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ATtrayopeleTtal n avTiypa@r, amobrkeuon Kai diavoun TG TTapoUucag Epyaciag, €€
OAOKAAPOU 1] TUAMATOG QUTAG, YIO EPTTOPIKO OKOTTO. EmTpémeral n avarutmmwon,
a1ToBnKeuon Kal dIavoun yia OKOTTO PN KEPOOOKOTTIKO, EKTTAISEUTIKAG 1 EPEUVNTIKAG
Quong, uttd TNV TTPOUTTOBECN va avagEpPEeTal N TNy TTPoEAEUCNG Kal va dlaTnpeEital To
TTapOv PAvupa. EpwTipata TTou agopouv Tn Xpron TG Epyaciag yia KEPOOOKOTTIKO
OKOTTO TTPETTEI VA aTTEUBUVOVTal TTPOG TOV OUYYPAPEQ.

O1 amoéYEIg KOl Ta CUUTTEPACHATA TTOU TTEPIEXOVTAI O€ QUTO TO £YYPAPO EKPPALOUV
TOV OUYYPO@EQ Kal Oev TTPETTEI va EPUNVEUBED OTI avTITTPOCWTTEUOUV TIG ETTIONUES
B¢oeig Tou EBvikou MeTodBiou MoAuTexveiou.






MepiAnyn

H tTapouca epyacia emmxelpei TN oxediaon HIag TTEIPAUATIKAS dIdTagng, n oTroia
MTTOPEI VO UTTOBAAAEI G1BNPOPAYVNTIKA EAGOUOTA OE TTOPOUOIEG CUVONKES ayvNTIKOU
TEDIOU PE AUTEG TTOU ETTIKPATOUV OTO OPOMEA HIOG oUyXpovng MNXAVAG EKTUTTWV
TOAWV. O okomdg autig TNG dIATagNG €ival n PETPNON TWV ATTWAEIWV TwV
AVATITUOOOMEVWY OIVOPPEUPATWY, TA OTToId TTPOKUTITOUV OTTO PayvnTIKA TTedia
UYPnAng ouxvotnTag Mdéoa OTovV OYKO Twv TIPOoG HEAETN OoKIhiwv. Auth n
ammAotroinuévn didtagn dev TrepIAAUBAVEl TTEPIOTPEPOUEVA 1 KIVOUPEVA WEPN. AvT
'‘auTou, €KBETEI TA TTPOG MEAETN DOKipIa O 0OEUOVTA KUUATA PAYVATIKAG ETTAYWYNG, TA
oTroia TrapdyovTal o€ SIAKEVO EVTOG TNG dIATAEEWG.

H apxikr} digpelvnon TnG oxediaong Kal TNG dlaoTacIioAOyNnoNG TOU PJOVTEAOU YiveTal
oe OlodidoTata  MOVTEAQ, T OToia  Xpnoldotrolouv  Tn péEBodo  etTiAuong
memepacuévwy oTtoixeiwv (FEM). Ze autd Ta povtéAa, €getdletal n duvatoTnTa
dnuioupyiag evog 0deUOVTOG KUPATOG HAYVNTIKAG ETTAYWYNAG O€ OIAKEVA JTTPOOTA ATTO
akivnTa dokipia. MEow auTnG TNG MEAETNG ATTOOEIKVUETAI OTI OE€ JOVTEAQ PE PayvNTIKO
TTUpriva TOpoEIdoUg oxAUaTog Kal e AC TUAIyha KATG MAKOG OAOGKANPNG NG
TTEPIPEPEING TOU TTUPNVA, Eival EPIKTO va dnuioupynBouv odeuovTa payvnTiIKA KUPaTa
oTaBepol TTAGTOUG OTO XWpPOo. AvTiOeTa, O0¢ PoOvTEAa ME payvnTiKO TTUprva
opBoywvikou oxrnuatog ota otroia To AC TUANIyua TOTTOBETEITAI JOVO O€ €va HEPOG TOU
TTUPAVA UTTPOOTA ATTO TA TTPOG MEAETN OOKIIA, TO OOEUOV KUNA PAYVNTIKNG ETTAYWYNG
OoTO OIAKEVO €XEl METABANTO TTAATOG. 2€ AUTAV TNV TTEPITITWON, N TOTTOBETNON £vOG
BonBntikoU TUAiyuaTtog cupPBdAel oTnv eTTiteuén oTabepol TTAATOUC TOU KUMATOG

MayVNTIKAG ETTAYWYNG.

EmmAéov, éva TpiodidoTaTto HOVTEAO TNG EYKATAOTAONG AVATITUCCETAI JE OKOTTIO TN
dlEpEUVNON TWV ETTAYOUEVWY DIVOPPEUNATWY, KABWGS KAl TNV EKTIMNON TWV OTTWAEILV
TOUG MEOW APECOU UTTOAOYIOUOU €VTOG TOU OYKOU TWV TTPOG MEAETN doKipiwv. Ta
ATTOTEAEOUATA TWV TTPOCOUOIWOEWY ETTITPETTOUV TN OUYKPION TWV EKTIHWHUEVWV
ATTWAEIWV OIVOPPEUPATWY YIa OIAPOPETIKA TTAXN Kal TUTTOUG PayVvNTIKAG Aauapivag
TOU TTPOG MEAETN dokiyiou. ‘Eva onuavTiké cupTrépacpa TTou eCAayeTal gival 0TI N HEXP!
Twpa Bewpnon TTWG Ol ATTWAEIEG OIVOPPEUPATWY Eival eUBEWG AVAANOYEG HE TO
TETPAYWVO TOU TTAXOUG TNG Adapapivag dev 1oxuel. EmmTAéov, diammoTwveTal 0TI O
apIBuég Twv TTOAWV Tou AC TUAIYMOTOG TOU PayvnTIKOU TTupriva TnG OIATagng €xel
apeANTEa €TTiIOPAON OTIC TIPOKUTITOUCEG ATTWAEIEG DIVOPPEUUATWV.

AECeig-kKAe1014: TplodidoTarn povreAoTtroinon, S810didoTarn povreAoTtroinon,
o1dnpopayvnTika eAdopara, arrAotroinuévn TreipapaTiky didtagn, odsvovta
KOgaTa HOyvnTIKAG ETAYWYNAS, OUyXpovn HNXavh EKTUTTWV  TTOAWV,
Oivoppeupara, OTTWAEIEG TUPAVA, aTTWAEIEG OivoppeupdTtwy, PEBOSOG
TETEPACTHEVWYV OTOIXEIWV (FEM), HOVTEAX EKTIMNONG ATTWAEIWYV TTUPAVA, AUECNH
H€0030G TTPOCOHOIWOEWG SIVOPPEUMATWY, ATTOBOTIKH CUXVOTNTA



Abstract

The present diploma thesis undertakes the design of a setup that subjects laminated
steel to field conditions similar to the ones of the rotor in a Salient Pole Synchronous
Machine. The purpose of this setup is to measure eddy current losses resulting from
high frequency magnetic fields within the volume of the test samples. This simplified
setup is stationary and thus does not contain any rotating or moving parts. Instead, it
exposes the test samples to traveling waves of magnetic induction, produced in an air
gap inside the setup.

The initial investigation of the design and the dimensioning of the model is conducted
in 2D FEM models. In these models, the feasibility of producing traveling waves of
magnetic induction in air gaps in front of stationary test samples. This study proves
that in models with a toroid magnetic core and an AC winding along the entire
circumference of the core, itis possible to create magnetic traveling waves of constant
amplitude in space. On the contrary, in models with a rectangular magnetic core
where the AC winding is placed only in a part of the core in front of the test samples,
the produced traveling wave in the airgap has a variable amplitude. In this case, an
auxiliary winding placed in the magnetic core of these models can contribute towards
the achievement of a constant amplitude of the magnetic induction traveling wave.

In addition, a 3D model of the setup is developed in order to examine the induced
eddy currents as well as to estimate their losses via direct computation within the
volume of the test samples. The results of the simulations enable the comparison of
the estimated eddy current losses for different lamination thicknesses and materials
of the test object. An important outcome of this investigation is that the approximation
of the eddy current losses being proportional to the square of the lamination thickness
is not valid. Additionally, it was found that the number of poles of the AC winding of
the magnetic core in the setup has minor impact on the resulting eddy current losses.

Keywords: 3D modeling, 2D modeling, laminated steel, simplified setup,
traveling waves of magnetic induction, eddy currents, salient pole synchronous
machine (SPSM), iron losses, eddy current losses, finite element method (FEM),
iron loss models, direct eddy current simulation method, effective frequency



EuxapioTieg

H Tapouoa SITTAWMATIKA Epyacia EKTTOVHONKE 0€ CUVEPYATIQ HE TO EPEUVNTIKO KEVTPO
TNG eTaipiag ABB oTnv TTOAN BeoTepdg TNG Zoundiag. @a riBeAa va euxapioTriow 6Aoug
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1 Eicaywyn

1.1 ZKo1rég TnG Trapoucag SITTAWMATIKAG Epyaoiag

O okoTrog TNG TTapoloag dITTAWNATIKAG epyaciag gival N oxediaon Wiag atrAotroinuévng
TelpauaTikng didtaéng, n otoia ptopei va uttofdAel cidnpouayvnTik&d €Adouata o€
TTAPOUOIEG OUVBAKES payvnTIKOU TTediou WE QUTEG TTOU €TMIKPaToUv OTO Opopéa Hiag
ouyXpovng UNXAavAG EKTUTTWV TTOAWV. O OTOX0G auTrG TNG BIATAENG cival N TOTTIKI PETPNON
TWV ATTWAEIWV AOYW BIVOPPEUPATWY TTOU TIPOKUTITOUV ATTO TV EQAPMOYT HAyVNTIKWYV TTEdIWV
uwnAng ouxvorntag (dvw Ttwv 50 Hz) oe e€etaldueva dokipia. O peTpAoelg autég Ba
odnynoouv OTnV ETMIKUPWOTN TWV OTTOTEAECHATWY TWV TIPOCOMOIWCEWY O TPIodIdoTaTa
MOVTEAQ e TN Xprion TG peBOdou Tretrepacuévwy oToixeiwv (FEM), katd Tig otroieg ol
OTTWAEIEG  DIVOpPEUNATWY  uTtoAoyiovrar pe Bdon Tov AUECO  UTTOAOYIGHO  TwV
AVATITUCTOUEVWY DIVOPPEUNATWY € AETTTA O10NPOUayVNTIKA EAGOUOTA.

