag, 1o mAY0oG NG UOvoong evoc eEwbnuévov xaiwdiov
noAvaibvieviov (extruded PE cable) nailelt onpavtiko podro, yi” avtod
Kol 1 OlLAUETPOC TOV KAA®Oiov givatl apkeTd peydiAn. Avto mpokaiei
npoPAqpoato otnv mapayoyn oO6cov agopd v akpifsia  piog
dradikaciog eEmOnong (extrusion process).

To CERN expetaiievnke oto maperBov 11 e&aipetikég
1016tn1eg tov aepiov SFe kot ewonyaye €éva oyxédto oto omoio 10

Ewéva 17: Tpappéc oynpuotictod ToAUDY OTOTEAOVUEVEG
and kohdd1o pe aépto SFe [19]



KoA®Olo amoteAeital and €vav koilo €00TEPIKO ay®yYO YaAKOD pHE
nemiecuévo aépro SFe, kol €ival KaTtaoKkeVAOUEVO HE TETOLO TPOTO
®oTe 10 0éplo va eloympel oto dimiektpikd. To dinAekTpikd avtd
kaBovtd amoteieital amd TWOAAL OTPOUATE AEANTOV  QOAA®V
moAivatBvieviov, tvAtypéva yOpw amd tov aymyod, kat aépto SFe H
dradikacio tov ToAiypotog tng tawviag PE (ue emkdiloyn kol o€
EVOALAKTIKEG KaTevBVVGELG) YiveTal e TETOL0 TPOTO MGTE TO AEPLO
SF6 va eloympei og OAN TNV €KTAGT TOL OIMAEKTPLKOV KAAVTTOVTAG
omotadnmote kKeva (voids). O eEmtepikdc aywydg KataokevaleTat
and eite and extruded aiovpivio 7 eivar TapdAANA0C KVUATOELONG
(0VAaK®TOG) YoAkdS (VTAPYOVY 6VO GYEDLA) KAl TPOCTATEVETAUL OO
éva eEmteplko mepifpAnua (Low Smoke Zero Halogen - LSZH jacket).
To CERN ygpnowponotei mepinov 15 km kaAwdiov yepiopéva pe aépto
SFe, xataokevaocpéva and tig Les Cables de Lyon (tn dexaetia tov
“70) ko1 Brugg (dexoaetia ‘90) [8].

Yrdpyetr pio dtapKdg avEavOopevn avaykn ovIlKatdoTacns Tov
kaAwdiov SFe 6yt povo g&attiog TNg yNPAVGNG TOV GUGTHUATOC AALG
emiong AOY® TOV OUVEXDS OAVGTNPOTEPOV TPOOLAYPAPAOV KOl
TEPLOPIGUOV OTIG dradikacieg xeipiopod Tov oagpiov avtov. To
eCapBoplovyo Oeio amoppopd oce peydro Pabpd v vrépuvOpn
akTivoPfoAria kot ektipdrtal 6Tt cvpuPdArel otnv vIepOBEppavon Tov
nAovitn 25.000 @opéc mepioodtepo and 61t o CO2 [9]. Tuvv 101G
dALolg, T0 cVYKeEKPLUEVO opoaEovikd KaAddlo dev gival dtabéoiuo
otV ayopd kabott dev katackevdletar mhéov. I't” avtdv 10 AOYO TO
CERN avalntel evtatikd pio evarArloktikny AHoM.

2.4.4. Avtikataotatec Tov SFe Kalwoiov Yo Atepebvnon

Ye avtd to mAaicto, Odldpopec mOAvVEG VTOYNQLEG
EVOAALAKTIKEG ADOELS Yl TNV ovIlKaTdotaon TV kalwdiov SFs
éxovv mpotabei. Mia mpodtn emAoyn Ba NTav n xpnon Perttopévov
eCotnuévov Kadlodiov pe diNiekTplkod to moAvatfviévio, ta omoia
€xovv peYAAN dlAueETPO, YOPIC NMUIAYOYLHO GTpOUL. AAAEG TOAAA
vrooxopueves Avoelg mepllapufavovy vEEG TEXVOAOYIES YEVVNTPLOV
nolpov, 6nmwg o Erayoyikdég AbBpotothc [10] kot i yevvAtpla-Marx
[11]. Mia aAAn emiroyn, m omoia kat eetdletal otnv mapovoa
wmAopatiky  gpyacia, elvar m  mpooapuoyn evog  £€TOLHOVL
(mpokatackevoouévov) kKailmoiov, youning eEacéviong, 1o omoio
xpnoipomotel Tov aépa g diniektpikd, to HCA118-50) «Heliflex»,
10 omoio katackevaletal and tnv Radio Frequency Systems, RFS
[12]. H tpomomoinon tov kaAmdiov Oa yivel pe tnv avilkataoToon
TOV G€PLOV OIMAEKTPLKOV UE NAEKTPpOROVOTIKO €Aato. H advénon o1n
dmAextpikn avtoyn o emtpéyer 1660 ™V emitevén vyniotepwv
péylotov taoemv, peimon tov eawvopévov Corona, alid kot avénon
NG TAGNG ELPAVIONG LEPLKAOV EKKEVOGEMV.
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2.5. XZvvoeopor (Connectors) I'e Opoaovika Karddora Yyning
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Taong

Ewoéva 18: Tovdeopog M30311h (Spinner) yio to
opoagovikd kadmdo RFS HCA118-50J Heliflex [26]

O1 ovvdeopotl opoa&ovik®v Kodmdiov vyning taong nailovv
KaBoplotikd poOAO oTNV AmOO0GN KOl TNV NAEKTPLKY] GUUTEPLOOPA
TOV 1010V TOV KoAodiov. [Ipénet va TANnpovV GUYKEKPLRLEVA KPLTHPLO
ta omoio mweptlapuPavovv: vTodoyeig GVVOEGNG LE CTEYAVOTNTA KATH
TOV JLappPOdV, CLYKEKPLUEVN YOPOKTNPLOTIKY OVIIGTOGT, OVTOYN
oTn padlevépyela, 0oPAA oxeOLAGUO Y TOAAROVS TAONG TAATOVC
dexddmv KV kot AGALEG UNYXAVOAOYIKEC OMOLTHOGEL;, TOL &ival

Ewova 19: Atatoun o€ CAD evdc cuvdéoiov opoa&ovikon
kohwdiov yepuouévov pe aépro SFg [30]

Ewova 20: Zyédio cvvappordynong cuvdéopon kodwdiov tomov RG 220/U [13]



Ewova 21. LEMO HT50 obdvdeopog, oe xpion yio
ovotipoto tdoenv fog 40kV [19]

anapoitnTeg 66OV APOPA GTNV EYKATAGTOGT KOl TOV YELPLOGUO TOVG
[13].

Qo1600, mBavoétata 0 MO SNUAVTIKOS AOYOS Yio TOV Omoio
elvalr amapaitntn 1 €yKATAGTAGN GVTOV TOV GLVIECU®OV OTO AKPO
TOV KaAodiov vynAng tadong eival to yeyovog 0t eEacparifovv Tnv
AmTOVCoio HUEPIKAOV EKKEVOGE®V, GOLVOUEVOL COrona, dltacmdcemv, M
dAlov eidovg dvciettovpyiag mov pmopel vo cvpPei. Ta dxpa ToOV
KoA®diov oamotelodv mBavd «oadvvapoy» onpeio Tov KaAm®doiov
e€artiag Tov yeyovotog 6Tl o1 Ypapuuég tov NnAekTpikoy mediov ekel
dev gival opotopopea Katoveunuéveg — 1o medio dev eival opoyevég
— AOYO TOV oyunpoOvV yoviov ota akpa avtd. '’ avtd kol ot
ocvvdoeopol mpémetr vo oyedtdlovtar pe tTétolo TPOMO MOGTE Va
epappolovv télelo 6TV LOVOGT TOL KaAmdiov, yowpig va a@nvovv
Keva oto omoia eykAwPiletatl a€pag, Kol TO GNUAVTIKOTEPO: VO £€YO0VV
T0 KaTAAANAO oynpa to omoio oynuatilet Eva opard niexktpikd nedio
mov mepiPaArer TOoVG aywyovs. Q¢ amoTtéAecpo, o©€  TMOAAEG
TEPIMTAOCELS GOAPILKA M ovvnBéotepa KLAWVOPLKA YEMUETPLKA
OYNUATO TPOTIUOVTIOL, OT®G emiong Kat kKovikd (extpomeig,
deflectors, eixkova 22).

Ewova 22. Extponéag (Deflector)
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Me Baon ta mpoavagepBévta Kpitnpla, ol cOVIEGUOL TPEMEL
va oyedtafovtatl Kot va katackevalovtol aviietoiyms, avaioya pe
TO YXOPAKINPLOTIKA TOVL €KAGTOTE KAA®Oiov, a@oy ovyvd Tta
eCaptnuata avtd dev eivat drabéoipa otnv ayopd. 't avtd kot ot
d01eodikol €Aeyyol 6TO €pyacTiplo gival amapaitntol, OT®G EMIONG
KOl 1 TPAYLOTOTOINGN TPOMNYOLUEVOS TPOGOUOLOGEDV TOVG GE
VTOAOYLGTY|.

Ewova 23. Axpo opoa&ovikod koimdiov 40 Q [39]



3. MEPIKEX EKKENQZXEIX - |EC 60270

3.1. Opwopoi

Yopoova pe v IEEE ka1 to IEC 60270, 10 61e6vég mpoOTLTO
oe «Teyvikég EAéyyov Yyniov Tdosov — Metpnoeig Mepikaov
Exxevooenvy, o¢ «pepikn exkkévoon» (ME), opiletatl to gaivopevo
NG NAEKTPIKNG EKKEVOONG 1 0Toia deV d1AGTA TANPWOS TNV HOVOON
peta&d 0v0 aymydv mov Bpickoviol vwod LYNAN Tdomn (dev vIApyEL
TANPNG YEQUPpWoN neTald T0Vg), aAAd cvpfaivet, yia Tapddetypa, c€
éva oplopévo povo Pabog (népog) tng HOvomong, 1 tTov HEGOL TOVL
nepIfaiietl Tov aymyd, N evidg piog Koldotntog (m.y. néco oe €va
diakevo aépa, eikova 24). Ilo ovykekpwuéva, ot ME eival
EKKEVMOGELG TOV AQpUPAvouy ydpa HEcH GTN LOVOGN 1 GTNV ETLPAVELL
™G, €€A1TIOG «TOMIKMOV CLYKEVIPDOGEDMV NAEKTPLKOV KOTATOVICEDV
ce avtn, dtopkovv cvvRbw¢ kKdtw and 1 pus, kat yi’ avtdv 10 AOYO
fBeopodviar og maipoi. Avayvopilovtal evkoro KabBmg kdvovv €vav
YOPOKTNPLOTIKO NYO, OCLYVE EKTEUTOVV Q®G KAl BeppodoTnto, Kot
eniong toviCovv ta popla tov aépa o omoiog meptfaiiel Tov aywyd 1
Bpioketalr péoa otnv kKolloTNnto. AVTO 00NYyel GTNV TWAPAYOYT
6Covtog, m mapovcia TOL omoiov eivar TOEIKN OTA KOATOTEPQ
oTtpopata TG atpocsealpag. To gaitvopevo «Corona», givatr TOmOg
LEPLKNG EKKEVOONG AALA Ola@épel amd Tig dAreg popoég ME. 'Eyet
QEOTEWVOTNTO, 010TL EKTEUTEL pia apvdp Aapyn kabog toviler eite
tov aépa, eite AAAa aépra dMAeKTPlKE péca mov mepifaiiovy évav
aymyo6 o omoiog Oev gival kovtd o€ oteped | VYPO UOVOTIKO, EVED
avtifétmc, dev elvatl OAOL 01 TOTOL LEPIKADV EKKEVOCEMV ATApAiTNTA
eootewvoi [14], [6].

Internal discharge Surface Discharge
in laminated material

{ ¢
— &

Cavity / Void discharge Corona discharge
Treeing

Ewdva 24. Eidn pepikdv exkkevdoenv [16]
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3.2. Hoipog Mepikng Exkévoong — @®arwvopevo Poptio — Taon

34

‘Evapéng / E€ag@davieng ME

[Maipudg pepikng ekkévoong eivol to pgvopa | M TACT 7OV
mapayetal Katd tn otapketo prag ME, kot petpdrtar pe t fonbera
KatdAANAov €EomAlopoy Kol KUKAOUATOV avixvevong. Avto
onuaiver 6ttt pio ME mapdyetr éva malpd pedUATOC GUYKEKPLUEVOD
eoptiov Kol té6TE TO KOKA®UA aviyvevong moapdyet éva oviicTolyo
onua pedpatoc N tdong. Avtd mov petrpdroatr €ivar To QOULVOUEVO
@optio q Tov Poptiov prog pepikng ekkévoong. To deBvég mpdTvTO
IEC 60270 opiletr to pawvopevo goptio q (pC) ¢ 10 poptio TOo 0omMoio
eav eyyedtav ovApeca OTOVG OKPOOEKTESG €VOC VIO EAeyyOV
AVTIKEILEVOL GE €va OCLYKEKPLUEVO KOKAua gAéyyov, Ba £€dive Tnv
idta évoelEn oto dpyavo HETPNONG, LE AVTN TNG UEPLKNG EKKEVMOONG
avTN¢ Kobavtng, Kat dgv gival ico pe v ToGOHTNTA TOLV EOPTIOL TOV
EUTAEKETOL TOTIKA GTO ONUElO TNG EKKEVOONG, M omoio dev pmopet
va petpnBel evbémwg. To pawvdpevo goptio egivar m mocdHINTA 7OV
petpdtol kKatd T dldpkelo TV eAEyyov pe TN Ponbeia tov
KATAAANAOV KUKADOUATOG EAEYYXOV Kal GuGTHHaTos pétpnong. Kabéva
and oavtd To ovotnuata yxperaletar Pobpovounon  kar  €xet
OlaQOpeTIKEG apyéc Aeltovpylog KOl OTOLTNOELS TOL TPEMEL VO
nAnpovvtat. Ev oAiyolg, avtd mov pag evolagépel mEPLGGOTEPO KATA
TIG UETPNOCELS UEPLKOV EKKEVOGE®V, &€ival TO UEYAAVTEPO
eravorappfovopevo mAATOG @oOpTiOL  HEPLKNG EKKEVOONG 7OV
napatnpeitar [14].