KUpiog 6TOX0C TNG £pyaaiag ival 0 TTPAKTIKOG oxedIaoudg TG diatagng, YE OKOTIO TNV
€UKOAN KATOOKEUN Kal TN XPNOIWOTToiNoN TNG Yia HETPACEIG aTTWAEIWY dIvoppeuddTwy. Katd
OUVETTEIA, ATTOQEUYETAI N XPNON OTTOIOdNTIOTE €idOUG TTEPICTPEPOPEVWY 1 PNXAVIKWG
KIVOUMEVWYV TUNMATWY €VTOG TNG dIATagNg. Avr’ auTtou, TTPOKEINEVOU va UTTORANBoUV Ta TTpOg
MEAETN deiypaTa o€ TTOPOUOIEG CUVONKEG payvnTikou TTediou pe To dpopéa piag ouyxpovng
MNXavAg EKTUTTWV TTOAWY, éva 0delov KUPA PayvnTIKAG ETTAYWYNG dnuIoupyeital eviog NG
olatagewg o€ dIdkevo PTTPOOTA aTTd Ta TTPOG MEAETN dokiula. Eival emBuuntd 10 ev Adyw
0dgUOoV KUMA va gival NUITOVOEIDEG OTa TTEDIA TOU XPOVOU KAl TOU XWPOU, WOTE VA Eival EQIKTNA
n Xpnoigotroinon tng 19€ag NG atodoTikhg ouxvotntag (effective frequency) yia Tnv
aT1TAOTTOINGN TNG TTEIPAMATIKAG IATAENG.

Katd ouvétreia, n digpelvnon TG TTapoloag epyaciag Xwpeiletal ota TTapakdtw oTédia:

o Aigpelvnon TG duvaTtdTNTAG TTAPAYWYNSG EVOG NUITOVOEIBOUG 0O£UOVTOG KUNOTOG
MayVvNTIKAG eTTaywYyrG B 010 d1dKEVO TTEIPAUATIKWY SIOTALEWV.

e 2xediaon evog diodidoTtatou povréAou FEM tng reipapatikig didragng.

o 2xediaon TOU avTioTolxou TPIodIAoTaTOU MovTéAou FEM kai €mmKUpwon Twv
QTTOTEAECPATWY TOU BICOIGOTATOU HOVTEAOU.

e EkTipnon Twv amwAeiwy dIVOPPEUNATWY OTA TIPOG MEAETN  OOKigia  Tou
TpiIodIdoTaTOU pPOVTEAOU HE Xprion TnGg MPeEBOGOOU AuEONG TTPOCOMOIWOEWSG
divoppeupdTwy (direct eddy current simulation method)

o ZUYKPION TWV OTTOTEAECHATWY TNG TTAPATTAVW PEBGDOOU e Ta aTTOTEAECHATA EVOG
KAOOOIKOU JOVTEAOU EKTINNONG ATTWAEIWY TTUPVA OTO TTEdIO TOU XPOVOU, TO OTTOI0
BaaoileTal oTn Bewpia diaxwpiopou ammwAeiwy (theory of loss separation).

e AvdAhuon euaioBnoiag Twv ammwAEIWV  OIVOPPEUPATWY Ot Oxéon HE Ta
XOPAKTNPEIOTIKG TOU TTPOG HEAETN BOKIMiou (UAIKO Kail TTaX0G JayvnTIKAS Aapapivag),
KaBwg Kail pe Tov apiBud Twv TOAwWV NG AC diEyepong TOU YayvnTIKOU TTUPKVA.

O Baocikdg oTOX0G auToU TOu €pyou eival n e&€Taon Tng duvardtntag oxediaong piag
atAoTroINuévng €ykaTtdoTaong, n OTToId WTTOPEI va TTPOCOMOICEl OUVOAKES WayvnTIKou
Tediou 1I000UVANEG UE EKEIVEG EVOG DPOUED OE PIa aUYXPovn HNXavh EKTUTTWV TTOAwWV. QG &K
TOUTOU, MIa AemrTopepnc oxediaon Tng Oiadtaéng, oupTtrepIAapBavouévwy  6Aou  Tou
OUMTTANPWUATIKOU TEXVIKOU €EOTTAICUOU TTOU QTTQITEITAI yia TNV TEAIKA KATAOKEur, Ogv
TTapEXETAI EVTOG QUTAG TNG EPYATiag.



EmmpooBeTa, n mapouca epyacia dev €I0GYEl KATTOIO VEO HOVTEANO EKTIUNONG ATTWAEIWY
o1dnpou. Téoo n dueon PEBODOG TTPOCOUOIWOEWS dIVOPPEUPATWY O00 KAl TO KAQOOIKO
MOVTENO EKTINNONG ATTWAEIWV TTUPAVA TwV Lin kKal GAAwv [1], Ta oTToia XpnoiyoTrolouvTal yid
TNV TIPOPAEWn aTTWAEIWY OIVOPPEUNATWY, TrapExovial amd TO AoyIoOMIKO avaAuong
memepacpévwy aToixeiwv (FEM) ANSYS Maxwell.

TéNOG, N épeuva TTou BIECAYETAI OE AUTH TNV £pyacia dev ATTOCKOTTEI GTNV ETTIKUPWON TNG
évvolag Tng atmodoTikAG ouxvotnTtag (effective frequency).

1.2 Aopn TnG gpyaciag

H TTapouca epyacia xwpiletal o€ evvéa evOTNTEG HE TO AKOAOUBO TTEPIEXOUEVO:

o 2710 KedAaio 1, TTapoucidleTal 0 OKOTTOG Kal TO TTEdIo EQaPUOYAS TNG TTApoUcag
MEAETNG.

o 270 KedAalio 2 TTepIypd@eTal N TTPOEAEUC TWV ATTWAEIWY O10APOU Kal avaAuovTal
ol OIaBECINEG TEXVIKEG YIO TnVv eKTignon Toug. EmmmAéov, e&etddetanl n
TTOAUTTAOKOTNTA TNG EKTIMNONG OTTWAEIWY O10POoU OTO dpouéa Hiag ouyxpovng
MNXavig EKTUTTWYV TTOAWYV JE akpiBeia.

e EVTog Tou KepaAaiou 3 yivetal pia €mokOTTNON TWV CUVONKWY TOU HayvnTIKOU
mediou Piag ouyxpovng HNXOVAG EKTUTTWV TTOAWYV, eV TAUuTOXpOVa EICAYETAI N
évvola TnG atrodoTIKAG ouxvoTnTag (effective frequency).

o To Kegpdahaio 4 mrepiypd@el Ta BAMaTa TTou akoAouBnBrkav katd tn oxediaon Tng
atrAoTToINUéVNG TTEIPANATIKAG dIdTagng o€ diodidoTata poviéAa FEM.

o 2710 KepdAaio 5, rapoucidletal To TEAIKO TpIodidoTaTto poviéAo FEM tng didragng
Kal YiveTal oUYKPION TWV EKTINWMEVWYV ATTWAEIWY dIVOPPEUNATWY Yia OI0QOPETIKA
egeTagOueva dokipia.

o To Kegpdhaio 6 €&eT@lel Ta IO ONUAVTIKA €UPHHOTA KOl TG CUUTTEPACHOTA TTOU
TTPOKUTITOUV aTTG TN GUVOAIKR JEAETN TTOU BIEEXON OTA TTAQICIA TNG CUYKEKPIMEVNG
epyaoiag, kKabwg Kal TTpoTeivel BEPaTa yia TTEpAITEPW dlEPEUVNON.

o TéAog, To KepdAaio 7 Trepiéxel Tn BIBAIOypa@ia, n oTToia XpenoiJoTToIRenKe KaTtd T
MEAETN TNG TTapoucag epyaoiag, evw To Kepdhaio 8 Trepiéxel TTpdoOeTEG
TTANPOYOPIES (TTapapTHHATA).
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2 ATTwAEgIEG TTUPVA OE NAEKTPIKEG HNXAVES

2NMaVTIKEG TTPOCTTABEIEG YivovTal o¢ OIEBVEC €TTiTTedO yia Tn MEiwon TG TTaykOouIag
KATaVAAWONG eVEPYEIAG, TTPOKEINEVOU va ETTITEUXOEI 0 OTOXOG TNG vepYElaKG atmddoong. H
AgIToupyia TwWV NAEKTPIKWY KIVATAPWY KATAVOAWVEL éva ONUAVTIKO TT000 TNG CGUVOAIKNAG
NAEKTPIKNG EVEPYEIAG O€ OAO TOV KOOHO KOl WG €K TOUTOU N AVATITUEN NAEKTPIKWY JNXAVWY HE
eNAXIOTEG aTTWAEIES gival TTPWTAPXIKAG onuaciag. MNépa atmd TIC WHIKES Kal TIG UNXAVIKEG
ATTWAEIEG, 01 aTTWAEIEG 01D PoU dladpapaTiCouv Bacikd pOAO 0TNV aTTGO00N TWV NAEKTPIKWV
MNXAVWV Kal JTTOPET va yivouv PEXPI Kal N KUPIO CUVICTWOO O€ OPICHEVEG EQAPUOYEG, OTTWG
otn Agitoupyia umd ouvBnkeg efaoBévnong Trediou (field weakening) o€ ocuoTAuarta
NAEKTPIKAG Kivnong oxnudtwy [2]. O1 atmmwAgleg autég avagEpovtal ouxvd otn BiBAloypagia
WG ATTWAEIEG TTUPAVA, KOBWG TTPOKUTITOUV OTOUG TTUPHVEG TWV NAEKTPIKWY HNXAVWYV WG
aTroTéAeTUa TNG METARBOANG Tou payvnTikoUu Trediou. Epgaviovral Kupiwg 0To cwua Kal Ta
OOvTIO TOU OTATN, KABWG Kal oTa oI1IdnpouayvnTikd eAGOPOTA ATTO TA OTTOIA ATTOTEAEITAI O
OPOUEAG OE OPIOHEVEG TTEPITITWOEIG. O UNXAVIOUOS AUTWY TWV ATTWAEIWY BacifeTal oTNV apxn
Tou Qaivouévou Joule [2]. Ze Texviko eTTiTTedo, Xwpilovral cuvhBws cUPQwva Pe Tn Bewpia
Tou OlaxwplopoU ammwAeiwv (theory of loss separation) o€ TPEIC CUVIOTWOEG: OTTWAEIEG
OIVOPPEUPATWY, OTTWAEIEG UOTEPNONG KAl ATTWAEIEG QVWHOAIOG KATAVOUNG SIVOPPEUUATWY
(eddy currents anomalous loss) [3].