H Tédon Evapéng Mepikov Exkevocewv Uj opiletatr wg n tadon
mov epoapudletar katd v omoia emavaiapPfoavopeveg ME
epooaviovtatl yio tpdtn @opd 610 Vo e&étacn avrikeipnevo, 0TavV N
epappolopevn oe avtd 1Taom otadlakd avEdvetar amd  pio
YOUNAOTEPT TIUY 6TNV omoia dev mwapatnpovvtal ME. Ztnv npdén, n
taon €évapéng Ui elvar mn yoaunAdtepn TUn NG TAGNG 7OV
epapudletal, katd TNV owoia To TAATOC piog TosoTNTag TaApov ME
yivetatl ico 1 dev Eemepvael pia GuYKEKPLUEVT xaunin Tipun. Oco yia
v 1aomn e&apdviong Ue, exeivn opiletar wg n epappolopevn tdon
otnv omoia emavalapPfovoépeveg ME mavovv va veictaviar oto
avtikeipevo vnd eE€taomn, Otav M epoappolOpevn o€ avTO TAGM
oTOOlOKA LELOVETAL OO Hid VYNAOTEPT TIUN GTNV OToid TOGOTNTEC
nalpov  ME  moapatnpovvtar. Ilpaxktikd eivar n pikpdtepn
epappolopevn Tiun tdong, Katd tnv onoia To TAATOS TNG TOGOTNTAG
evog emieypévov moipov ME yivetar ico 1 pikpdtepo amd pio
CLYKEKPIUEVN younAn Tiun [14].



3.3. H Znpoacio tov Megpikov Exkevaoeav

H mapovocio TtV pEPIKOV EKKEVOGE®MV O©€ Hia ypauun
LETAPOPAC VYNANG TAONG, OT®OG T.Y. éva Opoafovikd KOAMOlo e
oTEPED HOVOTIKO, Ba 0ONYyNoEL HE TNV TAPOOO TOL XPOVOV, KOl HE
peyain Befordtnta, ot GTASIOKN KOl OAOKANPOTIKN KOTOCTPOON
™G HOvmong tov kaimoiov, kabiotdvtag to dypnoto. E{attiag ¢
VTapENG APLOTOV HOVOTIKOV VAIKOV GTN ONUEPLVN €moyn, OTav
VIAPYEL €VO  EAATTOUOTIKO ONpeio o610 KaA®dOlo (O6mmwg vyia
waphoetypa, pio atyunpn HETAAAIKY dkpn), avTtd TPOocEAKVEL OAEC
TIG NAEKTPLKEG EKKEVAOGELG O1L OTO1EC CLGCWPEVOVTAL GTO GNUELD, KOl
TO KOA®OL0 TEAMKA KATOPPEEl. AOY® TOV HEPIKDOV EKKEVOGEMV TO
dmAekTplkd Olapkdg vmoPabuifetar kot otadlokd ovVTO  TOV
akolovBel eival katappevon g péOvoong (dtdomacn — breakdown).
O punyoviopog micow amd avtd 10 QALVOUEVO, €ival m moapayw®ymn
6Covtog, mov eivar pia moAd dpactikn popen o&vydvov, m omoia
emtifetar ot pOvoon and kool pe ta grevlepa nAiekTpdvia to
omoia mapdyovtal amd tov 1ovicpo. To ¢@aivoépevo TV UEPIKAOV
EKKEVOGEMV AauPavel yd®po HE TOAAOVG TPOTOLS KAl GE O1APOPES
popeéc. Mmopel va copfel ota aépro vAkd péca mwov meptfariovy
évav ayoyo vyning taong (exkévoon Corona), og éva didkevo (void)
péoa otn povoon (exkévoon kothotntag- cavity / void discharge),
T.Y. OTOV M TIUY TOL NAEKTPLKOV mediov vmepPaivel TN dMAeKTPIKT
avVTOYN TOV HEGOVL UEGO GTNV KOIAOTNTO. X& AAAEG HOPPEG UEPLKDOV
EKKEVOOEMV éYovpe eomTePLKEG ekkevwoelg (internal discharge) oe
VALKG emGAANA®V OTPpOCEMV, EMLQAVELONKEG eKkevdoelg (surface
discharge) kot emiong nisktpikég drakiaddoeglg (electrical treeing),
Ommg eaivetal kot otnv gikoéva 24.

Mmnopobpe va movpe Ot1 pio pepikn exkévoon ompiovpyet
nepiococela evépyeltag mn omoio ameilevBepodvetar oe onueio TOL
kaAwdiov to omoio dev elyav oyxediactel yuUU avtd amd TOV
KOTOOKEVAOTN. Q¢ amoTéAeca, To VAIKA TOV TEPIPAAAOoVY Ta oNpuEia
avtd, arocvvtifevtatl. To yeyovog avtd pe tn cepd tov, eivat ekeivo
oV TEAMKA Tupodotel TNV eKkivnon Tov EALVOUEVOD TNG 014GTAGNG
Kol okoAoVOmg petdvel tn diapketa (oNg Tov kKadlmwdiov [15].

Lc Lc Inner conductor L. L.
R . e 2D We's a g > g
C: C; C. C.
= == = ===
=== = === ==
& YY YL LYY Y e — —
L. L. Outer conductor L. L.

Ewova 25. Ieodvvapo koklopa evog kaAmdiov 1oybog 6To 0moio vrdpyet Kevo
070 dMAeKTPKd (KOOTNTA), Héca 6To omoio dnpovpyeiton exkévmon [28]
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3.4. Mepikéc Exkevooeig Xe Opoaovika Karoora Yyning

Taong

3.4.1. BAGBeg Xtn Movowon

36

H povéodoa pétpmong tov mTAATOLG HlIOG UEPLIKNG EKKEVOONMG
givatl to poptio TG, 10 omoio petpatal e Coulombs (o cvyva, pC).
H eppdavion tov tpd®ToOV HEPIKOV EKKEVAOGEMV KOTA TN OLAPKELL EVOG
eAEYYOV o€ VYNAN Tdon, cvpuPaivel pe Tn otadtaky avEnon TG TAong
peta&d tov 0Vvo ayoyov. H yapaktnpiotikn (younAdtepn) exeivn
tdon kotd tnv omoia ocvveyopeveg ME 1 corona cvuvykekpipuévov
nAdtovg molpov amavtdtar, kaieitar «(Corona) Taon Evapéng».
Oco peyodvtepn n Tdon KATATOVNONG, TOCO TEPLGCOTEPES UEPLKEG
EKKEVOOELG  OVIYVELOVTOL KOl HE  UEYOAVTEPO  TWAATN, KOl
napatnpovvial e§icov oe AC kot DC ocvotquata. Xta AC, n {nuid
mov mpokaioOv otn pudévoon avédveror pe v adEnon NG
ocvyvotntag. E&attiag tov toviopov, 1 PAAPN mov mpokaieitar oTn
poévoon kot otV entedaveld g, givat moAd €vtovr, akdplo Kol 6T
MO0 GLYVA YPNOLULOTOLOVUEVOA OTEPEN HOVOTIKA VAKE, OT®OC TO
nolvaiBvriévio (PE), 1o molvmponmviévio kat 1o PTFE (Teplov):
Kopeouéva mToAvpuePN To omoio £€YovV LVYNAN avtoyn otnv o&eidmwon
aALG piKp1 avtoyn otov toviopud. AAAa VAKE 0T®G Ta GLALKOVOVy
glooTiKd, To omoia Be®pPoOVVTOL WG 1N MO EVKAUTTN HLOVOGT, £YOVV
peyorlvteEPn avioyn otov tovicud Kot oto OLov og VYMAEG
Beppokpaocieg (mveo and 130 °C), evd GAla moAvpepn, Om®S TO
cvpumoivpepég arBvieviov-tponvieviov, to elactikd fovTvAiiov, 10
VAIAOV Kal 01 YA®PLoVYeEG TOAVOAEPIVEG, EXOVLV KAAVTEPTN AVTOYN, CE
younAdtepec Oepuokpaciec. Téhog, e€icov vynin tpoctacio evavtia
octnv o&eldwon Kat TOV 1OVIGHO, £YOLV TO KAAM®OLN TOVL
XPNOLLOTOLOVV poéveoemn xoptiov-glaiov [6].

Eivalr moAd onpoaviikd va ditedyovtal HETPNOEL UEPLKOV
EKKEVOGEMV, ®C £vag TPOMOG MPOCTATEVTIKNG OCLVINPNGONG, Kol
ocvvexovg aloddynong g katdotacng otnv omoio Ppicketar 1
poéoveoon, g ynpavong Kat Tng mwoldtnTtag, Yyl TopAdELYHd, GE
KAA®DOL0, GVVOEGUOVS, EVAOCELS Kol petacynpatiotég. Ilpog avtnv
™V KateHOvvon, N LETPNON TOV HEPIKAOV EKKEVOGEMV UTOPEL VO pLag
Bonbnocet va BeAtidoovpe 10 oxedtacpd dtatdéewv ved VYNAN TAon,
Vo €VTOTIGOVE TVYOV COAALATO TOV EVOEYOUEVOC VAL TPOKVYOVV, Vi
emexteivoope 1 Otdpketa {®NG TOVG KOl VO HELOGOVLUE TO PLOUO
yfipavong [15].

Ocov agopd oT1g YpappéG VYNANG Tdong, €vog amd TOvS Lo
ONUAVTIKOVE TOPAYOVTEC TOLOTNTAG Kol KOANG Aglttovpyiag &vOg
opoagovikod kaAwdiov eivar TO0 pE€YIGTO TWAATOG  UEPLKAV
EKKEVAOGE®MV. AVAYpAQETAL GTO OEATIO TEYVIKOV YOPOAKINPLOTIKOV
TOV KoAmOiov TOov K&OE KATAGKEVLOAGTY Kol CLYVA Oev WPEMEL va
vrepPfaiver ta Aiya picocoulombs (pC). Eivat mold onpovtikd va
TPOYUOTOTOLOVVTOL UETPNOELS UEPLKDV EKKEVOGE®MV KaOBMDG eival



€vag TOAD KaAdC delkTNG Kol PN OO dloyvOoTIKO gpyaieio yia T
otapxeta CONG Kol TNV €yyOMOoN TNG TOLOTNTAG TOL KAA®OiOoV.

3.4.2. Tt Metpatat

7777777777777 77 7770777

u(r
¥

e 3
ASSNNNNNANANNNNANNNNNNANNN [ ]

Ewoéva 26. duookida aépa péco otn poévoon tov kaimdiov [40], [36]

H xoil6tnta tov aegpiov ot0 €0mTEPIKO TNG HOVOONG TOVL
kKaAwdiov otnv ewkdéva 26, avamopictatar pHE TO 1600VVANO
KVKAOUOTIKO dtaypoappa tng eikovag 27. 'Evag nvkveotig Cr pe tn
OlKN TOL OWMAEKTPLKY] OVTOYYN, TOAVD HIKPOTEPN amd €KEILVN TOVL
VTOAOLTOV SIMAEKTPLIKOV TNG LOVOONG £€XEL LIKPOTEPT TTMGMN TAGNG
Ui and avtnv g epapuolopevng taong Ui, kabmg ot tvkvotéc Cs
kat Cr ovumeplpépovial cav yopntikog katapepiotng. Kabog n
NULTOVOELONG Thon avEaveTal, To NAEKTPLKO Tedio 6T0 €0OTEPLKO TNG
KOLAOTNTOC EEMEPVA TNV AVTOYN TOV OloKEVOL aépog Kat cvpuPaivel
dtaomaon (n Ur etavel tn péyiotn tipn e, Uz). 'Yotepa o dtakdmtng
S xhiegiver, o Cr exgpoprtifetar kat n Ur pundevietar. Kabog n Ut
ocvveyilelr va av&davetar, o Cr ¢goptiletar, n Ui avébverar Eava,
péypig 6tTov to drdkevo droomactel Eavd, kot t1oéTe ekQopTileTal TAAL.
‘Eneita n molkdtnta airaler kot cvpfaiver n idta dtadikacio amd
v avtifetn katevBvvon. To pedpa Tov péetl Katd TG HEPIKEG AVTEG
draomdoelg eivat or ME mov petpape [16].