Katd 1n diadikaoia oXedIoOPoU TwWV NAEKTPIKWY PnNxavwy, n Tdon onRuepa eival va
TTEPIOPIOTEI N XPrON TWV dATTAVNPWY Kal XPOovoBOpwv QUOIKWY TTPWTOTUTTWV. AvT 'autou, n
€IKOVIK TTpoTuTToTroinon (virtual prototyping) XpNnoIMOTTOIEITAlI yId TO OXEQIAOUO Kal T
BeATioTotToinONn pnxavwy. EiKovikoi oxediaouoi, Bacifopevol o€ avaAuTIKa Kal apiBunTika
MOVTEAQ, XPNOIMOTTOIOUVTAIl ATTO TOUG WNXAVIKOUG YIa TV TTPOCOMO0IWoN TNG AEITOUPYIaG Twv
NAEKTPIKWY  PNXavwyv Kal Tnv TTPORAEWn TnG OUVOAIKNAG atrédoong Toug. H eupéwg
XPNOIMOTTOIOUMEVN APIOUNTIKA TEXVIKN YIO TO OXEOIOOUO TWV NAEKTPIKWY UNXOvVWV gival n
MEBOBOG TWwV TTETTEPACTHEVWY aTOIXEIWV (FEM).

MNa TNV eKTiNON TWV ATTWAEIWV TTUPRVA, JIAPOPA PHOVTEAA EKTIUNONG OTTWAEIWVY C101 POV
(iron loss models) éxouv TTpoTaBei uéxpl oANEPT Kal gival dIaBECIua ag TTPOIOVTA AOYIGUIKOU
TeTEPACUEVWY OTOIXEIWY. MMap 'OAa autd, n akpIBAg TTPORAEWN TwWV aTTWAELIWY OI10APOU
eEakoAouBei va atroTeAei TTPOKANON KAl WG €K TOUTOU KaBioTaTtal oa@rg n avdaykn yia tnv
eupean PeEBOdWYV TTPORAEYNG TTOU UTTOPOUV Va TTAPEXOUV AGIOTTIOTA ATTOTEAEOUATA. 2€ AUTO
TO KEQAAQIO TTAPOUCIAJOVTAl CUVOTITIKA TA TTIO EUPEWG YVWOTA JOVTEAQ EKTINNONG ATTWAEIWV
o10RpoVU KaBwg emmiong EeTAlovTal O CNUAVTIKOTEPES TTAPADOXES KAI OI TTEPIOPICOI TOUG.

2.1 ZuvIOTWOEG ATTWAEIWYV TTUPAVA

2.1.1 AtmrwAeigg SIVOPPEUNATWV

2UM@WVa Pe To VOUO TNG NAEKTPOPAYVNTIKAG ETTaywyng (vopog Tou Faraday), n epapuoyn
£VOG evOANAOTOPEVOU PayvnTIKOU TTEdIOU O€ £va o10NPOoPayvNTIKO UAIKG £XEI WG OUVETTEIO TNV
QVATITUEN ETTAYWYIKWV TACEWV avAAoywv PE TO puBPO PETABOANG TNG payvnTiKAG pong. Ol
TAOEIC QUTEG TTPOKOAOUV T Onuioupyia ETTOYWYIKWY PEUPATWY €vTOG TOU UAIKOU
(Sivoppeupara), Twv OToiwV N KaTeUBuvon Teivel va avTioTabei otnv apxikh aAlayr Tng
MayvnTIKAG Pong (vOpog Tou Lenz) [4] .

H kukAogopia Twv dIVOPPEUPATWY £VTOG TOU UAIKOU £XEI WG ATTOTEAECUA TNV EPPAVIOH TOU
EMOEPUIKOU QAIVOUEVOU. ZUYKEKPIYEVA, TTAPATNPEITAI OTABIOKN MEIWON TNG HAyvNTIKAG
ETTAYWYNG 0€ peyaAuTepa BAON Kal WG €K TOUTOU TTEPIOPIOUOS TNG MAYVNTIKAG PONG O€ Hia
MIKPR TTEPIOXNA KOVTA TNV €M@AveIa Tou UAIKOU. To BAB0OG OTO OTT0I0 N payvnTIK ETTAYwWYN
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EXEl TIUR MIKPOTEPN atTd 1/e (~ 36,79 %) TG avtioToIiXNG TIUAG OTNV ETTIPAVEIA TOU UAIKOU
ovopddetal BaBog dicioduong kai uttoAoyieTal pe Bdon Tov akdAouBo TUTTO :

P (2)
oty f

Osk =

O0TTou P n €8Ik avTioTaon Tou UAIKOU, f N nAekTpIK ouxvotnTa o€ Hz Kal Lo Kal Wy N
dIaTTEPATOTNTA TOU KEVOU KAl TOU UAIKOU avTioToIxa [5] .

Mpokelyévou va eTEUXOEi Peiwon Twv ATTWAEIWY AOYW BIVOPPEUNATWY OTIG NAEKTPIKEG
MNXAVEG, WA KOIVA TEXVIKI N OTTOIa XPNOIYOTTOIEITAI €iVal N KATOOKEUN TOU TTUPHAVA ATTO AETTTA
oidnpouayvnTikG eAdouata (MayvnTikn Aapapiva), 6TTwg @aiveral ato ZxAua 1. H yébodog
QuTA €ival 101aiTEPa ATTOTEAECUATIKNA, KABWG eKTIMATAI OTI O ATTWAEIEG DIVOPPEUNATWYV gival
AVAAOYEG JE TO TETPAYWVO TOU TTAXOUG TNG Aauapivag. To TTAX0G KABE eEAGCUATOG ETTIAEYETAI
va gival JIKpoTEPO atrd To BaBog dicioduong TG BepeAitudoug ouxvoTNTAG, £T01 WOTE N PON
va utropei va dieioduoel TTApwG o€ KABe QUAAO [5], [6].

Eddv currents Eddy currents
)1(
ZxApa 1 : Avamrrtuén divoppeupdTwy (eddy currents) og cugtray CWHATA KOl € CWHATA ATTO
o15npopayvnTikd eAdopara A6yw Tng eTIBoARG peTaBaAAépevou payvntikoU Trediou B

A

AV AY

)

¥ AY

2.1.2 ATTwAEgIEg payvNTIKAG UCTEPNONG

€ MIKPOOKOTTIKI KAipaKa, Ta POAGKA O10NpOoPayvnTIKA UAIKA XwpidovTial O€ MIKPEG
MayvnTikéG TTePIoXES [7]. Evidg kdBe payvnTiKAG TTEPIOXNAG, TA ATOMO €uBuypapuifovTal
OMOIOUOPPA, ME TO PayVNTIKA TTEdIQ TOUG va €Xouv Tnv idia kareuBuvon. 210 ZXAua 2, ol
KaTeubBuvoelig TG MPayvATIoONG aTmreikovidovtal pe  BEAN. ZTnv  TTEPITTTWON  €VOG  un
MayvnTIopévou a18NPopayvnTIKoU UAIKOU, O TTPOCAVATOANICHOG TWV HOYVNTIKWY TTEPIOXWV
gival Tuxaiog [8].

o pm

"

a)

100 _100pm

inew

ZxAMa 2 : EIKOVEG HAYVNTIKWYV TTEPIOXWYV TTOU ATTOKTABNKAV ME PAYVNTO-OTITIKEG HEOOBOUG
€VTOG (a) piag ivag o18ipou kai (B) eveg Aetrtou oToixeiou NiFe [7]
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Ta épla HETAEU TWV YEITOVIKWY HAYVNTIKWY TTEPIOXWY OVOUAZOVTaI TOIXWHATA PayvNTIKWV
meploxwyv. Kabe @opd 1Tou 10 UAIKG UTTORAAAETI Ot éva eEWTEPIKO payvnTikd TTEdiO, TA
TOIXWHATA AUTA KIVOUVTAI TTPOKEIMEVOU VA ETTIUNKUVOOUV OI JayvnTIKEG TTEPIOXEG Ol OTTOIEG
euBuypappiCovtal e TN d1EUBuUvVON Tou payvnTikoU TTediou. AuTr n Kivnon Twv TOIXWHATWY
TTaPAKWAUETAI gUXVA AOdYyw TNG UTTAPENG TTPOCHICEWY £VTOG TOU UAIKOU, Ol OTTOIEG AEITOUpPYOUV
W¢ onueia aykupwoewg (pinning sites) [9]. H utteptmAdnon Twv OnNUEiwY ayKUpwOoEwg YTTOPEI
va eMTEUXOE HOVOo e eTTapKA augnon Tou eEwTePIKOU payvnTIKoU TTediou. AUTA n oTTopadikA
Kivnon Twv TOIXWHATWY TWV JayvNTIKWVY TTEPIOXWYV TTPOKAAEI avATITUEN BEPUIKWYV ATTWAEIWV
Joule, o1 otroieg ovopddovTal aTTwAEIEG JayvNnTIKAG uoTépnong [10].

H oxéon petalu Tng évraong Tou payvntikoUu Trediou H kal Tng payvATiong M dev eival
YPOUMIKA. Z& TTEPITITWOEIS N HayvnTiIopévou o1dnpopayvnTikol UAIKOU, n augnon tng
£évraong Tou payvnTikoU Trediou TTPOKAAEl avtioToixn augnaon Tng HayvATIoONG MEXP! TO UAIKO
va @TACEl OTNV TTEPIOXT Tou Kopeouou. H agaipean Tou payvnTikoU Trediou TTpIv va €TTEABEI
KOPEOWOG OTO UAIKO €XEl WG OUVETTEID TO PINdeVIOPS TNG payvATions. QoT1déoo, €Gv TO UAIKO
TTPOAdBel va Bpebei oTnv TTEPIOXN TOU KOPETHOU, N ATTOUAKPUVAN TOU £EWTEPIKOU TTEDIOU deV
EM@PEPEl Eavd TOV TUXQIO TTPOCAVATOAIOHO Twv HAyVNTIKWY TrEPIOXWY. AvTIBETa, TO
oidnpopayvnTikd UAIKG Ba diatnpnoel éva onuavtikd Babud payvhtiong By (TTapapévouca
dayvATion). AUTA n €€GPTNON TG MAYVATIONG WE TNV TTPONYOUHEVN IOTOPIO TNG HAYVNTIKAG
pPOrgG Tou UAIKOU artreikovi(etal oTnv KAuTUAn B(H) (ZxAua 3), O6mou n Trepioxy TTou
TTePIKAEIETAI 0TO BPOXO PayVNTIKAG UCTEPNONG gival EUBEWG avAAoyn PE T CUVOAIKHA BEpUIKA
evépyela TTou Xavetal oTo UAIKS o€ éva dedouévo AC KUKAO [9].

B(T)

ZyxAua 3 : Bpéxog payvnTikAg uoTépnong Kai apXIKf KauTTUAN payviTiong o€ paAakod
o1dnPoHAyVNTIKOG UAIKG

2.1.3 AtmrwAsgieg avwpaAiag KAaTavoung SIvoppeupdTwyY

Mia TpiTn cuvioTwoa TTOU BewWpPEITal CUXVA OTNV TEXVIKA TTPOCEYYION TWV dIAQOPETIKWY
TUTTWV ATTWAEIWV OI8rfPoU €ival oI amwAEIEG avwuaAiag katavoung divoppeupdtwy (eddy
current anomalous or excess loss). O 6pog auTtég BacileTal o€ EUTTEIPIKOUG TTAPAYOVTEG KOl
€I0NXON o€ pia TTpooTTdbela va egnyroel Tn d1a@opd PETagU TTPORBAEWEWV KAl HETPATEWV TWV
ammwAegiwv odipou [2], [3]. O Adyog yia auti T Siagopd Bewpeital n avikavoTnTa TWV
MOVTEAWV €KTINNONG OTTWAEIWV OI8POU VA TTEPIYPAYOUV KAl VA EVOWMNATWOOUV CWOTd TN
UTTaPEN TWV TOIXWHATWY TWV MAYVNTIKWY TTEPIOXWY KAl T QAIVOUEVA TTOU EUavifovTal wg
ouvéttela TG kivnong toug [10]. O Bertotti £€dwoe piIa QUOIKA €€Rynon OXETIKA HE TNV
TTPOEAEUCN TWV OTTWAEIWV AVWHPOAIOG WE TNV €1I0aywyr] TOU VEOU OPOU TWV HAyVNTIKWV
aVvTIKEINEVWYV (magnetic objects) [11], [12]. Ta payvnTIKA QVTIKEIMEVA QVTIOTOIXOUV O€ TTEPIOKEG
MayVNTIKAG CUOXETIONG, O1 OTToieG BpiokovTal XaAapd ouvoedeuEveg O OUADES PAYVNTIKWV
TOIXWHATWY TToU aAANAETTIOPOUV £vTova PETAEU Toug [13].
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2.2 MovTéAa ekTipnong arwAsiwy o1dipou

ApPKEeTEG PEBODOI £xouv avaTTTuXBei yia TNV eKTiPNon Twv ammwAgiwy o1dApou 1600 CTO
edio TNG ouxvoTNTag 600 Kal oTo TTEdIO Tou Xpovou. OI KUpIEG TTpooeyyioelg TTeEpIAauBavouy
O1dpopeg euTTeEIpIKEG AUoelg OTTwG N e€iowon Steinmetz, Ta poviéda TTou Bacifovral o
Bewpia Tou dlaXWPEICHOU ATTWAEIWY, KABWGS Kal Ta JOVTEAA UCTEPNONG.

2.2.1 ESiowon Steinmetz

Mia oeipd amd povréAa BacileTal oTn yVwOoTH EUTTEIPIKT TTPOCEYYION TTOU €ICAYAYE O
Steinmetz:

o = kom £ BF (2)

OTTOU p, €ival Ol CUVONIKES OTTWAEIES 1I0XUOG, B TO TIAGTOC TN HAYVNTIKAS ETTAYWYAS KAl
k., @ KaI S OUVTEAECTEG O1 OTTOIOI UTTOAOYICOVTAI JE TTPOCAPUOYH TWV KANTIUAWY O€ HETPROEIG
TToU AauBdavovTal uttd nuITovoeldr) digyepan [14].

MNa ouvlnkeg pn nUITOVOEIdOUG BIEYEPONG, N XPON TNG TPOTTOTTOINUEVNG €gicwong
Steinmetz (Modified Steinmetz Equation- MSE) 1rpotd8nke [15], [16], oUp@wva Pe TNV oTToia
Ol CUVOAIKEG QTTWAEIES I0XUOG UTTOAOYICOVTal WG:

pv:km'feqa_l'gﬂ'fr (3)

610U £, €ival N ouXVOTNTA ETTAVAANYNG ATTOPAYVATIONG KAl feq N 1000UVOUN OUXVOTNTA:

T

2 dB\?

fou= e | (G0) ()
0

oTnVv otroia AB gival To TTAGTOG atrd Kopu@r] e kopupr. H ouxvotnta auth €xel 1o idlo
TT0000TO PAYVATIONG WE TNV NUITOVOEION JayvnTIKA eTTaywyr B(t) kal Bondd va emteuxdei pia
KAAUTEPN TTPOCEYYION KUPIWG UTTO TRIYWVIKAG Hop@nig HayvATion [16], [17]. MNap 'éAa autd, n
xpnon NG ueBddou MSE eival duvatr) yoévo oTo 1medio TG ouxvoTnTag [1].

Mia akéua mapaAliayn cival n yevikeupévn e€icwon Steinmetz (Generalized Steinmetz
Equation - GSE) [18]:

T
1 dB|° b
L O (5)
0

H GSE civai 1mio akpiprg atmd 1n MSE, 18iwg o€ epImTwoelg 6TTou N BepeAndng ouxvotnTa
TNG KUPATOMOP®NG gival pikpr). QoTéo0, n xprion NG GSE utropei va odnyroel o€ 1diaitepa
MEYAAEG ATTOKAICEIG ATTO TIG TIPAYHOTIKEG TIMEG OTAV N KUPATOUOP®H TNG HAYVNTIKAG ETTAYWYAS
€XEI MEYAAO TTAATOG TPITNG OPUOVIKNG CUVIOTWOAG A YEVIKA TTOAATTAEG KOPUPEG [2], [18].

Mia TtapaAlayr, n otoia ovoudletal BeATiwuévn yevikeuuévn eCiowon Steinmetz
(improved Generalized Steinmetz Equation - iGSE), mpotdfnke pe atéxo 1 d16pOwon Twv
ateAelllv  Tou TTponyoupevou Moviéhou. 2Tnv IGSE, €évag avadpopikdg aAyopiBuog
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XPNOIUOTIOIEITAI YIG TNV ATTOPNOVWON Tou ueiovog Ppoxou uayvnTikKAG uoTépnong atrd
eAdoooveg Bpoxoug (minor loops). O1 cuvoAikég atTwAeleg o1dApou gival To GBpolopa Twv
ammwAEIV Tou KABe EexwpIoTOU Bpdxou, Ol OTIoieG TTEPIYPA@OVTal aTTd Tnv akOAoubn
eCiowon;:

a

-(AB)P~ dt (6)

T

1 f " |dB

Poi =7 ) *m " [qg
0

Ta TTAgOVEKTAPATA TWV POVTEAWV TTOU BaacifovTal oTnv giocwaon Steinmetz ival o1 XapnAEg

QTTAITACEIC aTTO GTTOWn UTTOAOYIOTIKOU XPOVOU KOl N GUVOAIKF) ammAdTNTA TOug, KaBwg ol

OUVTEAEOTEG TOUG TTapéxovTal Aueca aTTd TOV KATOOKEUAOTH ] UTTOPOUV va UTTOAOYIGTOUV JE
EUKOAIO aTTO TIG KAWTTUAEG HETPAOEWV TOU KOTAOKEUAOTA [2].

Map '0Aa autd, n EAAeIWn aKkpiBEIag aQuTWY TwV POVTEAWY OTAV XPNOIYOTTOIOUVTaIl YId
EKTIMNON ATTWAEIWDV O18rPOU O€ HayvnTIKEG Aapapiveg dev yivetal va ayvonBei. Mia onuavTikn
aITia TWV ATTOKAICEWY TTOU TTaPATNPOUVTAI ATTO TIG TTPAYHATIKEG TIMEG TWV PMETPACEWY €ival O
UTTOAOYIOUOG TV CUVTEAEOTWV k,y,, @ KAl £, Ol OTTOI0I OTNV TTPAYMOTIKOTNTA £EAPTWVTAI OTTO
TN OUXVOTNTA TOU PayvNnTIKOU TTediou, Kal wg €K ToUTou, N aTTAn TTapekBoAn (extrapolation)
aTTo TIG KAUTTUAEG HETPROEWY OEV €ival ETTAPKAG. ETTITTAEOV, Ta HOVTEAQ AUTA £XOUV OXEDIOOTEI
KUPIWG YIa UAIKG aTtTé QeppiTn Kal N TTAEIOVOTNTA auTwy Oev €xel OOKIMAOTEN yia KpauaTa
o1dnpou-Trupitiou (SiFe) [2].