C2 —— C: ) —— Cpl2

s e c

—c,

‘ AR .
E g=AU.C, q= Iil(t).dt

B
= 1]
OMICRON
Ewdva 27. Ioodbvapo kukhmpatikd didypoppo [16]
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3.4.3. Motifa Mepikav Exkevooemv — «AaKTUAKA AToTutOpOTO»
(Fingerprints)

Mo GAAM ONUAVTIKY] TOPAUETPOC TOVL OEOPA TIC HEPLKEC
EKKEVMOELG, €lval 1 tnyn N omoia Tig Tapayel. Avty uropel evkola
va tavtomoinfel and ta potifa tov ME mov avtéc akoAiovBovv,
avaAdywc pe ™ @don katd v omoio avtéc ovpPaivovv. H
dradikacio avtn kaieitar «phase resolved PD» [17]. Qg anotéheopa,
ce ocvvaptnon pe 1 edon xotd tnv omoia cvpuPaivovv ot ME dtav
TApaTNPOVVIAL GTO CUGTNUA HLOS, LTOPOVUE VO TPOGOLOPIGOVLE OO
OV TPOEPYOVTAL, Y10 TAPAOELYHd OO EMLPAVELNKES EKKEVAOTELSG, Ao
to epowvopevo Corona, and @Bopég, €KO0PEC N AMO ECOTEPLKA KEVE
Kol KolAoTNnTEg, OmM®G m.Y. Héca o€ €va KOA®OL0 SIKTVOUEVOL
nolvatbvieviov (XLPE), 1 6nwg 0o dobue kot otnv mopeia, amd
QVoaAidec aépa Héca o€ HOVOTIKO €AalO.

Xmnv emdpevn ekova (28) oaivovtar pepikd and avtd ta
Tapoadeiypata.

eesy W Dave

" Surface ." - -
discharge

038

Ewcdva, 28. O1 316popeg TNYEC LEPIKOV EKKEVOGEMV Tapdyovy dtapopetikd potifa ME [17]
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3.5. Kvkhopata EAéyyov I'a Metpnoerg Mepikov Ekkevooemy

3.5.1. O TIIvkvetig Zvlevéng (Coupling Capacitor)

60270 © IEC:2000

Alternative position U.  high-valtage supply

or CD
---- Zmi  input impedance of measuring system
CC connecting cable
OL optical link
C. test object

Cik Cx  coupling capacitor
cc -- CD coupling device
jq Mi Ml measuring instrument
z filter

IEC 2228/2000

Ewdva 29. H ovokeun o0levéng CD og oepd pe tov mukvety ovlevéng Cy [14]

2oppova pe to debvég mpotvmo IEC-60270, ta kvkAdpoto
ELEYYXOV Y10 HUETPNOELS LEPIKDOV EKKEVOGEMV AMOTEAOVVTAL KVPLmG:
and 1o avtikeipevo vnd eEétaon Ca 1o omoio eival kat’ovciav €vag
TUKVOTNG, évav Tokvetn ovlevénc (coupling capacitor) Ck o omoiog
EXEL LIKPTN QVTETOAY®YN, TO GOGTNUO LETPNONG LE TN YOUPAKTNPLGTIKN
Tov avtictacn €tc6dov (input impedance, Zmi), TN YEVVATPLO VYNANG
taong (HV power supply) n omoia éxet yaunio 66pvpfo vrofadpov
(background noise), tig cvvdécelg VYNANG TAGNG TOV KL AVTEC EYOVV
younAid 66pvPo vrofabpov, kol pia xopakINPLoTIKy aviictacn Z 1
eiAtpo yia tov 06pvPo vmofdBpov. Ta cvotnuata pétpnong ME
ULTOPOVV va X®PLGTOVV G€ Tplo VTOGLGTNUATO, TO OmOoia €ival: M
cvokevny ovlevéng, TO OCVLOTNUO HETAOOONS, KOL TO OCUGTNUA
pétpnong. H ocvokevn ovlevéng eival to «ovandonacto LEPOG TOV
CUGTNUOTOG UETPNCEMV KOl TOV KVKADUOATOG EAEYYXOL» KOl TO £€PYO
TG €lval vo HETOTPEYEL TA CNUOATA £16000V PEVUATOG CE GNUOATO
€000V 1a0emG, TO omoia £melTa LETAOIOOVTAL GTO OpYyOvVO HLETPNONG
pe tn Pponbeta evdég cvoTHHOTOG HETAOOONG.

oppova pe ™ Bewpia, 6tav gppavifovial EKKEVOGELS GTO
V1o EAeyyo aviikeipevo Ca, TapaTnpeiTal (Li0 CTIYULAIN TTOGN TACNG
6T0 AKkpa Tov (M omoia €ivol OLVGLOGTIKA TO QALVOUEVO QOPTIO MOV
0élovpe va petpnoovpe) kol toéte Eva pikpd pevpo Ba pedoel 610
VIO éAeyyo avTikeipevo, ovTeg ®ote va e§lcopponnBdel 1 tTtdOoN NG
Taong Loym ¢ exkévoons. O mukvemtng o0levénc Ck Kat 11 cVGKELT
ocVlevEng (éxel xopakINPLoTikn oviictacn €16000V Zmi), Ol omoiol

elvar ovvdedeuévolr oe oepd, 0a oynuaticovv £éva RC ¢@iltpo
(fe = ﬁ) 10 0moio kKOPeL TG YaUNAES cVYVOTNTEG Kl B apnoetl va
TEPACOVV 01 VYNAEG CLYVOTNTEG ATO TIG LEPLKEG EKKEVADGELG £EALTIOG
NG YOUNANG YOPOAKTNPLOTIKNG AVTIOTOONG TOV TLKVOTN G&€ LYNAEG

ocvyvotnteg, X, = Jch Eniong, o mvkvotng ovlevéng Ba npémetr va €xet
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TOAD  pEYOAVTEPT YOPMNTIKOTNTAE Oond OQVTAV TOV VWO EAEYYOV
OVTIKELLEVOV, OVT®WG ®MOCTE TO OCULOTNUO UHETPNOCEOV Vo EYEL
peyoalotepn akpifera otig petpnoetc. Avtd cvpPaivet 616tL B€Aovpe
POvVo UIKPEG OAAAYEC TNG TAGNG GTN YEVVATPLA VYNADV TAGE®V OTAV
enoavifovtatl ot peplkéc ekkevaooels. EmmAiéov, ypetaletar va givat
TUKVOTNG TOL vo €Yel yopaktnplotel 6T1 umopel vo Aelttovpyel oe
vynAn téon (HV-rated capacitor).

3.5.2. O Erayoyikdéc Metaoynuatiotic Pevpatog (Inductive Current

40

Transformer)

o
2k
U~ OCa
Ko}
(0]
v 9'_
NN
Current
—_ Transformer (CT)

Ewova 30. Kokhopo eléyyov g pebddov tov
EMAYWYIKOD PETACYNUATIOT pedpatog [15]

Mo dAAN péB0060Gg HETPMNONG LEPIKADV EKKEVOCEMV EIVAL UE TN
Bonbeia tov Emaymyikod Metacynuaticty Pevpatog, Inductive
Current Transformer (CT). H péfodocg eivar moAd amin otnv
epappoyn kat 6t Bewpia TG Kat yia avtd to Adyo ypnoipomondnke
ot dldpxkelo TV wEpoudtov  yio  petpnoelrg  ME  mov
npoaypatomooape. H ypnon 1tng eeappdletar pe v amiiy
Tomo0ETNON TOV UETOCYNUATIGTY] GTO KAADOLO €MIGTPOPNG (yelwon)
TOV KUKADUOATOGC, Kal, diy®c va To d10KOTTEL, LETPAEL TNV £VTACT TOV

Current Transformer
Main Primary Main Primary
Conductor
Hollow Core Ipi
prm— E3 Ne _ L
T.R.=n= N = I
CT Secondary S P
Winding , ,
i H oyéon enoywyng tov CT mov
rima { 5 0
Curret?{ I Secondary 81\/81 70 KO’YO Hgt(mxmimwuov
Winding
Circuit
Construction Symbol

Ewoéva 31. O petooynpotiotig pevpotog [32]



pebpatog mov dtappéet. H apyn Aettovpyiag tov CT givar 6t1, kabog
To pevpo  dltappéel TO KOAMOL0, meEPVA omd TO TLAlypOTta
ONULOVPYDVTOS LayVNTIKO Tedio TO OMOi0 HE TN GEPA TOVL TOPAYEL
pevpa otnv €£060 tov CT. To petpodpevo pevpa TOTE AVATOPIGTATAL
cav pio Kvpatopopen tdong kat pmopei va ontikomoinbei oe évav
Talpoypa@o. Avardywg pe to Aoyo tov CT (Transformer Ratio, TR),
0o omoiog opiletar amd TOV KOTOGKELOAGTY, TO WETPOVUEVO peLHO
petoppaletal tote og thon [15].

AVTO pog EMTPETEL VO LETPNGOVLE TO PEV LA TOV dlAPPEEL ATO
TOV €0MTEPLKO OY®YO TOL KaAlwoiov vwd eE€Taomn — SLAUEGCOV TNG
pévoong — mpog TOoV €EMTEPLKO  AY®OYO, TAPATNPOVTAG TNV
KUVUOTOHOPPN TOL oTOoV maApoypdoo. Kabodg n tdon avavétav
oTOOl0KA KATA TN SLAPKELN TOV TEPAUATOV, OTAV £QTOGE TNV TAON
eneavioneg ME (inception voltage), ot mp®Ttec HEPIKEG EKKEVDOELS
eppoviotnkav  ©¢ okovovioteg  «kopveéc»  (spikes)  otnv
KUULOTOUOPPT TOL PEVUATOC, OTTOG QoiveTadl Kat oTnV gikova 3 2.

H Siadikacio g e€aymyne ToV TILOV TOV peOHOTOG and TNV
KULOTOUOPPT OLTY KOl TEALKOG O VTOAOYIGUOG TOL TALTOVS TOV
eoptiov Tov ME, Ba meprypapel Aenmtopep®g 6€ ENOUEVO KEPAANLO.

Tek  Run Hi Fes 208 Acigs 13 Feh 18 16:41:07 r"Buum;S'-J
5o L 1

i) 1518y
p: 10BE351m

n: FYE.T M2 FYER
v 3338p no 2080

7‘-& . MA ~ o~

il
4

Ch1 sov 4 Orng 12 5MSKs 80.0ns At
Ch3 1.0mY # Chi1 o 100mY

Ewova 32. TTapaderypo ME 6nmg avtd @oivetal 6€ oTytdTLUIO 0td TOAUOYPAQO,
GTOV OTOI0 ATOTVIDOVOVTIOL MG KOPLPEG «SPIKES» TNV KLUATOLOPPT| TOV PEVLATOC
(LB ypdua), To oroio avarapictoTal o To ofpo £6dov tov CT
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270 oNUELO AVTO, TEAELOVEL TO TPDOTO HEPOG TNG OITA®UATIKNG,
T0 omoio givat ypaupuévo ota eAANVIKA. AkoAovBel to devTEPO HEPOG
OV APOPA GTO TMEPAUATA, TIG LETPNGELS KOl TIC TPOCOUOLMGELS TOV
npaypoatonomOnkav octo CERN, xat givar ypappévo otnv ayyAikn
YA®Goa.



4. MTPOETOIMAZXIA IIEIPAMATQN METPHXEQN
KAI H ATAATIKAXIA (MEASUREMENTS SETUP
AND PROCEDURE)

4.1. Avantoén Tov Xvotipoatoc Metpnioemv MepiLk@v
Exkevooeov — MegBoodoroyia (Development Of The Partial
Discharge Measurement System — Methodology)

As to assure that the system measures the specified PD
magnitude correctly, the PD measuring system needs to be calibrated
before any measuring takes place. The goal is to measure the
apparent charge g, which is injected to the terminals of the test
object. A generator produces step voltage pulses of amplitude Ug in
series with a known capacitor Co (often 10 or 100 pF), so that the
charge is then qo = Uo - Co. Afterwards, using the measuring system,
we measure the current, which we will integrate over time, and
calculate the charge Q. Finally, we compare the two charges and,
because there is going to be an attenuation of the signal, we can use
the results of the comparison in order to calibrate our system. (For
more detailed information and the corresponding calibration
circuits, see IEC 60270, [14]).

Another important factor that must be taken into account is
the background noise, which originates from signals not arising from
the device under test, or it could just be white noise from the
measuring system, a radio broadcast, and ultimately any kind of
continuous or impulsive systems. We can use two ways in
accomplishing the noise cancellation: one is by visually detecting
which parts of our signal are noise and set a threshold to cut them
off. The other method would be to perform tests at zero voltage and
when measuring peak-to-peak, detect the noise of the background.

Lastly, the procedures mentioned above prove not suitable for
DC voltage. Although the same set up can be used as for AC,
nonetheless there is not a generally accepted way of measuring of
PDs in DC. However, there is detection of PDs when the polarity of
the current changes, but it is difficult to measure inception and
extinction voltages. [14]

As mentioned the main device of measuring PDs during the
tests was the CT. The integral parts of the test system are the ones
described in the IEC 60270 standard. Before listing the various
equipment that was used, it is wise to outline the development,
methodology, and preparations that took place before commencing
the tests. A complete monitoring of the experimental equipment
needed and the measurement set up inside the lab was recorded.
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4.1.1. Zxondg (Main Purpose)

The main purpose of the tests and measurements was to set up
an HV test stand with the use of the right equipment available in the
lab, calibrate it, and then start the evaluation of coaxial cables and
connectors: Samples that had already been wused in various
applications, as well as new samples, that had to be tested, modified
and then tested again. The main value to be measured was the current
and consequently the partial discharges in the cable.

f e ) v ¥ %

Ewdva 3?;: “Jura 2”, the test-cage where the first tests todk pléce

4.1.2. H llpoetotpacio — I[Metpapatikdog EEonAiopdg, Epyacstiplo, Bhuata
Mepippaéng yia Hiextpikn Acpdiera (The Setup - Experimental
Equipment, Lab, Electrical Safety Lockout Steps)

4.1.2.1. Epyaotipio (Laboratory)
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4.1.2.

1.3 Technical Data

In the first phase of tests, the test-cage that was used was the
“Jura 27, a 3x4m cage in the laboratory b.867, in the Prévessin
CERN site. The room had to be prepared. That means that
measurements of distances, which would be considered safe for the
use of high voltage, were done, before arranging the HV equipment
in the cage. In addition, along with the equipment needed, which
was already available, there had to be some purchases according to
the needs. The second phase of the experiments took place in a
bigger test-cage, the “Saleve 67, for higher voltage tests up to 96 kV.

2. Xvoxevés Tpopodooiag (Power Supply Devices)

The instrument used as the AC high voltage power supply was
the BAUR PGK 110 HB High Voltage testing set. It has the
capability of reaching up to 94/126kV AC/DC. It consists of two
main parts: (a) the operating unit (Fig. 35) with the indicating and
operating elements, as well as the power supply and the safety
devices and (b) the High Voltage unit (Fig. 36.), an oil filled housing
with an HV transformer which transforms and the delivers the high
voltage.

Ewova 36: BAUR PGK 110 operating unit
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Ewcova 35: Data sheet of the Baur PGK 110 HV test set. The load diagram shows that the maximum

output current (AC) is 14mA.
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For the DC tests up to 30 kV, the 30 kV Non-Destructive
Insulation Tester Type JP 30 A by Danbridge Denmark was used

(Fig.38).

Ewova 38: 30 kV Non-Destructive Insulation

Tester

Ewova 39: 160 kV DC Power Supply

For test with voltages higher than 30 kv DC, a 160 kV power
supply from the laboratory in b.867 was used (Fig. 39).

An important figure that had to be calculated before the
beginning of the tests was the maximum length (in meters) of the
respective cable sample according to the maximum current that the

|Max length of cable |

= 2-7-(50Hz)
Imax = 12.6mA

U = 90kV
Imax

Cmax = —

w-

Cmax = 445.634-pF

RG220 Co=9EE
(2003) m

Lengthmax = C:—u Lengthmax = 4.792m
o

Ewova 40: Necessary calculations for
determining the maximum length of the cable

HV power supply could deliver.
According to the data sheets,
from the load curve of the
specific instrument, the
maximum output current is
14mA (fig. 37). Due to the fact
that we would have partial
discharges during the tests, we
had to reduce this value by 10%,
so this means we should
consider the max current to be
12.6mA. Therefore, for
example, for an RG-220/U
cable, which is of 93 pF
capacitance per meter, at 90 kV,
50 Hz, the maximum length of
the cable that could be tested
without damaging the
instrument, would be below
4.792m (fig. 40).



4.1.2.3. Meraoynuatiorn¢ Peduatog (Current Transformer — CT)

Dimensions
53.0 mm

92.0mm
Shape F

BNC

Ewcova 41: The CT that was used Ewéva 42: Outline diagram of
during the experiments the CT

The specific CT that was used, had a V/A ratio of 0.5 for 50 Q
termination, meaning that, e.g. when connected to a measuring
device (i.e. an oscilloscope) and shows 1 millivolt, that corresponds
to 2 milliampere. Nevertheless, in order to increase the sensitivity
of the measurement we made several loops of the cable to be
measured (primary winding of the CT), which meant that we had to
divide the result by the number of the loops. For example, if we use
10 loops, as shown in fig. 41, then the measured value of the voltage
at the oscilloscope has to be divided by 10.

It is manufactured by Bergoz Instrumentation, model number
CT- F1.0 B, with a BNC termination connection for connecting it to
the oscilloscope. The current model can measure 11 A RMS and
1 kA peak, and has lower cutoff frequency of 200 Hz and high cutoff
500 MHz.

The BNC cable that connected it to the scope had a 50 Q
impedance and for that, it was terminated with a 50 Q termination.
As a measure of protection of the CT and the oscilloscope from high
currents due to possible breakdown or other equipment failure, an
extra grounding cable was added to the termination of the CT. Plus,
for over-voltage protection of the scope a spark-gap of 90 Volts was
added in parallel.
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4.1.2.4. Awoupérng Taong (Voltage Divider)

The next device is the voltage divider (Fig. 43). Made by Ross
Engineering Corp., it has a ratio of 1000:1 voltage division, a max
input voltage of 240 kV DC (or peak AC), and it consists of a tube

Ewova 43: The HV divider, with the
toroidal conductor placed on top Ewoéva 44: Specifications of the device

filled with pressurized SFes gas. It allows high accuracy
measurements of very low PDs/corona for oscilloscopes and other
sensitive electronic devices. On top of it, we specially adjusted a
metallic toroidal. Placing it serves as a means of making the electric
field more evenly distributed and homogeneous around the
conductors of high voltage. Because of its round shape, it prevents
the event of concentrating high electrical fields close to possible
sharp edges, and thus helps avoiding electric arcs and unwanted
breakdowns, PDs/corona.

4.1.2.5. Métpa llpootaciog (Safety Measures)

Because at CERN, safety comes always first, a specific
operating procedure in which the experiments were conducted was
followed. This procedure consists of six “electrical safety lock-out
steps” that have to be followed every time an experiment has been
carried out, and the cage door opens, to allow us to work with the
equipment. These are:
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Zone 1

zone de voisinage simple

Zone 2

zone de voisinage renforcé en haute tension

Zone 3

zone des travaux sous tension en haute
tension

Zone 4

zone de voisinage renforcé en basse tension

NOTE La valeur 0 Volt est exclue de la figure

Ewovo 45: Safe working distances /

depending on the voltage range.

vicinity area

. Electrical separation of the

installation from power supply
sources

. Locking in open position of

disconnecting components —
place warning sign

. Identification of the installation

concerned — consult the
electrical diagram

. Checking there is no voltage

(VAT) — use voltage detector,
check every conductor
including neutral

. Earthing and short-circuiting

(HV-side) with  equipment
adapted to the voltage level

. Additional measures: screens,

marking out, etc.

There are also other specific requirements when operating HV
equipment, like the distances one has to keep from the live parts of
the equipment (Fig. 45). These are defined by the standard NF C 18-
510, which sets the safety limits and zones around uninsulated parts,

Other parts of equipment that are needed for the proper
function of the test cage were: The plastic tank where the cable
samples and the conductors were submerged in insulating oil,
connecting cables, signs with the electrical safety lock-out steps and
the vicinity area, grounding braid cables, clips and pins, crocodiles,

Ewova

46: Electrical safety measures
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banana cables, gloves, cable ties, big clams, semi conductive and
isolating tape, cable jacket stripping tool, saw, pence, pliers,
grounding clips, and a grounding rod that would be used after every
experiment for discharging the test subjects, which, after all, behave
quite like capacitors.

4.1.2.6. Opyavo Metpriocewv — lNaAuoypapoc (Measuring Device —
Oscilloscope)

The electronic measuring device was the Tektronix TDS5054B
Digital Phosphor Oscilloscope. It has a sampling rate of 2.5 MS/s.
While taking precautions and making preparations for the tests, one
aspect that had be taken into account was the magnitude of the
voltage that the respective oscilloscope could measure without being
damaged. A parallel resistance should be added each time according
to the level of voltage to be measured. Moreover, a spark-gap was a
necessary option to insure that no excess voltage would destroy the
device in case of overload or breakdown of the sample. On
channel 1, the BNC cable coming from the voltage divider was
connected, measuring the applied voltage. Then an appropriately
designed resistance (voltage divider) was added in parallel to limit
the incoming signal as to not exceed the limit of the channel of the
scope. In addition, on channel 3, there was the signal from the CT,
measuring the current and subsequently showing the PDs when
present. There, the 90 volts spark-gap was added as a protective
device.

Ewva 47: The Tektronix oscilloscope



4.1.3. H Awadikooio tov Metpriioeov — Mebodoroyia (The Measurements
Procedure — Methodology)

Coax Cable

7

Q\ 220 VAC GND .
50Hz Scope

Ewova 48: Schematic diagram of the AC test circuit used for measuring partial
discharges in the laboratory

The figure (48) shows exactly the connectivity between the
different electrical and electronic devices that were for measuring
PDs in AC. Likewise, almost the same circuit was used for DC,
replacing the AC HV power supply with the DC one.

The inducted current from the CT was transmitted as voltage
via BNC cable to the oscilloscope, which represented the waveform
of current. Similarly, the divided voltage from the voltage divider
was transmitted to the scope, which served in this case as an accurate
voltmeter, and also provided the measurement for the voltage
waveform.

With the gradual raise of the voltage, we were able to:
measure the PD inception voltage, as well as the extinction,
determine the breakdown voltage, and most importantly, measure the
total PD charge, the PD count and the highest PD magnitude, with
the help of the computer software ‘MATHCAD’ [18], where the
results from the oscilloscope where processed.

Below there is an example of an AC test measurement
processed with Mathcad and extraction of results:
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File Edit Wertical Horigfacqg  Trig  Display Cursors  Measure  Masks  Math  MyScope  Utilities  Help
e Sowed ek iefebioisies (B

PRI PR PR 0% o e
L

_rrazimzy  320Y
Aus 31.87ES44

S qm: 18.47 320
© Qe 1545m no 3540

.............................................. ~ernpiioa 1 22y
Hu: 1.2168975m

m: 0.0 fl: 1.44rm
e 10800 n 3840

Oscilloscope screenshot of a coaxial cable filled with oil as
dielectric (PDs in oil due to trapped air bubbles).

The yellow colour is the voltage (here = 45.25 kV peak).

The purple waveform is the current.

The ‘spikes’ (peaks) are the partial discharges in oil.

4.1.4. Ene€epyacio tov dedopévov pe ) Ponbeia H/Y (Post — Processing)
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Calculation of the PDs — with the help of Mathcad:

Export the waveform of the current, from the oscilloscope, to
a .csv file, then import it into Mathcad.

The developed code uses the smoothing function and keeps
only the peaks of the signal, while removing the rest of the
waveform, along with the noise.

Then it counts the number of spikes = #PDs

Finally, it integrates each peak (1) over time (t) to give the
magnitude of each discharge (Q) and sums it to calculate the
total charge of the PDs in one period.



Voltage [kV]

Therefore, from the oscilloscope, with a use of a USB stick,
we import data to Mathcad. The waveforms of the current and

voltage are represented in blue and red colour respectively:

foltage and Current waveforms

[\ /]

/T

subtracting it from initial signal of the current, we can remove the
low frequencies and leave only the peaks that represent the PDs:

Overlay of the smoothed current (green line)
over the initial signal (blue line;
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./ y
2] | i 100
- b
- Cane | \\/‘/ \;/ -
5 05 4 55 13 175 2 31 355 i
Time [ms]
By wusing the smoothing function from Mathcad, and
Substraction of the smoothed current
from the initial signal leaves only the peaks
(=partial discharches)
’ |—— Voltage
N— Discharges |\ \

IR \
3 / \ / \ ™
g / \ / \
3 \ /

- \ / Jio

! \ \

_ I |[ r\. | /

e —y 4 85 3 175 2 265 31 355 B

Time [ms]

/ /'\\ //— \C/Dhage L
|— Current 0
/ \ / — C{Jrrent Smoothed [
/ \ / \ iid
/l
I
\_/
NS N/
-5 =05 4 8.3 13 17.5 2 26.5 31 3535 46200
Time [ms]

Here showing the absolute values of the discharges

Note: Because different PD sources bring different PD
patterns: Our pattern confirms indeed that (here) the PDs originate
from voids (gas bubbles — trapped air) in the dielectric.
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Current [uA]
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Ewova 49: Our results (left), PRPD pattern that reveals internal PDs (right) [17]
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Voltage [kV]

If we zoom-in to the Y-axis, we can see that approximately
below 15uA, is just noise. Therefore, we can set the threshold to that
level. The program will cut off any signal is below that level.
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PDthreshold = 15-107°A

Magnification of one
spike (partial discharge)

Finally, what is left from the initial signal is only the partial
discharges. These are peaks of current. The program first counts the
number of those peaks in one period and gives the PD count. Then
it integrates the current | over time t, for each peak separately, and
gives the charge g for each discharge. It can also state the value of
the highest discharge, and finally sums up all the discharges to give
the total charge Q of the PDs in one period, which is 20 ms, given
that we are using the electricity from the local grid whose frequency

is 50 Hz.



Results:

e Number of PDs: 125
e Total charge: 547.82 pC
» Highest discharge: 122.67 pC

1.5x107 10 . '

umber of discharges Highest Discharge = max(Q)
[Highest_Discharge = 122.667p(

otal charge:

length (Q)-1 1x10” 10 _
Qpartialdischarges = Z Q; = 547.817-pC]
i=0

0
<count
4

3x10 " F -

. ot H” ﬂ” il ””ﬂ li Hnﬂ”ﬂ]ﬂwmﬂuuﬂﬂmﬂmﬂm—

0 50

50
count

Ewova 50: Screenshot from Mathcad program with the final results of the PD measurements

Note: Even though this particular example was for 2 periods, which means
we should divide all values by 2, still it gives a good idea for future improvements,
as to average over many periods for better results.