2.2.2 MovtéAa Baociopéva oTn Ocwpia S1o0XwWPEICHOU ATTWAEIWY

2¢ pia dIaQopETIKA TTPOCEyYIon, 0 Jordan diaxwpIoe TIG ATTWAEIEG O18ripou o€ dUO OPOUG,
OTIG ATTWAEIEG DIVOPPEUUATWY p, KOI OTIG OTTWAEIEG HAYVNTIKAG UCTEPNONG Pp:

pv=p3+ph=ke-f2-§2+kh-f-l§’2 (7)

OTTOU Ol OUVTEAEOTEG Kk, Kal k, TTpocodlopifovral a1rd TTPOCAPUOYH OTA TTEIPAUATIKA
oedouéva amwAeiwv Tou UAIKoU [20]. ZTnv egiowon (7), 0 UTTOAOYIONOG TwV ATTWAEIWV
dIvoppeupdTwy Bacifetal otnv e@apuoyn Twv eflowoewyv Tou Maxwell, evid o1 aTTWAEIEG
MayVvNTIKAG uoTéEPNONG €ival EUBEWG AVAAOYEG PE TO BPOXO HAYVNTIKAG UOTEPNONG OE XOAUNAEG
ouxvoTnTEG [2].

O Gratzer mp60oBeoe Evav TTAPAYOVTA £EOPTWHEVO ATTO TACEIG OTOV OPO TWV ATTWAEIWV
OIVOPPEUPATWY TTPOKEINEVOU VA TTETUXEI KOAUTEPN EKTIMNON O€ OUVOAKEG PN NUITOVOEIBOUG

OIEyeponNg:

2

po= () - e B2k (8)

o1ToU

1
Upms JT - fy uA() - dt

1
Yave 2. [Flu()] - dt

&= (9)
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O Trapayovtag € e€aptdral ammd Tn 1don diEyepaong Kai OXI TN HAYVNTIKA TTaywyn, Kabwg
METPNOEIG £BEIEOV OTI O OTTWAEIEG AOYyW OIVOPPEUUATWY CUCXETICOVTAI PE TO TETPAYWVO TNG
TETPAYWVIKNG PICAg TNG TIUAG TNG TAoEwg [21].

QoT1600, 01 TTpoNyoUuEveG eEloWOEl dev gival TOOO OKpPIBEIG Ye Ta kKpduata SiFe o€
ouykpion He Ta kpduata oidrjpou-vikehiou (NiFe) [2]. Omwg avagépbnke vwpitepa otnv
utroevoTtnTa 2.1.3, Tpokelyévou va €€nyndei n atrdkAion, n oTToia TTapatneEital TTavra PeTacu
TWV EKTINACEWV KAl TWV PETPACEWY TWV ATTWAEIWV TTUPAVA, €I0HXON 0 6p0g TWV ATTWAEIWV
QVWHAAIAG KATAVOWPNG OIVOPPEUNATWY. ZTNV OTATIOTIKI Bgwpia Tou OSlaxwpiohou Twv
OTTWAEIWY, Ol ATTWAEIEG OIOAPOU p, O CWHPATA KATOOKEUAOUEVA OTTO O10NPOPAYVNTIKA
eAdopata UTTO OUVBNRKEG NUITOVOEIDOUG OBIEyEPONG HayvnTiIkoU Trediou  PTTOpOUV Vo
UTTOAOYIOTOUV PECW TNG OXEONG:

Py = Pe +DPn t Pexc = ke'fz'gz+kh'f'§2+kexc'f1'5'gl'5 (10)

OTTOU p, €ival Ol KAAOOIKEG ATTWAEIEG OIVOPPEUUATWY, pp Ol ATTWAEIEG PAYVNTIKNAG
UOTEPNONG KAl Peye Ol ATTWAEIEG AVWHAAIOG KATAVOUAG dIvoppeupdTwy. H @uoikh €€hynon
TOoUu TTapdyovta k... TTPOKUTITEl aTTO Tnv Bewpia Tou Bertotti TTepi evepywv PayvnTIKWV
QVTIKEIMEVWYV Kal uTToAoyileTal péow TG e€icwaong:

Kexe = \/SVo0G (11)

OTTOU O €ival N NAEKTPIKA AyWYINOTNTA, S N CUVOAIKA ETTIQPAVEID eYKAPOIAg SIOTOUAG TOU
ociypaTtog Aapapivag, G = 0.136 £vag GuvteAEOTNG TTOU OXETICETAI PE TNV AVTIOTABUION TwV
OIVOPPEUPATWY Kal Vo Mia oTaBepd e€apTwHeVN OTTO T OTATIOTIKI) KATAVOWI TWV TOTTIKWY
Tediwv atTopayvnToTNTAG [22].

>

Excess
losses

Iron loss per cycle
pre/f
<

Classical
eddy current
losses

Ph 9 X Hysteresis

v losses ’

frequency f

ZxAua 4 : Katnyopiomroinon Twv amwAgiwyv TupAva Je Bdaon 1n Bswpia diaxwpiopou
ATTWAEIWV

Auth n oupBaTtikl péBodog TTapoucidlel apkeTéG eAAgipelg. Opiopéveg ammd QuTEG
OxeETICOVTAl PE TIG KAAOIKEG ATTWAEIEG DIVOPPEUPATWY P, KABWG 0 OPOG AUTOG TTPOKUTITEI
BewPWVTAG OUOIOUOPPN YAYVATION, YPAUMIKOTNTA KOI OPOIOYEVEIQ TOU UAIKOU TTOU ATTOTEAEITAI
até eAdopara [23]. EmiTAéov, o1 attwAcieg o16Apou oTny gicwan (10) uttoAoyifovTail e Bdon
TNV TTapadoxn ot n diyepon Trediou gival nuitovoeldng. O Fiorillo kai Novikov TTpoTeivav €va
MOVTEAO TO oTToiO gival o€ B€on va TTPORAEWEI TIG ATTWAEIEG O10APOU KATW ATTO CUVONKEG WN
NUITOVOEIOOUG HayvnTIKAG pong AauBdvoviag utown Tnv €6d4pTnon TwV CUVIOTWOWY TWV
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ammwAgIwv o1dApoU ato TNV TTapdywyo TNG JAYVNTIKAG ETTAYWYNAG, % [24]. ETTi TnG ouaiag,
utréBecav BaoifOuevol o€ BewpnTiKA Kal TIEIPAPATIKA OTTOTEAECUATA UTTO OUVONRKEG
NMITOVOEIOOUG PayvNTIKAG ETTAYWYNG OTI:

pe o () prec L] pere o ((£)) (12)

Me Bdaon autn TNV UTTOBECN, AVETTTUGAV MIO QVAAUTIKY TTPOCEYYION TWV OTTWAEIWY C101PoU
uTTé N NMITovoEldeic ouvbAkeg payvnTikou Tediou, n oTToia aTraiTei TNV TTPOTEPN yvwon
QQEVOGS MIAG TIMAG TWV KAQCIKWY ATTWAEIWY SIVOPPEUNATWYV Pe KAI TWV ATTWAEIWY HAYVNTIKAG
UoTEPNONG Ph OE HECOOTATIKY HETPNON KAl AQPETEPOU Midg HETPNONG TWV CUVOAIKWY ATTWAEIWV
TTUPAVa UTTO NUITOVOEIBN PayvNTIKA por) o€ pia SOKIJAOTIKF) auxvotnTta [24].

EmmpocOeTa, Ta TTponyoUpeva JOVTEAD TTOU ava@EépBnkay Bewpolv OTI N KUPOTONOP®N
NG MAYVNTIKAG ETTAYWYNG OV TTAPOUCIAlel TOTTIKA EAGXIOTA (EAGOCOVES BPOXOUG HAYVNTIKAG
uoTépnong) [25]. MpoKeIPEVOU VA EVOWNATWOOUV TO QAIVOUEVO TwV €AACCOVWV Bpdxwv
HayvnTIKAG uoTépnong, ol Lavers kai Aoitmoi TTpoTteivav évav ouvTteAeoTr] d16pbwaong TTou
mepIAapBavel Ta TAGTN Twyv eAdocovwy Bpdxwv AB; evw ol Arkkio kai Niemenmaa eiorjyayav
Mia ouvapTtnon avriotaduiong f(|B]) [26], [25].

EmmAéov, pe TNV TTapadoxr TNG OMOIOUOPPNG Kal Povh¢G KaTtelBuvong disioduong Tng
MayvnTIKAG PONG KaTtd unRKog Tou OctiyuaTog, Ta poviéAa TTou PBacifovral otn Bswpia Tou
OlaXWPICUOU atTwAelwv TTapaBAETTOUV €€ OAOKAApPOU Tnv E€TTidpaCN TOUu ETMIOEPUIKOU
@aivopévou [3]. Autdg O TTEPIOPIOPOG PTTOPET va TTPOKAAECEI TR ONUAVTIKN OTTOKAIoN TWV
EKTIMWMEVWY ATTWAEIWV ATTO TIG TEAIKEG TIMEG PETPNONG. 'Eva HOVTEAO EKTINNONG ATTWAEIWV
O13r}POU TTOU EVOWHATWVEI TO ETTIOEPUIKO PAIVOUEVO Kl DiVEI ATTOOEKTA ATTOTEAETUATA KUPIWG
yia upnAéTEPNG TAENGS apHOVIKEG €101XON atmd Toug Yamazaki kal Fukushima [27].

Mpétrel va onueiwBei 0TI oTa TTPONYOUMEVA WOVTEAQ N PAyVNTIKE por) Bewpeital OTI givai
evaAAaooouevn. QoTO00, O OPICHEVEG TTEPIOXEG TNG NAEKTPIKAG UNXAVAG, OTTWG OTIG AKPES
TwV OOVTIWV Kal TWV TTOAWY O€ Hia oUyxpovn unxavr] EKTUTTWV TTOAWYV, TO JayvnTikO TTedio
mepioTpépetal. O1 Fiorillo kai Rietto édeiEav 11 01 atTWAEIEG TTEPIOTPOPNAG (rotational losses)
MTTOPOUV VA TTEPIYPOPOUV PECW €VOG TTAPOPOIOU HOVTEAOU SlaXwpIoHoU aTTwAgiwy [28].
EmmrpdoBeta povréAa mTou TTPooTTabouv va eKTIMACOUV TIG ATTWAEIEG TTEPIOTPOPNG OTOUG
TTUPAVEG TWV PUNXAVWV PE TNV EI0AYWYI OUVTEAEGTWYV BI0PBwONG TTapoucidlovTal OTIG TTNYEG
[25] kai [22]. O1 OUVOAIKEG ATTWAEIEG OIBAPOU O€ MIA NAEKTPIKN HNXov utmopolv va
KaBopIioToUV WG TO ABPOIoUa TwV ATTWAEIWV TTOU TTPOKAAOUVTal AOYw €VOAAOOCOOUEVNG
MAYVATIONG Py, TTEPICTPOPIKNG HAYVATIONG Pre; KA UPNAGTEPNG TAGEWG APHOVIKWY pp

13
Py = Cipg + CoProt + C3phf (13)

otTou C4, C2 kai Cs gival euTTEIpIKOi TTapdyovTeg eEAPTWHEVOI aTTO TO UAIKG KalI TN YEWUETPIA,
TTOU PTTOPOUV VA TTPOCOIOPIOTOUV ATTO PETPROEIG KAl TTPOCAPHOYH KAUTTUAWY [22].

2.2.3 MovTtéAa payvnTiKAG uoTEPNONG

Mia aképn péBOSOG yia TOV UTTOAOYIONO TWV OTTWAELIWY CIOAPOU ATTOTEAOUV TEXVIKEG
HovTeAoTToinoNG oT0 TTEdI0 TOU XPOVOU Ol OTToIEG TTEPIYPAPOUV T dIadIKaCia PayvnTIKAG
uoTépnong. Ta YovTéAa payvnTiKAG uoTEPnong TTPooTTaBoUVv va XopaKTNPIoOUV JE akpiBeia
TIG 1I010TNTEG TWV UAIKWVY Kal TIG ATTWAEIEG TOUG PJECW TNG MOVTEAOTTOINONG TWV KAWTTUAWV
MayvATiong [29]. MNMpokeiyevou va 1o TTETUXOUV, AauBdavouy uttown Toug Tnv Uttapén ox1 Jovo
TOU PEiCova, aAAd Kal Twv EAAoOOVWY BPOXWY PayvnTIKAG uoTéPnong. YTTapxouv dUo KUPIEG
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KaTnyopieg HOVTEAWV UoTEPNONG: Ta QUAOIKA PovTéEAa OTTwG TO povTéAo Jiles-Atherton [30] )
10 Stoner-Wolhfarth kai Ta paBnuaTikd govTéAd, OTTWG TO KAAOIKO povTéAo Preisach kail ol
TapaAAayég Tou [31], [2].

To kAaoiké povrého Preisach (classical Preisach model) tpoodiopiel 10 oxniua
auBaipeTwyv Bpdxwyv uoTépnaong uttd cuvonkeg PoviG KaTeuBuvang diéyepong dIAIPWVTAG TO
o1dnpouayvnTiké UAIKO 0€ PIKPA QveEdpTnTa CWHATIOID HE OUYKEKPIMEVA XAPAKTNPIOTIKA
payvATiong [13]. Z& aut) TN p€Bodo AauBdavovtal uttdyn 1600 n UTTApPgn Twv EAACCOVWY
Bpoxwv 600 Kal N aviooTPOTIIKI) UON Tou UAIKOU uTrd egétaon [13]. QoTé00, TO KAAOIKO
MovTéNo Preisach €xel opiouévoug TTepiopiouous. Mepikoi atrd auToug eival n un avaloyia
(noncongruency) Twv eAdooovwy Bpoxwv, N aoTdbeia Tng ouvapTnong Preisach kai 1o pn
PEANIOTIKG YEYOVOG OTI N ApXIKN MayvnTIKA SEKTIKOTATA TOU POVTEAOU gival ion pe pndév [29].
TPOTTOTTOINCEIS TOU POVTEAOU TTOU €XOUV QvaTITUXBei e OKOTTO Tnv €CAAEIPn QuTWV TWV
TEPIOPICUWY TTapouaialovTal oto [29]. EmmpdcBeta, 10 KAaOIKO poviéAo Preisach dev
AauBdver uttéwn TO ETMIOEPPIKO QAIVOPEVO KAl TIG ATTWAELIEG HAYVNTIKAG UOTEPNONG TTOU
TTPOKUTITOUV ATTO TN MayVATION TTEPICTPOPNG [2]. Z& avTtiBeon, To duvauiko povtéAo Preisach
(dynamic Preisach model) utroAoyiel Tnv aténon Twv aTTWAELIWY UCTEPNONG O€ UYNAOTEPES
ouxvoTNTEG AOYW TOU ETTIOEPUIKOU QaIVOUEVOU, vy TO POVTEAO TPIBAG-uoTépnong (Friction
like Hysteresis model) kai To povTéAo evépyelag-uoTépnong (Energy Based Hysteresis model)
MTTOpPOUV va xpnaigoTroinBouv yia Tnv avaAuon Twv atmwAeiwyv TTepIOTPoPnS [2]. TéAog, éva
YEVIKO TTPOBANHA TWV HABNUATIKWY HOVTEAWV UCTEPNONG Eival OTI N avaTiTuén Toug BaaiceTal
eAaxIoTa ) Kal KABSGAoU o€ QUOIKOUG UNXaVIOHOUGS. Q¢ ATTOTEAECUA, O CUVAPTAOEIG TOUG deV
gival oe Béon va TTPOCAPPOCTOUV Kal TTPETTEI VA UTTOAOYIOTEI €K véou KABe @opd TTou
utTdpxouv allayég aTo e€wTePIKO TTEPIBAAAOV (OTPEG, Bepuokpacia, ouxvoTnTa £§wWTEPIKOU
Tediou KATT.) [32].

ATO TNV GAAN TTAEUpPd, Ta QUOIKA POVTEAD UOTEPNONG OTOXEUOUV OTNV TTEQIYPAPH TOU
QaIvVOEVOU HayvnTIKAG uoTéEPNoNnG Baciféueva o€ QUOIKOUG INXAvIOUoUG. To JovTEAO TTou
mrpoTteivouyv ol Jiles kai Atherton TTepiypd@el 1I00TPOTTIKG TTOAUKPUOTOAAIKG UAIKG AapBavovTag
uTTOWnN TNV Kivion TwV TOIXWHATWY TWV PAayVNTIKWV TTEPIOXWY WG TOV KUPIOTEPO PNXavIoud
MayvATIoNng, evw To PovtéAo Stoner-Wolhfarth Bacifetal otnv 18éa Tng didipeong Tou UAIKOU
0¢ cowuaridla arroteAoUheva aTmd Wia payvnTiK TTEPIOXN, ME ACOVIKN QvICOTPOTTia Kal
meEPIOTPOYIKA payvATiIon [32] , [29]. H @uoikh aimioAdynon Tiow ammd autd Ta HPOVTEAQ
TIPOCQEPEI ONUAVTIKA TTAEOVEKTAUATA. APXIKA, £Xouv Alyétepoug BaBuoug eAeubepiog o€
oxéon ME T HABNUATIKG HOVTEAQ EVW Ol TTAPAPETPOI TOUG ouvdEovTal Aueca Pe TN dour| Tou
UAIKOU [32]. EmmTAéov, €xouv TNV IKQVOTNTA TWV CUPTTEPIAAPBAVOUV TIG ETTITITWOEIG TOU
eEWTEPIKOU TTEPIBAAAOVTOG Kal KATA CUVETTEIA, 01 TTAPAPETPOI TOUG ITTOPOUV va diatnpnBouv
oTa0ePEG KATW aTTO DIAPOPETIKEG ECWTEPIKEG CUVONKEG [32].

H emmAoyA TwV JOVTEAWV PayvNTIKAG UaTEPNONG YIa TNV TTPORAEWN TWV ATTWAEIWV G101 POV
aTTOPEUYETAI OUVNBWG O€ BIOUNXAVIKEG EQAPUOYES. AUTO OQEIAETOI OTO YEYOVOG OTI ATTAITOUV
METPAOEIC TTARPWY KAUTTUAWY PayVNTIKAG UCTEPNONG Kal, KATA CUVETTEIA, N XPon Toug givai
EQIKTI JOVO O€ TTEPITITWOEIG OTTOU OPICHEVA XAPAKTNPIOTIKG TOU UAIKOU gival SIaBECINA €K TWV
mpoTépwy [29], [2]. EmiTpdoBeTa, 01 XPOVIKEG ATTAITACEIS YIO TOV UTTOAOYIOPO TOUG Eival
1I01aiTepa UPNAEG aTTd TEXVIKA dtrown [2]. Q¢ ek TOUTOU, N TTPAKTIKI €QAPUOYI TOUG YIa TNV
eKTiHNON aTTWAEIWY OI0APOU gival TTEPIOPICHEVN.