Correct values:
PD count: 63 PDs, Total charge: 273.91 pC, Highest discharge: 61.34 pC
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4.2. E€omiopog I'o Metpioeig XopaKTNPLOTIKNG AVTioTooNg
Kot Arorewov (The Impedance / Attenuation
Measurements Equipment)

The device that was used for the measurements of the
impedance and attenuation of the cable samples was the Agilent
E5071C Vector Network Analyzer.
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Ewova 51: Agilent E5071C Vector Network Analyzer

It is an instrument that measures the scatter parameters (S-
parametres) of electrical networks. Out of the scatter parameters,
transmission line attenuation can be derived. In addition, by using a
Discrete Fourier Transformation of the S - parametres, information
about the impedance and the length of the transmission line can be
measured.
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5. OEQPHTIKH AZIOAOTI'HXH TQN OMOAZONIKQN
KAAQAIQN YPYHAHX TAXHX
(THEORETICAL EVALUATION OF THE HIGH
VOLTAGE COAXIAL CABLEYS)

5.1. Avedwkacio Aoroynong Tov Karowdiov (Evaluation
Process Of The Cables)

The cable samples under examination were varying from
cables that have already been used at CERN for many years, to new
prototypes, as well as new optimized models, which were taken of
the shelf (OTS) and were modified. More specifically, the cables
were: (i) the specialized SFs (Sulphur Hexafluoride) gas filled
coaxial high voltage cable (Kabelwerke Brugg), (ii) the standard
coaxial cable HCA118-50J Heliflex (RFS), (iii) the CLP50
(RG220/U) and (iv) the CLP30 new prototype (DRAKA), figures 51,
52, 53 and 54.

e SFe cable

The already mentioned
Kabelwerke Brugg SFs coax
cable: build in 1994, this cable
has a corrugated copper outer
conductor, and uses thin PE
foils wrapped around the inner
conductor, which they are g
pressurized with SFes gas. This S
has the major advantage that the

gas fills all the voids inside the \\\

insulation, which means it
provides superior dielectric

strength. Also the cable has a Eucova 52: The Kabelwerke Brugg SFe gas
lower velocity factor due to filled cable
low-density PE core. There

have been no issues with surface discharge of spacers, usually used
in large diameter air insulated coax cables. It is characterized by
low attenuation/losses (~3dB/km at 10 MHz) due to large its large
inner diameter and because it has no semiconducting layers. This
cable has been in use at CERN since the 1990’s and there have been
no issues so far.

It operates at nominal voltages up to 80 kV. It comes in many
impedances, while in this study, the 26.3 Q was examined. Its main
disadvantages are: the fact that vacuum and SFe gas systems are
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needed; also special gas tight connectors (in house production) with
slow disconnect. It is a relatively stiff and heavy cable (one pulse
forming line weighs 2.6 tons) and most importantly, it not produced
anymore [19], [20].

e HCA118-50J Heliflex

The main cable under test was the HCA118-50) HELIFLEX®
1-1/8", low loss air dielectric cable by RFS, Radio Frequency
Systems, in 2012. It has a 12 mm diameter inner conductor, a
corrugated copper outer conductor of 30.2 mm mean diameter, and
in between a helical polyethylene spacer with a diameter of 27.2
mm. The RF peak voltage is quoted with 3.7 kV and the nominal
impedance Z is 50 Q. Due to the air dielectric, it has of course low
attenuation benefits, however lower voltage strength and thus no
direct use in our HV applications. The main idea of modifying it,
will be extensively discussed later on here.
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Ewoéva 54: The DRAKA CLP50

The “workhorse” at CERN. It is an improved RG-220/U
coaxial cable by DRAKA Cable Company. It has a 50 Q impedance
and has no semiconductor layer. It is compliant with CERN 1S23,
and factory tested, at 35kV RMS. At CERN it is used for operational
voltages up to 40kV pulsed, and more than 32 km of it are in use. It
can be used with LEMO and in house made connectors. It has a
“regular” consumption due to the often exchange of irradiated cables
in critical systems. [19]

e CLP30

The new CLP30 prototype from Draka has an impedance of
30 Q, also no semiconducting layer, low attenuation and a good BDV
(48 kV RMS) with respect to the RG220 type cables. It has a
potential for future optimization towards higher operational
voltages. CERN could profit from its low attenuation and higher
BDV, as an SFs cable replacement solution.

Ewova 55: The DRAKA new CLP30
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[Mivaxog Il
Teyvikd xapokKINploTiKd TOV T€66APpOV VIO €£ETACT KAA®ITWV
(Structure properties of the four cables under examination)

Material, g:diameter, (width)
Cable /
Data manufacturer inner conductor insulation outer conductor
Specs
copper tube, g: LDPE-tape, @: corrugated copper, o
SFs Brugg 30/34 mm 34/61.2 mm L
(2mm) (13.6mm) 61.35/68.47mm (1.15mm)
. copper tube, : helical PE spacer, @: corrugated copper, @:
Heliflex RFS 12 mm (0.8mm) 27.2 mm 33.2mm
bare copper wire, . .
CLP50 DRAKA 2 6.66 + 0.02 PE, 2:23.1£0.2 bare copper braid, : 24.2 +
mm 0.4 mm
mm
bare copper tube, . o
CLP30 DRAKA o 15mm (L5 PE, 2:32.0+£0.2 bare copper braid, g: 33.1 £
mm) mm 0.4 mm

5.2. Xyedraopnog Tov [erpapdtov
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(Planning The Experiments)

The main task at hand was replacing the air-dielectric of the
Heliflex with electrical insulating oil, in order to introduce it as a
substitute of the SFe gas filled cable. The upgraded cable was
expected to reach a higher peak voltage whilst having also less
partial discharges.

The strategy was to confirm the feasibility of this approach
by a quick and efficient evaluation of the cable with standard
equipment. Therefore, a small-scale model to reduce the required
voltage and ease the handling was established. This model was
characterized by measurements of partial discharge inception
voltage, break down voltage (AC and DC) and the impedance both
in air and in oil. These results together with simulations and analytic
calculations allowed to initially decide if the basic requirements for
a possible replacement of the 80 kV SF¢ cables are fulfilled.

A simple, user-friendly, and cost effective method to measure
partial discharges was set up. It consists of a high voltage generator,
a voltage divider, a current transformer, an oscilloscope and a tank
of oil where the cable sample was tested.

The first tests were made to evaluate the prototype cable as
delivered, without any modifications, hence with air as dielectric.
Measurements were taken in AC and DC, PD inception was
determined, and the impedance was verified. The same tests were
then repeated using electrical insulating oil as dielectric.

In addition, numerical simulations of the different cables and
options have been performed using OPERA v18R2 [21]. Finally, the




measurements of the impedance of the cable, along a certain length
of it, were carried out.

5.3. To Movmtik6 'EAaro ITov XpnoipomworOnke
(The Oil Used)

The oil used for subsequent tests was BLUESIL™ FLUID 47
V 20 [22], a type of silicone oil, which is commonly used as an
electrical insulator. It is a low viscosity polydimethylsiloxanic
fluid, whose relative dielectric constant (&) is 2.7 and the nominal
dielectric strength is 14.0 kV/mm.,

5.4. Avaivtikoi Yroroyiopoi — Oeowpntikéc MpoPfréyerg
(Analytic Calculations — Theoretical Predictions)

5.4.1. Yroloywopoi I'a T Xapaktnpiotikn Avtictacn Zo
(Characteristic Impedance Zo Calculations)

From (8), using the dimensions of the cable and the relative
permittivity & of the insulation we can calculate the impedance Zo
of each cable. The values of the constants are u = 4n-10"" H/m
(copper), and go = 8.85-10°*2 F/m for vacuum.

e Kabelwerke Brugg SFg Cable

The relative dielectric constant & of the combined media (PE
with pressurized SFg) is given in the cable datasheet at ~2.2 [23].
Using (8), we obtain:

Zo= 26.146 Q

o Heliflex HCA118-50J

The datasheet does not provide the ¢r of the combination or
air and the PE spacer. However, it mentions: Lo = 0.183 pH/m and
Co =73 pF/m. By using (2), we obtain:

Zo=50.068 Q
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If we use (8), we can then calculate the &r of the Heliflex cable:

er = 1.222

e CLP50

We have the specific dimensions of the cable and the &, of the
insulation. The common RG-220/U cables use as insulation material
the LE6006, low loss LDPE compound for coaxial cables, which has
a dielectric constant of 2.29 (at 1 MHz). From (8), we get:

Zo =51.133 Q

e CLP30

Again, knowing the dimensions and the &r = 2.29, we obtain:

Zo=31.367 Q

5.4.2. Yrnoloywopoi 'Evtaong Hiexktpiko¥ Ilediov E
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(Electric Field E Calculations)

One very important aspect of coaxial cable transmission lines
is the voltage holding which they can undergo. High electric field
quantities are obviously observed close to the inner conductor.
These high fields usually create the “unwanted” PDs and corona,
hence the need to keep them as low as possible. However, high
voltage is not the only one responsible for these high fields. As
mentioned earlier, the shape of the conductors, the sharp edges and,
most importantly, the cracks and voids in the insulation or even
between the insulation and the conductor, are also factors.

All of the above can and will be referred to from now on as
the “weak points” of the cable, that is, points (small areas around
them) that can potentially create such high fields, which can cause
PDs or even total breakdowns. However, one special category of
weak points inside a coaxial cable are the so-called “triple points”
of the cable. They are not referring to water. A ‘triple point’ is called
the junction of metal, dielectric and vacuum. These spots inside a
cable, and the area surrounding them, give exceptionally high
electric field values, and, together with the sharp edges of the
conductors, they are absolute candidate spots for creating partial
discharges, flashovers, and breakdowns. In the case of our cables,



we have air instead of vacuum, or oil, and SFe gas. Therefore, the
triple points may give possibly the highest electric fields, according
to analytical calculations, which will later be confirmed by FEM
simulations.

As shown in (10), when hy goes to zero, E; acquires its highest
value:
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Ewova 56: (Left) Illustration of ‘triple points’ and (right) the
graph of the electric field around the area of one point

where Ei(h1) is the electric strength in air, V the applied voltage,
while hi, €1 and hz, €2 are distances and dielectric constants inside
the air gap and the PE, respectively, as shown in Fig. 56.

= Simple cylindrical coaxial geometries

The electric strength Ex is
depended on the applied voltage D,
and the dimensions of the coaxial
line. When located at a distance ry,
(D1/2 < rx < D2/2), from the cable
axis, it is given by (11), [4]:

4
E, = , 11
* T ln& (1) Ewova 57: Cross-section of the cable
X Dl

where V is the voltage between the conductors.

As expected, the highest value of Ex is when rx = D1/2 and the
lowest is when ry = D2/2.
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o CLP50

CLP50
[DRAKA RG-220/U 50 Ohm |

=333 -mm,334mm .. 12 1mm
Volt = 40kV

D2=242 mm Using (11), for
D1 = 6 66mm By = — ok the simple coaxial
h[a] geometry of the
E@ = CLP50 cable, and for

At 10

9.30095] - the operating voltage
928208 of the 40 kV, we get:

9.25437
9.22683
9.19945
9.17223
9.14518
9.11828
9.09154
9.06496
9.03853
9.01225
8.98613 0

6 Emax = 9.31 kV/mm

Er, Electric Field (k¥/mm)

=)

(=]
.

6 8 10 12

r. distance from inner (mm)

Ewova 58: Mathcad calculations and graph of the electric field inside
the CLP50 cable

o CLP30

Using (11), for the CLP30 cable, at 40 kV, we obtain:
Emax = 6.74 kV/mm

CLP30
[DRAKA 15/32 30 Ohm |

ir, Electric Field (kV/mm)

6 8 10 12 14 16 18

r, distance from inner (mm)

Ewodva 59: Mathcad calculations and graph of the electric field
inside the CLP30 cable



= More complex coaxial geometries
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Ewova 60: Design printout of the 26.3 Q Brugg SFs cable

The geometrical shapes of both the Brugg SFe and the RFS
Heliflex are more compound in their structure, especially due to the
fact that the outer conductor is corrugated in both of the cables. The
corrugation (although needed for such bulky structures) is useful for
the flexibility of the cables, but not for the voltage holding. It is
needed when bending a cable of that size, in order not to deform the
copper. However, because of it, the PE does not fit smoothly to the
copper in both cables, leaving areas surrounding the triple points
that create high fields, subsequently showing PDs and lower BDV.

o SFe cable

In figure 60, it is clearly shown that the geometry of the cable
allows the existence of triple points, because of the presence of
voids filled with SFe, between the insulation and the outer
conductor. This is exhibited more vividly in the next figure (61).
With its help, we will try to explain why electric field strength
acquires such high values around triple points, two of which are
depicted in blue circles.
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GND Corrugated copper outer conductor

Polyethylene+SFs Insulation

Polyethylene+SFs Insulation

GND SFs

SFs

Ewoéva 61: Schematic representation of the inside of an SFs gas filled coax cable (not in scale)

Here, the triple point consists of three different materials with
dielectric constants: €1 = 1.00204 for SFe gas, €2 = 2.17 from the
mixture of polyethylene pressurized with SFe, and finally the outer
conductor, which is made of copper. Since it was not possible to
calculate the exact value of the E-field close to the triple point, we
calculate it in the middle of the ‘arc’ of the void. From the simplified
schematic in fig. 62, given that the applied voltage is 80 kV, we can
derive the following:

GND
‘.% . From the schematic, we get:
hy C IEl

Vi

€1
SFs C V.
N \ A |V -“1_22
C CZ Vl

2

hy

E
: V2
&
PE+SFs¢ A A
C1:80'81-h— , C2:80'82.h—
ov 1 2
Ewova 62: The above schematic,
simplified

Turns out: V1 = 15.189 kV, V2 = 64.811 kV

Hence, E1 = V1/ (h: - In (D2/D1)) =7,520,172.9 V/m = 7.52 MV/m
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And Ez = 3,472,815.8 V/m = 3.47 MV/m

Etotar = 10.99 MV/m

o Heliflex

The exact equivalent phenomenon is observed in the Heliflex
cable. Here, instead of SFe gas, we have air as a dielectric with &
~ 1. The polyethylene helical spacer creates triple points (fig. 63)
where it touches the corrugated outer copper conductor.