2.2.4 Mé£Bodol TTou Ba XpnoigoTroindouv oTn PEAETN TNG TTAPOUCAG EPYATIag

H meipapatik didra&n 1ou oxediddeTar oTnv TTapouca epyacia yia Tn PETPNON Twv
ATTWAEIWV OIVOPPEUPATWY TTPOCOUOIWVETAI O€ €va TPIODIAOTATO WOVTEAO TTETTEPACHEVWIV
otoixciwv FEM. H TeXVIKI] n oTToia XPpnOIYOTIoIEiTAl OTO TPIOOIAOTATO HOVTEAO yia Tov
UTTOAOYIOUO  TwV  OTIYHIGIWY  aTTWAEIWY  BIVOPPEUPATWY  gival n  dueon  péEBodOG
TIPOCONOIWOEWS BIvoppeupddaTwy (direct eddy current simulation method).
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H péBodog autr) Baciletal oTtov APECO UTTOAOYIOWO TNG TTUKVOTATAG TOU NAEKTPIKOU
peupaTog J ammd TNV avaAuon Tremepacpévwy oToixeiwv (FEA), ye xpron Tng Hadnuartikng
dlatummwong Tv-Q [33]. Zupowva pe auth TN dIaTUTTWON, TO Q aTTOTEAE éva UayvNTIKO
BaBuwtd duvauikd PBaciopévo o€ onueia oe oAOkAnpo Tov Topéa TnNG Aluong evw 10 Ty
QVTIOTOIXEI O€ €va NAEKTPIKO SlavuOoUaTIKO OUVANIKO BACICHEVO O€ OKUEG OTNV KABOPIGHEVN
Teplox) OtTou avatrtuooovTal Ta divoppelpata [34]. O BepuIkEG ATTWAEIEG AOYW TWV
ETTAYOUEVWV OIVOPPEUNATWY €VTOG TOU OYKOU TOU OWMaTOG UTTd €€éTaon MTTOpoUuv va
TTPOCdIoPIoTOUV AueTa aTTd TNV e¢iowon):

1
DPres = _.f ]2 %4 (14)
oJy

ol

OTTOU O €ival N NAEKTPIK QyWYINOTNTA TOU UAIKOU TOU CWHATOG.

Katd Tnv PeAETN TNG TTapouoag epyaciag yiveral n mmapadoxr] OTI oI UTTOAOYICOMEVES
OePUIKEG ATTWAEIEG AVTIOTOIXOUV POVO O ATTWAEIEG BIVOPPEUPATWY. H Bdon autig Tng
uTTéBeong e€nyeiTal avaAuTIkG oTnv uTToevoTnTa 2.4,

Q¢ emOueVO Briua, ol atmwAeleg SIVOPPEUMATWY TTOU TTPOKUTITOUV HECW TNG TTAPATTAVW
MEBOBOU GuyKpivovTal PE TO ATTOTEAECUATA €VOG HOVTEAOU EKTIUNONG ATTWAEIWY TTUPAVA OTO
edio TOUu XPOVOoU TTOU evOowHaTWwVETAl 0TO Aoyiouikd Maxwell [1]. AuTd 10 SUVANIKO POVTENO
ATTaITEN TIG IBIEC TTOPAPETPOUG PE TNV TTPOCEYYION TOU dIAXWPEICHOU ATTWAELIWV OTO TTEdIO TNG
ouxvotnTag TTou Treplypdgetal amd v egiowon (7). To KUpIO TTAEOVEKTNUA aAuToU TOU
MovTéAou eival OTI Aaufdvel uttown Tnv UTTapEn Twv eAdooovwy Bpdxwyv HayvnTIKAG
uoTépNong dIaIpwVTag To payvnTiké TTedio H o€ 800 OUVIOTWOEG: Jia avacTpEWIKN CUVIOTWOA
TTOU OXETICETAI hE TNV Agpyo duvaun Q Kal yia un avaoTPEWIUN TTOU OXETICETAI JE TIG OTTWAEIEG
MayvnTikAG uoTépnong. O cuvoAIKEG aTTWAEIEG uTTOAOYICovTal 0TO TTEDIO TOU XPOVOU aTTO TOUG
akéAouBoug TUTTOUG:

Py (t) = Pe(t) + Dr(t) + Dexc(t)

1 dBn?  (dBN>  sdBA2)
I | s oy 45z
Pe(t) = Ceke{<dt) +<dt> +<dt)}

dB.\F dB.(F d %
B, (P 1P B,|B
) = {|H,—=| +|H, =2 —=
Pa(t) e | T g | P
0.75
_ L [reBey 4By * (dB,’
Pexc® = 5zkenc(ge) *+(a) + () (15)

o1Tou Ce = 8.763363 cival pia oTaBepd TTOU TTPOKUTITEI ATTO apIOUNTIKr oAokAfpwaon [1].

AUTA N HEBODOG TTaPEXEI ATTOOEKTA OKPIBEIO YIA OTIYUIOIEG ATTWAEIEG O10rPOU, TTAPOAO TTOU
TTaPOoUCIAdel TOUG iIBIoUG TTEPIOPICOUG e TO JovTENO Bertotti oxeTiké pe Tov 0po Twv KAACIKWV
OTTWAEIY  OIVOPPEUNATWY p, KAl TOV OpO0 TWwV OTTWAEIWY AVWHAAIGG KATAVOMNG
OIVOPPEUPATWYV Peyec-
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2.3 MNepapartikég péBodol uTTOAOYIOHOU aTTWAEIWY o151 poU

Ta XapoKTNEIOTIKA TWV ATTWAEIQ TTUPAVA Ot O1dnpodayvnTIK& eAdouaTa PTTOPOUV VO
TTPOOBIOPIOTOUV HECW METPACEWV Ot OOKiuia atrd payvnTik Aapapiva. O1 1o cuxva
XpnoigotroloUueveg diatdEelg yia Tov okotro auTo givai n didtagn Epstein (Epstein frame) [35]
Kl 0 DOKIJAOTAG Hovou @UAAoU (single sheet tester) [36]. EVOAAOKTIKA, PIO KOIVA TTEIPOUATIKE
HEBOBOG atroTeAei n dlevépyela PETPAOEWY OE deiypaTa TTUPHVWY KUKAIKOU oxnuartog (ring
core specimens) [22].

H didtaén Epstein éxel oxediaoTei yia 1n die€aywyn PETPACEWY OE £va GUVOAO TAIVIWVY
XAaAuBa prikoug 280 mm kai TAGToug 30 mm. O apIBuog Twv Taviwy TTou TTEpIAaUBavovTal
TIPETTEI va gival TTOAOTTAGCIO TOU TECOEPA, KAl CUVOAPHOAOYOUVTal O€ TETPAYWVIKA dIATAEN.
2e KGBe TAeupd Tng O1dTtagng Totrobeteital éva TINvio, TO oTroio armoTteAcital ammd duo
TUAiypaTa. To €€wTepIKO TUAIYHa ovoudleTal TTPWTEUOV ] TUAIYHA PAYVATIONG Kal TPOPODOTEI
™ OIdTagn ME MOVAG KOTEUBUVONG MayvnTikr por). AvTiOeTa, TO €OWTEPIKO TUAIyUa
XPNOIYOTTOIEITAI YIA TN AYnN Twv PJETPACEWY Kal ovouddetal deutepelov ) TUAIYUa Tdong. Ta
EMPEPOUG TTPWTEUOVTO TUAIyHATO TwV TEOOAPWY TTAEUPWYV, KOBWGS Kal Ta avTioToIXa
OeuTtepeliovta, ouvdEovTal PETAEU TOUG O€ GEIPA.

ary windng

ZyxAua 5: Aidragn Epstein

2¢€ avTiBeon, o dokipaaTrg Povou QUANou (single sheet tester) €¢etdlel XaAuBdiva @UAAQ
ioou PNKouGg Kail TTAGTOUG. 2€ auTr] Tn SIdTagn, dUo eEwTEPIKA cwaTa ouvTiBevtal padi o€ €va
opBoywvio TTAaiclo pe dUo didkeva PETALU TOUG, OTTWG ATTEIKOVICETAI OTO ZXNKa 6. To UAAO
TToU TTPOKEITAI VO SOKIMAOTEN TOTTOBETEITAI OTN PMEON TWV SIOKEVWY Kal, OTTWG Kal 0Tn di1aTagn
Epstein, éva TTpwTelov Kal €va deutepelov TUAIYUa ToTToBETOUVTAI YUPW aTTO QUTO.
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Secondary winding Primary winding

ZxAHa 6: AOKIMOOTAG MovoU @UAAoU

H teAeutaia péBodog TrepIAauavel SoKIUEG o€ DeiypaTa TTOU £XOUV £vav TTUPR VA KUKAIKOU
oxAudaTtog (ring core specimens). OTTwg Kal oTig dU0 TTponyouueves SIOTALEIG, Eva TTnvio,
ATTOTEAOUHEVO ATTO TA TTNVi HAYVATIONG (EEWTEPIKO) Kal TAONG (ECWTEPIKO), TTEPIBAAAEI TOV
Tupriva Tou dciypatog. QoTOC0, 0€ auTr TNV TTEPITITWON &€&V aTTAITEITAI N XPon £MITTA(OV
€10IKOU €EOTTAICHOU yia Tn dieaywyn Twv PETPrioewy [22].