GND/R
hy Eu

AIR

o | . &

AIR € E:

PE AlIR

PE

D

GND

Ewova 63: Schematic diagram of the Heliflex cable, showing the weak (triple) points

In Fig. 63, in the area near the triple point (in red), as we get
closer to it, hy goes to zero, thus E1 acquires its higher value, which,
according to our calculations is 1.505 kV/mm, given that we apply
a voltage of 16 kV (as we will later find out in the HV tests, little
more than 16 kV was the BDV of the standard Heliflex). If we then
add E, this results in a total Emax electric field strength for the
Heliflex. Of course, this is merely an approximation, because it is
nearly impossible to calculate the actual E - field near the triple
point, due to the complexity of the geometry of the cable. This why
we will later use the simulations, to correctly calculate these values.
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Electric Field E1(h1}) (kV/mm)

HV
gl

El(hl) = —————
(h1 +M)-[:—7 + lj

Emax =

* 3.667 kV/mm.

Electric Field Emax(h1) (kV/mm})

1 2 3 52

Length h1 (mm)

0 1 2 3

Length hl (mm)

Ewova 64: E-field for the Heliflex, close to a triple point (left), total (right)

What is left now to do is to simulate the cables under the same
voltages and compare the E-field values calculated here, with the
results from Opera. This will be done later in the Simulations
chapter (7).

5.4.3. AAArot Yrohoyiopoi (Other Calculations)

68

By using the analytical formulas from the corresponding
bibliography [4], [5], we can calculate the capacitance (Co),
inductance (Lo), active resistance (Ro) and the conductivity (Go) per
unit length of the cable, plus the attenuation (a), for a frequency of
50 MHz. This was done for the standard air-dielectric cable, the
modified one filled with oil (we hypothesized &r=2.7), and the
26.3 Q SFe cable, as seen in Table IV. The attenuation and the losses
are compared in Fig. 65. They are important factors for selecting the
correct HV coaxial cable, since the applications that these cables are
used in, are within the high frequency range, typically operating at
several tens or hundreds of megahertz [24]. Other electrical
specifications were drawn from the equivalent data sheet of each
cable and are presented for comparison.



[Tivaxag 1V
Hlextpikd Xapaxmmpiotikd tov Kadwdiov, (o) and tov katackevaoth, kot (B)
Oewpnrtikoi Yroroyiopoi kot [TpoPréyeic (50 MHz, ektdg av avoaeépeTol S1apopeTiKd)
- (Electrical Specifications Of The Cables, Data Sheet And Analytical Calculations)

ala Data Sheet Theoretical calculations
Type of cable Csa1|;?e CLP50 @%bi/fgz Standard Heliflex | Modified Heliflex
6 22 23 23 i 12 27
70 Q) 263 | /_52% 209 |, /?g.s 50.9 33.7
Co (pF/m) 1898 | 100 165.2 73 73.9 1625
Lo(uH/m) | 0129 | 0.26 i 0183 | 0.185 0.185
Ro (Q/km) 26.5 154 1.03 i 68.9 68.9
Go 9.42-10°| 10* 10* - 0 5.41 - 103
[1/(MQ-km)]
o (dB/km) 5.5 13 9.9 6.4 6.0 9.7

30
E —Standard Heliflex /
2 50| -Modified Heliflex ]
= SF6 Cable /
g
§ 0 / _______...-—-"""/
= —
8 /
<

0
0 50 100 150 200 250
Frequency(MHz)

Ewova 65: Theoretical comparison of the attenuation over frequency
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6. AOKIMEX KAI METPHXEIX

(TESTS AND MEASUREMENTYS)

6.1. Mepikég Exkevaoseig kar Taon dvaomacng (Partial

Discharges and Breakdown Voltage)

The equipment available in the laboratory allowed to setup a
simple, user friendly, low cost measurement system for measuring
partial discharges in cables under high voltage. In addition, it helped
to determine the breakdown voltage (peak voltage) of the cables.
The samples that went under examination were: (a) cables that are
already in use at CERN in many applications; the RG-220/U and the
HTC-50-5-1, (b) the standard, off-the-shelf, Heliflex cable, (c) the
modified oil-filled Heliflex, along with some variations in the
design in order to optimize its performance, and (d) the
corresponding Spinner connector for the Heliflex. The multiple
series of tests included AC and DC high voltage measurements of
partial discharges, corona, and finding the inception, extinction and
breakdown voltages of each cable.

6.1.1. IIpototvmo karddto RFS Heliflex — Aépac wg Ammiektpikd (Heliflex
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Standard Air Dielectric)

The main interest in the project was to confirm the possibility
of using an oil filled cable as a replacement for the SF¢ filled one.
Various tests were conducted in the laboratory for that purpose. The
first tests concerned the standard OTS Heliflex cable that uses air
as dielectric. The goal was to measure its breakdown voltage in both
DC and AC. It was not expected to be high enough since it is not
made for HV applications.

o DC test

Initially the tests were conducted on DC voltage, on a 3 m
Heliflex cable sample, having its two ends in oil, in order to avoid
any electrical arching or breakdown due to the non-usage of cable
terminations. Cable terminations play a very important role in high
voltage cable measurements, because they ensure due to their
structure that no partial discharges or corona, originate from the
cable ends.

Using the 30 kV Non-Destructive Insulation Tester, we
carried out the first tests in DC. The breakdown voltage (BDV) was
measured at 18 kV during the 15 test and at 20 kV during the 2"
measurement.



o AC test

Afterwards a test was conducted on AC voltage, on the same
3 m Heliflex cable sample, having its two ends in oil. The results
from the PDs are shown below.

[Mivakag V
AC Tests with Standard Air - Dielectric Heliflex cable
kV peak #PDs total Q (nC) highest discharge (nC)
2.114 277 19817 118.44

Eucdva. 66: First test of the Heliflex cable (standard-air-dielectric) in AC

Subsequently, a 20 cm sample was prepared and used for DC
measurements, in air. The temperature inside the laboratory was
20 °C and the relative humidity was 28.2%. Because the sample had
no cable terminations, the two ends of the outer conductor had plenty
of sharp edges, which can be responsible for electrical arching
between the conductors, flashovers, and lower breakdown voltages.
This is due to the fact that sharp, pointy and not smooth metallic
parts, tend to accumulate strong electric fields, as the electric field
lines there get really dense.

Ewoéva 67: The set-up for recording Ewova 68: An electric arc (breakdown) in air
breakdowns in DC during DC test
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Figure 68 depicts an electric arc during a

breakdown in air. It was taken using a Dino-Lite

Digital Microscope [25] connected to a laptop

BDV: 17.5 kV

that was recording. If closely observed, one can

see that it originates from a very sharp edge of
the outer conductor, due to the fact that no cable
terminations were used, and, although it was cut

Electric field:
17.5kV/9.03 mm
=1.95 kV/mm

with a wheel and was polished and with a Dremel,

it still had sharp edges that attracted such electric

fields, high enough to break the air at approximately 1.95 kV/mm,
much less than 3 kV/mm (BDV of air).

A way to optimize the design and thus have better results, was
to try to avoid the very sharp edges and scratches at the ends of the
cable. For that reason, two smooth copper rings were mounted to
evenly distribute the electric field lines, in order to avoid sparks and
electric arcs between the inner and the outer conductor.

6.1.2. Tporomompévo karmdio RFS Heliflex — 'Elato o¢ dinhextpikod
(Modified Heliflex — Oil Dielectric)

o DC tests

Following this, new DC tests were done, both in air and in oil.
The tank was filled with the Bluesil oil, and because the 30 kV tester
did not cause a breakdown, the 160 kv DC Power Supply was used.

Table V shows the initial results:

[Tivoxag VI
First Tests in Dc — In Air and In Oil

No. Dielectric CngrnognSa BDV [kV]
1 Air None 17.95
2 Air None 17.71
3 Air None 17.28
4 Air None 17.45
5 Air 1 17.89
6 Air 1 17.86
7 Air 1 17.47
8 Air 2 17.62
9 Air 2 18.33
10 Air 2 15.98
11 Qil 2 37
12 Qil 2 39
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Ewodva 69: HV DC tests in oil with soldered corona rings



For the tests in oil, the cable sample was fully submerged into
the oil tank and all air bubbles left inside the cable were carefully
removed before measurements were taken at different voltages.
From these first results, one cannot say with certainty whether the
small corona rings that were soldered to the two ends of the outer
conductor, helped indeed to improve the breakdown voltage. What
is sure though, from a first point of view is that due to the insulating
oil, the BDV was increased at least by a factor of 2.

o AC tests

The next step was to
conduct AC (50 Hz), HV
measurements, in oil, on the same
20cm Heliflex sample, fully
submerged in oil. Using the test
circuit of fig. 48, we were able to
measure the PD inception
voltage, PD charge and count,
along with the breakdown
voltage. Again, we had to make
sure that all air bubbles were
carefully removed from inside
the cable. The results from the Eucova 70: First tests of AC HV testing in oil
oscilloscope were processed with
the help of Mathcad.

First tests of AC HV testing in oil:
e Heliflex 20 cm
e AC,50Hz
* Inoil dielectric
e 2rings soldered
During these tests, no breakdown was observed.

[Tivaxag VII
First Results of AC HV Testing for PDs in QOil
kV (Peak) #PDs Total (nC) Highest (nC)

19 0 0 0

30 7 0.469 0.125

38 3 0.157 0.058
429 11 31.13 26.47
43.05 6 30.61 25.47
43.03 10 24.05 18.16
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Table VII shows some first results from measurements that
were processed with the Mathcad code. When the voltage by the
power supply was raised to 43.03 kV peak, our measuring system
recorded in one period (20 ms): 10 partial discharges with a total
charge of 24.05 nC, while the highest of the PDs had a charge of
18.16 nC.

More tests on the effectiveness and usefulness of the copper rings:

[Tivoxag VI
Comparison Of and Evaluation of Soldered Corona Rings (2 Tests in Qil)
peak [kV] PDs threshold total Q [pC] | # of PDs Highest Q [pC]
2 rings 17.66 Yes 10 pA 78.4 106 2.841
21.7 Yes 10 pA 112.2 134 5.444
12.55 Yes 10 pA 598 526 10.227
ril:::s 17.7 Yes 10 pA 557.132 542 10.345
21.7 Yes 10 pA 569.791 548 10.431
1 ring 17.68 Yes 10 pA 606.2 654 8.483
21.73 Yes 10 pA 654 684 10.751
2 rings 17.76 Yes 10 pA 91.6 116 6.461
21.73 Yes 10 pA 135.6 144 11.797

Then, what followed was the first tests for the determination
of the PD inception voltage. There were two tests: one with no
protection box, and the second with the spark - gap and a transorb
diode (both tests in oil — no rings).

[Tivaxag IX
Measurements for Inception — Without and With Protection Box

P. Supply (kV, peak) ’ oscilloscope (kV, peak) ‘ current (pA) ‘ PDs BD
Without protection box
0 316m 820 - -
0.5 2.05 810 - -
5 5.3 860 - -
10 11.5 1080 - -
15 16.9 1320 YES -
20 21.8 2440 YES -
With protection box
0 37m 220 - -
2 2.08 259 - -
5 4.75 313 - -
10 9.7 422 - -
15 15.05 533 NO -
20 20.1 720 YES -
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Due to fact that the transorb diode dropped the inception
voltage, we kept only the spark-gap.




1% test —
air bubbles
thoroughly

removed

2" test,
right after
the 1%
breakdown
- has air
bubbles
inside

The next series of tests included higher AC voltages to
determine the possible peak voltages in oil. What was witnessed is
that during the same test, while raising the voltage gradually, gas
bubbles were observed. It was assumed that they originated from
PDs taking place in the oil. Moreover, during each breakdown, there
were enough amounts of gas formed inside the cable. The gas
bubbles significantly lowered the peak voltage in the next tests.

This effect was confirmed after the first test, which went up
to 66 kV peak, the highest BDV we reached during all tests. Then it
significantly dropped in the following test to 40 kV and then 30 kV.
Moreover, the same thing happened with the PD inception voltage.
The PDs appeared much sooner than the first time due to the trapped
gas.

First HV AC Tests for Breakdown Voltage (Tests in Oil):
1% test: 66 kV peak, more than 3 times the BDV in air
2" test: 40 kV

3" test: 30 kV

Table X shows another two series of tests (without any copper
rings soldered), with results concerning the inception voltage, the
breakdown voltage, as well as the partial discharges. Before the 1°
test, air bubbles were thoroughly removed from inside the cable as
to assure there are no PDs originating from them. The 2"¢ test was
immediately done afterwards, without removing the gas that was
produced from the first test. The results confirmed our initial
hypothesis.

[Tivaxkag X
Presence of Partial Discharges in Oil Dielectric
KV (peak) Presence of PDs # total PD charge Q highest PD charge
PDs (pC) (pC)
25 No PDs up to 25 kV 0 - -
26.13 Yes- Inception 6 31 15
30.38 Yes 16 89 25
40 Yes 83 658 91
45.25 Yes 98 693 46
50.25 Yes 157 8644 837
55.38 Breakdown
KV (peak) 4 PDs total PD charge Q highest PD charge
(pC) (pC)
10 - -
15.38
20.38 -
215 Yes — Inception Voltage - -
25.3 43 241 18

At the end of the 2" test, a breakdown occurred at
approximately after 1 minute at 25.3 kV.
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No. of pulses

Ewova 71: Partial Discharges of the oil-filled Heliflex in AC high
voltage

In figure (71), one can see the number of PDs along with their charge Q
increasing with the raise of the voltage.

More tests and measurements:

a) Testsin order to determine the breakdown voltage (tests without
corona rings):

Test BDV (kV peak)
1t 50 - forming of air bubbles
2nd 40
3rd 38
4th (after removing the air-bubbles) 55

During the experiments, we noticed some differences between
the results in inception or breakdown voltage, depending on whether
we were increasing the voltage fast or slowly.

b) Test for determining inception voltage, breakdown voltage,
measuring PDs (no rings soldered):

1%t test: Fast raise of voltage

No. (kV) peak PDs
1 15.44 No
2 20.88 No
3 22.13 No
4 22.88 No
5 23.63 No
6 25.56 No
7 27.63 Yes - starting PDs - Inception
8 43 Breakdown




2" test: Slow raise of voltage — Time: 27 minutes

No. | (kV) peak PDs # PDs | Total Charge (pC) | Highest discharge (pC)
1 1.637 No - - -
2 6.475 No - - -
3 11.19 No - - -
4 11.56 No 0 0 0
5 15.88 Yes - Inception 51 210 14
6 17.31 Yes 31 85 5.7
7 20.5 Yes 31 106 12
8 24.38 Yes 69 238 21
9 275 Breakdown - - -

After these two tests, it was clear that the voltage increase
rate plays a great role in the voltage that can be achieved, both the
breakdown and the inception voltage. When we were raising the
voltage from the power supply more quickly, then we were able to
achieve higher peak and inception voltages.

In the next test, we tried to determine not only the inception
voltage, but the extinction voltage as well.

c) Inception / extinction voltage — BDV — PDs — 2 rings soldered
— Clear of air bubbles. Raising voltage gradually and slowly,
total time: 52 mins

Highest
(kV) Total .
No. PDs # PDs discharge
peak Charge (pC)
(pC)
1 1.74 No - - -
2 4.5 No - - -
3 10.32 No - - -
4 19.75 No - - -
. No at first, Yes after 2
Inception 5 24 . 11 31.12 45
mins
6 24 Yes - a lot 140 1282 42
7 3.375 No - - -
8 4.156 No - - -
9 4.172 Yes - - -
Y first, N 1
Extinction | 10 | 3625 | ' coaufirst Noafter i i :
min
11 | 4.156 No - - -
12 | 4.344 No - - -
13 5.344 Yes 33 167 14
14 10.63 Yes 39 228 21
15 15.63 Yes 40 259 20.4
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16 20.19 Yes 35 355 35
17 26.31 Yes 87 679 41.7
Yes - Breakdown after 1
18 34.25 . 102 1187 454
min
d) Inception voltage — BDV — PDs
#1 test No (kV) PDs # Total Highest
(2 rings soldered) ' peak PDs | charge (pC) | discharge (pC)
no air bubbles
. 1 10 No - - -
inside
fast raise of
. 2 20 No - - -
voltage, 7mins
Yes - Inception
3 30 - - -
Voltage
4 40 Yes - - -
5 50 Yes - - -
6 60 Yes - - -
7 62.5 1st Breakdown - - -
After 1st BD measurements - has air bubbles inside
8 10 No - - -
9 15 Yes - Inception 15 45.4 6
10 20 Yes 69 2735 24
11 30 Yes 163 1369 105
12 39.13 Yes 344 6017 1755
13 40 2" Breakdown - - -
#2 test No (kV) PDs # Total Highest
(2 rings soldered) ' peak PDs | charge (pC) | discharge (pC)
no air bubbles
.. 1 1.5 No - - -
inside
i f voltage, 11 Yes - | ti
raise o v_o age 5 23.06 es - Inception 20 217 115
mins Voltage
3 30 Yes 35 181.4 235
40 Breakdown 197 1488 106.6




Conclusions on Partial Discharge Measurement Tests:

After numerous tests, we came to the conclusion that the major
factor for the achievable peak voltage / higher inception voltage is:

A. The voltage increase rate

e The faster the voltage was raised, the higher peak voltage
was achieved.

e When the voltage was raised slowly, the partial
discharges had enough time to form gas bubbles, which
led to more PDs, and ultimately breakdown.

« When the voltage was raised faster, gas bubbles did not
form quickly enough, and higher voltages were achieved
before break down.

B. Removing gas bubbles carefully after every test

e Gas bubbles trapped in the oil inside the cable and the
continuous forming of them under HV is a major
drawback to the whole project.

6.1.3. ZOvdeopog Spinner yia to koailddwo Heliflex (Spinner Connector For
Heliflex cable)

B 2 P e i
Ewodva 72: The Spinner connector tests

The corresponding connector that is specially design as cable
termination for the Heliflex cable, also went under testing for PDs
and BDV.
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Weak point inside the
PE insulation of the
connector.

It was light emitting
during breakdowns.

The first test for the connector was done in AC voltage, inside
the oil tank. Below are the results:

[Tivoxag XI
AC PD Tests of the Spinner Connector in Qil
No | kV peak | #PDs | total Q (nC) | highest discharge (nC)

1 20 21 13.395 1.258
2 23 48 70.139 23.889
3 25 62 127.081 56.552

The following test took place in air, under DC voltage, and
the goal was to determine the BDV. After raising the voltage
gradually, the connector broke down at 20 kV peak.

6.1.4. Metpnoeig Mepikdv Exkevooewv 610 karlddio Draka CLP50
(CLP50 PD Measurements)

. y
Ewovo, 73: The CLP50 cable HV tests
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The DRAKA CLP50 cable is one of the most widely used
cables at CERN. It can withstand higher voltages and went under
many thorough tests for PDs during this project.

Ewovo, 74: Cable ends in oil

Again, the main concern was to put the ends of the cable inside
insulating oil, to make sure that the partial discharges do not come
from any sharp and pointy edges of the inner conductor or the outer
braid, or from surface discharges on the polyethylene ends, but
rather from inside the cable (PE insulation).

1) Test for Determining Inception Voltage

No. (V) peak PDs
1 5 No
2 15.44 No
3 21.13 No
4 24 No
5 26.38 Yes - Inception Voltage

81



82

2) Inception / extinction voltage — BDV — PDs

No. (kV) PDs 4PDs Total Charge Q Highest discharge
peak (PC) (PC)

1 1.5 No - - -

2 5.2 No - - -

3 10 No - - -

4 15 No - - -

5 20 No - - -

6 255 No - - -

7 26.13 No - - -

8 26.38 No - - -

9 26.5 Yes 46 129.5 10.1
10 27.38 No - - -
11 28.5 No - - -
12 29.38 No - - -
13 30.75 No - - -
14 315 Yes - Inception ) ) )

Voltage
15 30.75 Yes - - -
16 30 Yes - - -
17 28.8 Yes - - -
18 26.88 Yes 32 56.75 2.7
19 25.31 Yes 47 121.7 27.8
20 24.19 Yes - - -
21 23 Yes 35 59.85 3.4
92 2181 No - Extinction ) ] ]
Voltage

23 23.75 No - - -
24 24.88 Yes - - -
25 27.75 Yes 510 1687 44
26 30 Yes 117 438 40
27 31.75 Yes 101 988.5 214.25
28 33.63 Yes 344 2053 226.5
29 35 Yes 1060 4985 131.8

The fact that in this series of tests we have recorded PDs at
26.5 kV, does not mean that this is the inception voltage of the
specific cable. Because in the next measurement, at which the
voltage is raised to 27.38 kV, as well as in the few next that follow,
the PDs disappear, and then they reappear at 31.5 kV. Therefore,
this is the inception voltage. The graphs that are based on the above
measurements, are about the behaviour of the PDs while raising the
voltage, and they are shown in the next page. What we expected, that
with the increase of voltage we have increasing numbers of PDs,
total charge, and higher magnitudes, is confirmed.
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Ewova 75: Graphs of PD values over voltage, for the CLP50 coaxial cable
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6.2. Metpiosic XapakTnploTiKns Avrtictaong kot EEac0évieng
(Impedance and Attenuation Measurements)

Al ‘// \\ ,
Ewova 77: Specially made
connector for connecting with the
VNA cable

The tests included the measurement of the impedance (Z), and
the attenuation (a) of a 9 m Heliflex cable sample, with the Vector
Network Analyzer.

Firstly, the standard air-dielectric model was measured, and
the result was 50.2 Q, as expected. Then, approximately 6.5 litres of
the Bluesil Oil were carefully filled in between the inner and outer
conductors of the Heliflex. This was a rather long procedure and it
does not exclude the presence of small quantities of air left inside
the cable.

Impedance measurements have been taken at different oil
temperatures:

e 32.7 Q at 25.3 °C and
e 32.9 Q at 27.5 °C.

Finally, the attenuation measurement was 10.23 dB/km at
50 MHz.

Filling
of oil
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6.2.1. A&orAdynon tov Metpriioewv (Evaluation of the Measurements)

Results on the impedance:

e In the case of the standard air-dielectric cable, the result of
50.2 Q@ was anticipated, as it is within the limits of the

manufacturer.

e For the oil-filled cable, although we are not sure that all air
inside was removed, the impedances of 32.7 Q and 32.9 Q were

actually not far from the analytically calculated

(with

approximations) value. In fact, the theoretical expectation was

33.7 Q, so this can be considered as a satisfactory result.

The attenuation, which was measured at 10.23 dB/km at
50 MHz, was again close to the theoretical calculation of 9.7 dB/km.
For comparison, the RG - 220 (CLP50) attenuation at 50 MHz is 13

dB/km.

However, we observe that there is a significant increase in

the attenuation considering the standard cable. The

higher

attenuation (comparing to the 6.4 dB/km of the standard ‘air’
Heliflex) is due to the different dielectric of the modified cable. Oil

has higher &r (2.7) than air.

Comparing to SFe cable (5.5 dB/km), the Heliflex cable has a
smaller inner conductor diameter, hence higher attenuation than the

SFs.

Rhodorsil® Oils 47
Dielectric properties

Dielectric constant

o \

0 100 200
Temperature (°C)

Ewova 79: Taken from the data sheet of the ‘family’ of
oils, from which the oil we used belongs. [22]
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6.2.2. Zxéyelg kal cvpumepaopata yio tn XopoKTnploTiky Aviictaon
(Thoughts and Conclusions On The Impedance)

86

By means of different oils, or a mixture of them, the cable can
be tuned to different impedances to match a connected magnet
perfectly, which is also considered as one of the main benefits
of this method.

According to the technical information available in the data
sheet of the used oil, when the temperature (T) rises, there is a
drop in the viscosity of the oil, which in turn reduces the
dielectric constant (&r), hence the impedance (Z) increases. In
addition, pressurizing the oil increases its viscosity and leads to
a higher g.

After calculations based on the correlation between the
temperature and the dielectric constant of the oil, we came to
the conclusion that: An_increase by 1 °K results in a 0.05%
increase in Z. This is not a small factor and should be definitely
be taken into consideration for this kind of applications.

These results lead to the idea that temperature could be used

to match the impedance, with the use of the appropriate mechanical
system. Nevertheless, for sure it would also be really challenging to
keep it stable.



7. MPOXOMOIQXEIX (SIMULATIONS)

7.1.

Mpéypappa Opera (Opera FEM Software)

With the help of the of finite element method software,
‘OPERA Simulation Software’ by Cobham, there was an attempt to
simulate the performance and behaviour of the test subjects under
high voltage.

Electric field simulations were conducted, in order to simulate
in 3D modelling the electric field zones and lines, as well as the
performance and behaviour of existing cables and connectors and
also new designs under high voltage. The goal was to determine the
weak points of the cable, which means the points that are potentially
capable of causing problems to the correct function of the cable and
can affect its lifetime. With the help of Opera, we are able to identify
these points, by finding were the electric field acquires
exceptionally high values. There, we have candidate spots for partial
discharges, which is the main reason for cable decaying and finally
the total destruction of the insulation of the cable.

Depicted in different colours, vectors, zones or lines, the
electric field strength will tell where to expect future malfunctions
of the cable. These areas of high fields are usually shown in purple
or red colour, whereas low or zero fields are depicted in blue. As

Opera

Emax=7,42127055394198€ 406 Vjm

Ewova 80: The actual model to simulate (up) and the Opera simulation (down)
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already mentioned, the weak points of the cable are the triple points,
where the electric field strength goes high around areas close to
these points. The purpose of the simulation is to prove, explain and
confirm the existence of such points, and also determine the
magnitudes of the electric strength, with a possible divergence from
the real values, due to problems while constructing and designing
the model.

However, there was a high effort to be as accurate as possible,
considering the design of the exact models, with persistency to
precision to the geometry of the models, the properties of the
materials, and finally in choosing the correct solving method of the
simulation.

Another reason of why electric field simulations are important
is that they are a way to confirm and validate the tests and
measurements in lab, and then simulate new models in order to check the
scalability of the model / optimized design, for future improvements
and further studies.

(M
Ty
|

TECLUV QL;&A\;?J 3
444489 3 -

Ewova 81: Designing the outer conductor of the Heliflex cable



7.2. Kataockevalovtag Ty N'eopetpio Tov Movréhov (Building
the Geometry of the Model)

Ty

‘ Opera
Ewdva 82: Using cutting blocks to cut the edges of the outer conductor in order to be
closer to the reality (sharp edges)

The difficulties encountered in the process of building the
models differ from one cable to the other. We had to simulate the
exact geometry of the cables, in order to have accurate results. It
was a highly demanding procedure to measure the exact dimensions
of each part and try to replicate them as accurately as possible.
Especially in the case of the Heliflex, there were no cable
dimensions in the technical data sheet, so we had to do
measurements and complicated calculations.

The geometry of both the Heliflex and the SFe cables is quite
complex, especially due to the fact that the outer conductor is
corrugated in both the Heliflex and the SFe cables. Firstly, there was
the need of very precise measurements of the cable dimensions,
thicknesses of the materials and pitch, in accordance to the
specifications in the data sheets (where mentioned), in order to get
the exact structures.
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7
J

- xy’ 4 Y

Ewova 83: The complete RFS Heliflex coaxial cable model

In the case of the SFe cable, the corrugation could be
described as parallel big and small toroidals cut almost in half and
joined together. The outcome seemed like a tube of rings in parallel,
something that proves useful for bending the cables, but not for the
voltage holding.

On the other hand, the corrugation of the Heliflex was
different in the sense that it was in the form of a spiral, following
the helical spacer that was inside, and thus excluding any symmetry.
For this, a different approach was made in modelling it: two long
cylinders were cut and formed using a mathematical function, in
order to bend into a spiral with the correct pitch, and finally form
the model, which was close to the real one with great accuracy.
Later, the problems of the volume and the surface meshing (which

Ewova 84: The actual spirally Ewodva 85: Producing the spiral shape of
corrugated OC and the helical spacer the PE helical spacer



was very irregular) had to be dealt, and afterwards the appliance of
the material properties and boundary conditions was made.

Ewova 86: The SFe coaxial cable and its simulation model

7.3. Extéleon Ipocoporwcemv (Conducting Electric Field
Simulations)

The main issue in reassuring that the simulations are correct

in terms of being close to the reality, was the size of the mesh. In
other words, the finer the mesh, the more accurate results and more
precise values we get from the simulations, with the price of longer
time to analyse them.

The small scale Heliflex (20cm) was simulated at 16 kV
(17.89 kV was the lowest breakdown voltage that was measured
during the tests in air dielectric). In addition, the SFe cable was
simulated at the operational voltage of 80 kV. For the all the
simulations, voltage independent characteristics were assumed for
the permittivity.
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7.3.1. [Ipocopoimon tov I[Mpwtdétvmov Heliflex Kalwdiov mov 'Exelt Aépa o¢
Amiextpikd oto 16 kV (Simulation of the Standard Heliflex Cable)

e Simulation #1

Surface contours: E
6.276210E+06

6.000000E+06

5.000000E+06

—— 4.000000E+06

— 3.000000E+06

— 2.000000E+06

— 1.000000E+06

0.000000E+00

The highest value of the electric field is observed on the sharp
edges of the outer conductor, because we did not use any cable
terminations.

The maximum value of the electric field strength Emax is:

Emax = 6.276 MV/m
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e Simulation #2

Map contours: E
3.096932E+06

2.500000E+06
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1.500000E+06

1.000000E+06

5.000000E+05

2.530901E-04
Integral = 4.482507E+08

By using a patch we see that the highest value of electric field

is now close to the inner conductor, which is on HV (16 kV):

Emax = 3.0969 MV/m
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e Simulation #3

Map contours: E
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0.000000E+00
Integral = 5.742054E+08

Triple point: The point where the PE spacer touches the
corrugated outer conductor. The highest E-field value inside the
cable:

Emax = 4.3689 MV/m



7.3.2. [Ipocopoimon tov tpomomoinuévov Heliflex pe 'Elaio wg
Amhiextpikd oto 16 kV (Simulation of Heliflex in Oil at 16 kV)

e Simulation #1

Surface contours: E
6.275965E+06
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— 3.000000E+06

—— 2.000000E+06

1.000000E+06

0.000000E+00

Again, the highest value of electric field is observed on the
sharp edges of the outer conductor. It is almost the same value.

Emax = 6.27596 MV/m
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e Simulation #2

Map contours: E
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Integral = 4.553129E+08

Again, using the same patch. The highest value of E-field, is
close to the inner conductor.

Emax = 3.1558 MV/m
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e Simulation #3

Map contours: E
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Integral = 5.734217E+08

No high field close to the triple point, due to the presence of
the oil. The highest E-field is still on the inner conductor.

Emax = 3.1427 MV/m
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e Comparison of the same triple point in air (up) and
in oil (down)

Map contours: E

4.368803E+06
Emax = 4.3688 MV/m
4.000000E+06
‘.
3.500000E+06
3.000000E+06
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2.000000E+06 1 :
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\

1.500000E+06
1.000000E+06
5.000000E+05

0.000000E+00

Ewcova 87: The same triple point in air (up) and oil (down)

As it clearly shows from the previous comparison, using the
same chromatic scale, one can see the impact of the oil on the triple
point. Therefore, surrounding it there is a much less E-field,
2.4329 MV/m, compared to the same point in air 4.3688 MV/m.

Which means that we have a significant decrease of the E-
field, near this area of the triple point, equal with 44.31%.



7.3.3. [Ipocopoimon tov kaimdiov SFe ota 80 kV (Simulation of the
SFs Cable at 80 kV)

The next simulations were about the SF¢ coaxial cable at
80 kV. As before, we initially expect to detect the highest E-field
values on either of the two ends of the cable, because we did not use
terminations, or on the inner conductor, which is on HV.

e Simulation #1

Surface contours: E
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0.000000E+00

Emax = 24.2945 MV/m
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e Simulation #2

Map contours: E
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Emax =17.8261 MV/m

Of course, the E-field will be high at the edges of the cable,
but this is not of our concern. What we care for is inside the cable,
since it will never be used without cable terminations. However,
inside the SF¢ cable, as we have already seen, there are voids filled
with SFe gas.
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We tried to simulate the exact same geometry by using a fine
mesh, in order to be sure that the results are correct. And we were
able to confirm the accuracy by exploiting the fact that the program
can integrate the voltage over a very small length, giving us quite
accurate values of the Electric field, close to the triple point.

As suspected, the triple point that the red arrow shows in
the figures, is definitely a candidate for extra high E-field values.
The simulation below confirms our suspicions.

Ewova 88: Triple point inside the SFg gas cable
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Map contours: E
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Integral = 2.520864E+09

A closer look to the particular spot reveals the magnitude of
the electric field, close to the triple point.

Emax = 15.927 MV/m

5/Junf2018 11:19:27

Map contours: E
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7.4. Aroteréopata Ilpocopordccov (Simulation Results)

e The corrugation (although needed for such bulky structures) is
useful for the flexibility of the cables, but not for the voltage
holding.

e Because of the corrugated outer conductor, the PE does not fit
smoothly to the copper in both cables.

e It creates triple points and areas with excessive high fields.

e Thus, is responsible for weak points of the cables, which
subsequently show PDs and lower BDV.

Opera FEA Simulation Software proved to be a very useful
and powerful tool which helped to confirm the predictions we had
made during the tests in lab, concerning the shape and strength of
the electric field, and how this is distributed around the inner and
the outer conductor, on the surfaces of them and the spacer but
mostly close to the areas surrounding the so-called ‘triple points’

7.5. Ahheg Mpoosoporveerg (Other Simulations): CLP50

The more simple coaxial geometry of this cable, allowed us to
simulate and analyze only a quarter of the structure, due to
cylindrical symmetry.

It was simulated at 40, 60, and 96 kV. Also, some variations
in the structure like small voids of the cable, in the form of an air
bubble, were added, to check the behaviour of a real cable with
imperfections. The air bubble was placed at the inner conductor and
in the middle of the PE, to show the difference in E-field caused by
the bubble.
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Ewdva 89: Simulation of the CLP50. On the left is shown from the inside of the cable, a small air
bubble (in yellow)

Map contours: E
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1.200000E+07

[ 00000E07 The simulation results inside

and near the area of the bubble (for
40 kV) were:

Emax=15.4 MV/m
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Integral = 4.315126E+07

The standard cable without imperfections, was also simulated
at 40 kV. For confirming the simulation result, we performed as well
analytical calculations.
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e With an air bubble right in the middle of the surface of the inner
conductor: 14.98 MV/m
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7.6. Avvatotnteg Enéktaong — H Eropevy Mépa (Scalability —
Future Developments

The question arising from the whole project was whether there
is the possibility to scale up the oil — filled Heliflex to a full-scale
prototype that could withstand higher voltages and show fewer or no
PDs, according to our needs. The idea was very simple: The small
scale oil-filled did not BD at 20 kV, nor did it have PDs.

The maximum E-field at this voltage was simulated by Opera
and was:

e 8.3637 MV/m (at cable ends)
e 3.96803 MV/m (inside, inner conductor)

Since we wanted to go to 80 kV, we decided to scale our
model, to four times bigger the dimensions of it, and then run the
simulation for 80 kV.

The maximum E-field now was:
e 9.699 MV/m (at cable ends)
e 3.992 MV/m (inside, inner conductor)

Which means that the maximum electric field inside the cable
stayed almost the same, and that it could potentially work, in case
there is such a cable available in the market.
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Ewcova 90: Scalability for future improvements

Here we can observe that, as expected, the increase of the
scale by four times did not significantly change the value of the
maximum electric field:

Standard dimensions Heliflex cable with oil dielectric:
Emax = 3.968 MV/m

Scaled to 4 times bigger Heliflex cable with oil dielectric:
Emax = 3.992 MV/m

108



HELI =

Scaled
x4 times

132.8 mm o

HELI
standard

12mme
A

Sim at 20 kV:
Emax =
3.968 MV/m
Sim at 80 kV:
Emax =
15.927 MV/m
Sim at 80 kV:
Emax =
3.992 MV/m

Ewova 91: Comparison of the different models

Apparently, there is, such an off-the-shelf cable that meets
these dimensions shown in Fig. 91, above. A suggestion for future
investigation would be the 5-1/2” HCAS550-50J Heliflex air-
dielectric, 50 Q, 1.5 dB/km at 50 MHz, with the undermentioned

specifications:
Inner Conductor mm (in) 58 (2.28) Corrugated Copper Tube
Dielectric mm (in) 127 (5) Helical Polyethylene Spacer
Outer Conductor mm (in) 140.5 (5.53) Corrugated Copper
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8. LYMINEPAXMATA (CONCLUSIONYS)

110

that

As a summary, we could include some specific main points:

It has been shown that an OTS cable can be easily modified to
achieve higher breakdown voltages for use in high voltage
applications (ratio ~3:1).

The modified cable shows significantly higher attenuation
compared to the SFe gas filled cable.

Formation of gases inside the oil-filled cable was observed after
PD inception voltage was reached, subsequently leading to a
decrease of the PD inception voltage. The same was observed
during breakdowns, which led to a constantly lower BDV.

Each time the gas bubbles were removed, the inception and the
BDV went back to the initial level.

Some thoughts on further improvements and the difficulties
may arise:

Attenuation: It will need further studies to optimize this
important parameter for a full-scale prototype. (Bigger inner

diameter = less attenuation)

Complexity: A constant circulation of the oil in the cable could
reduce or avoid the observed degradation effects, provided that

care is taken to avoid creation of air bubbles by the circulation.

Filling a long cable with oil might be only achieved by vacuum

pumping before filling with oil, in order to avoid trapped air.

Impedance: The possibility to change the dielectric constant is
considered a beneficial feature to perfectly match the cable to

an existing system impedance.

Furthermore, a mechanical design could serve the complete

series of needs for different impedances. For this purpose,



different oil types and nanomaterials would need to be studied
in detail.

v A major drawback will be the needed hydraulic system featuring
a precise control and stabilization for temperature and dielectric

constant.
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9. MAPAPTHMA (ANNEX)

MATHCAD: Code developed for PD calculations

Function to detect, measure, count, and integrate
over the waveform of the current in order to
calculate the magnitude of partial discharges

Set input data

Import of waveforms in the form of data (arrays), collected

Input := "45.61-p-p-voltage. Wim.csv"  fom the oscilloscope, ina csv file.

Read input data:

i
pr= READFILEI:Input,"delimited" s | LIHS Time (s)
2 Number of loops
READFH_E|:Input,"delimited",l,[ H ; Cu"bem (rf\)’ | ofthe cable
pi 2 % st probe channe of the CT 6
6
Scale of voltage
3 Voltage (V), division: .
U = READFILE| Input, "delimited” ,1,| _ ||-1000-V  2nd probe channel 1000:1
&
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x = 0._length(I) - 1

Currenty = Iy — ISmoothedx

Substraction of the smoothed current
from the initial signal leaves only the peaks
(=partial discharches)
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Cun’emAbsoluteX = k- ISmoothedX
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PDoount, = for i€ 1. length(Currentppppe) = 1

i (CmemAbsolutei > PDthreshold)

f Currentppomte, | < PDhreshold

PDcount < PDcount +1
start <1 — 1
1
otherwise

# Currentapsomute, , > PDihreshold

stop «— i
stop Current Absolutei + Current Absohrtei+1 :
&~ {t;o1—1;
D e Z 2 i+1-t)
i = start
1
PDount

Number of discharges: | [PD .« =
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length (-2
ofal charge Q] Qrotal = " [cmmtAbsohne_-(q_l—ti)} = 49.896-nC
A )

1=0

Q= for i€ 1--length(cmentAbsohxte) el

if (C“m’mAbsomtei > PDthreshold)

# Curentppsomte, , < PDihreshold

PDcount L PDcomt +1
start <—1—1
1
otherwise

f Curentppsomte, ;> PDihreshold

stop < 1
stop Current Absolute. + Current Absolute.
Q =2 - 1 (1 -1)
PD¢ount 2
i = start
1
Q
length (Q)-1
Total charge Qpartialdischarges = Z Q; = 18.259-nC]
of the PDs: i




0

0 118.532
L 57.03
2 167.071
2 316.9
4 63.946
5 136.127
0 45.805
/ 100.616
8 47.155
9 517.231
10 49,664
1 390.496
12 6648
13 730.556
14 124.869
15 79.129
16 178.586
17

pC

Highest Discharge = max(Q)

Highest Discharge = 2.221-C]

At position_nunber = match (max(Q),Q)
|At_position nunber = (33) |
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