Col

Steel sample

4

ZxAMa 7 : TomroAoyia deiyparog pe TupAva KUKAIKOU OXAHOTOG

O dokigaoTiG povou @UAANoU Kal n ToTToAoyia OeiyuaTog PE TTUPHVA KUKAIKOU OXHATOG
TTapéXouv KaAUTepa atroTeAéoparta atmd 1n Oiataén Epstein, kabw¢ n katavour Tou
MayvnTiKoU TTediou KaTd PAKOG TOU TTPOG MEAETN BOKIMIOU O€ auTég TIG dUO ueEBOdOUG gival TTIo
opoidpopen [37], [22]. Map '0Aa auTd, GAEG OI TTPOAVAPEPBEICESG TEXVIKEG HETPNONG £XOUV TN
OuvaToTNTA va EKTIMACOUV WE akpiBeia TIG atmwAelEG o180 pou OTa TTPOG PEAETN DOKipIa HOVO
YIO TTEPIOPICUEVEG KAI EEIOAVIKEUPEVEG OUVOAKEG. ZUYKEKPIYEVA, TO OEiyUATA OOKINAG OE QUTEG
TIG TTEIPAMATIKEG dlaTAgelg YETPNONG UTTOBAAANOVTQI O€ OMOIOYEVH) Kal POVAG KaTeUBuvong
MayvnTIkG TTedia. Auto TO €idog payvnTikoU TTediou PTTOPEl va TTapaTnenBei 0TOUG TTUPRVES
TWV PETAOYXNUATIOTWY KAl OTA KUPIA PEPN TA OTTOIa €ival KATAOKEUAOUEVA ATTO OidNpo OTIG
NAEKTPIKEG PNXAVEG, OTTWG OTA BOVTIA KAl OTO OWHa Tou oTdTtn [2]. QoTd600, 0€ OpIouEva
onueia géoa o€ pia NAeKTPIKA Inxavr], N HayvnTikA por) aAAGlel kaTeuBuvon Pe To XpOVo Kal,
OUVETTWG, TTEPIOTPEPETAL. AUTO TO QAIVOUEVO TTOPATNPEITAI ELPAVWG OTIG AKPES TWV dOVTIWY,
OTIG TTEPIOXEG METAEU TWV SOVTIWV KAl TOU OWHATOG TOU OTATN, KABWG Kal OTO TTEAPA €VOG
TOAOU O¢ pia olyyxpovn pnxavh €KTuTtwyv TTOAwv. EmimmAéov, n diéyepon o€ QuTEG TIG
TTEIPAUATIKEG DIATAEEIG ETIBAAAEI TTAAAOUEVO payvNnTIKO TTEDI0 0TO BOKIpIO, OTTOU N PayVvNTIKA
ETTAYWYI) TOTTIKA O€ éva ONMEIO £XEI TNV KUPMATOUOP®H €VOG OTACIUOU KUPATOG. AUuTO Dlagépel
onUavTIK& atré 1o payvnTiKO TTedio 0TO OPOUED HIOG NAEKTPIKAG MNXAVAG, O OTT0IOG EKTIOETAI
o€ 00eUovVTa KUPATA TWV SIAQOPWYV APUOVIKWY TNG HAayVNTIKAG ETTAYWYAS 0TO SIAKEVO Kal KAT
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ETTEKTAON, OE OTPEPOPEVA payvnTika TTedia. Opiopéveg OlaTdlelc €xouv  oXedlooTei
TIPOKEIMEVOU VO KATAYPAWOUV ATTOKAEIOTIKA OTTWAEIEG AOYW TTEPIOTPEPOUEVOU TTEDIOU
[63],[64]. QoTO00, KAl AUTEG Ol TTEIPAUATIKEG DIATALEIG METPNONG UTTOAOYICOUV TIG OTTWAEIEG
KATa HECO 6po o€ OAO TOV OYKO TOU OEiYHATOG, ETIOILKOVTAG OUOIOHOPPN KaTavour TTediou.
Me autdv Tov TpOTTO, ayvoeital TTARPWG N €TTIdPACT TOU EMOELPUIKOU QPAIVOUEVOU, TO OTTOIO OE
Mia NAEKTPIKA pNXavr odnyei o€ SIGPOPETIKES TINEG ATTWAEIWY TTUPRAVA TOTTIKA O€ BIAQOPETIKA
onueia.

2UVOAIKA, Ol UTTAPYXOUOEG TTEIPAUATIKEG OIaTAEEIC TTOU  XPNOIYOTTOIoUVTAl YId  TOV
TTPOGOIOPIoHS TwY ATTWAEIWY TTUpriva o€ o1dnpopayvnTika eAdopaTa dev gival o€ B€an va
EKTIUAOOUV OWOTA TIG OUVOAIKEG ATTWAELIEG OIOAPOU €VTOG HIAG NAEKTPIKAG PNXAVAG Kal
I010iTEPA OTNV TTEPITITWON TWV ATTWAEIWY OIdAPOU OTO dpopéa. Katd ouveTrela, UTTAPXE!
£viovn avaykn yia dia véa guutTTAnpwuatikh dIdtagn, n otroia dUvatal va TTAPEXEl ACIOTTIOTA
aTToTEAECUATA, TG OTIoia PTTOpoUvV TApPAAANAa va BonBAcouv oTnv €mMKUPWON Twv
EKTIMNCEWY OTTWAEIWV TTOU TTPOKUTITOUV JECW TTPOCONOIWOEWY CE EIKOVIKA MOVTEAQ.

2.4 ATTWAEIEG TTUPHVA OTO SPOHEN CUYXPOVWV HNXAVWYV EKTUTTWYV TTOAWV

e uia ouyxpovn pnxavh EKTUTTWV TTOAWY, TO PayvnTIKO Tedio OTo OTATH dIaQEpEl
ONMAvTIK& atro To avTioToIXO HayvnTIKO TTEdI0 0TO dpouéa. To payvnTikd TTedio oTa KUPIA PEPN
TOoU OTATN, dNAAdH KOTA PAKOG TWV dOVTIWY KAl KUPIOU CWHOTOG, €ival Jovhg KaTelBuvong
(unidirectional) [22]. E&v n TTapapop@waon TTou TTPOKAAEITal AOyWw TwV ApHOVIKWY XPOVOU Kal
XWPoU oTo payvnTikd Tedio Tou OTATN TTapapeAnBei yia Adyoug amrAdTNTAG, WTTOPEi va
uttoTeBei OTI N payvnTik emmaywyn B(t) peTaBAAAETal NUITOVOEIdBWG PE TO XPOVO HE HIA
Bepehiwdn ouyvoTtnTa f, OTTWG @aivetal oTo ZXAKa 8. ATTO TNV GAAN TTAEUpPd, n HayvnTIKN
ETTAYWYN OTO TTEAPA €VOG TTOAOU TOu dpopéa £xel uwnAr) DC ouvioTwoda, TTOU OQEIAETAI OTO
TUMIyha Oiéyepong TTou PpiokeTal oto dpopéa, kal pia pikprp AC dilakuuavorn, n oTroia
TIPOKAAEITaI aTTd TO TTEdI0 TWV UYWNASTEPNG TAEEWS apuOoVIKWY. ETTITTAé0V, TO JayvnTIKO TTEdio
OTO TTEAYA TOU TTOAOU TTEPIOTPEPETAI WG CUVETTEID TOU ODEUOVTOG KUPATOG TNG HAyVNTIKNAG
eTTaywyng B oTo didkevo. H oTpepduevn guUON Tou HayvnTIKOU TTEQIOU OTO TTEANA TwV TTOAWV
o€ pia ouyxpovn unxavh EKTuTTwv TTOAWV e&eTdleTal oTNV atTAoTToinuévn dIdTagn Trou
oxed1a0ONKe 0TV TTapouca epyaaia (BAETTE uTtoevoTnTa 4.2.2.3 - XNa 41).

Point A

Poimt B

.....
.....

.....

yxAua 8 : MayvnTiki €Taywyn o€ onupeio oto 36vTI Tou otdrn (Point A) kai o€ onueio oTo
méEApa evog TTOAOU oTO Spopéa (Point B) og olyxpovn pnXavi EKTUTTWYV TTOAWV

Eival ca@ég OT1 Ta JOVTEND EKTIUNONG ATTWAEIWY CIBrPOU TTOU TTEPIYPAPOVTAI OTNV EVOTNTA
2.2 €xouv avatTuxBei BewpwvTtag ouvlnkeg TTediou TTAPOUOIEG UE EKEIVEG OTOV TTUPHVO TOU
oT1ATN. QG €K TOUTOU, N TEXVIKNA TTOU Bewpeital 6Ti PTTopEi va TTapEXE! TIG TTIO OKPIBEIS EKTIMAOCEIG
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yIQ TIC ATTWAEIEG 018 POoU O0TO dPOUED Wiag olyxpovng MNXAVAG EKTUTTWYV TTOAWV gival n dueon
HEBODOG TTpOCOMOILOEWS dIvoppeupdTwy (direct eddy current simulation method). ZTtn
MEAETN TTOU dlevepyeiTal oTnV TTapouca epyacia, yiveralr n utréBeon OTI oI UTTOAOYICOUEVEG
OTTWAEIEG PEOW aQUTAG TNG dueong HeBGOoOU avTIOTOIXOUV QTTOKAEIOTIKA O€ ATTWAEIEG
oivoppeupdTwy. OTTWG arreikovifetal oTo ZXAMG 8, n payvnTiKn eTaywyr] B Tou dpouéa €xel
Hia upnAnR DC ouvioTwoa, 0dNywVvTag, CUVETTWG, TO UAIKG KOVTA GTNV TTEPIOXT] TOU KOPEGHOU,
evw TTapdAAnAa n ac diakupavon Tou B eival TOAU pikpry . Q¢ €k TOUTOU, N Kivnon Twv
TOIXWHATWY TWV JayVNTIKWYV TTEPIOXWYV O€ AUTEG TIC CUVONKEG AsIToupyiag eival apudpnr, evw
TO euBaddv Tou eAdooova BPOXoU PayvnTIKAG UoTEPNONG TTOU JIAYPAPETAl €ival 10IAITEPA
MIKPO. ZUUTTEPACHATIKA, Ol OUVOAIKEG OTTWAEIEG PAYVNTIKAG UCTEPNONG OTA TTPOG MEAETN
doKiuia uTTopouyv va BewpnBolv apeAnTEEG.

Ol eKTINACEIG TWV ATTWAEIWY TTOU TTPOKUTITOUV ATTO TTPOCOMOIWCEIS OE EIKOVIKA HOVTEAQ
oQeilouv va eTMKUPWOOUV PECW TTEIPAUATIKWY PETPAOoEWV. QOTOCO0, N TTOAUTTAOKOTNTA TNG
YEWWETPIOG Tou dpopéa piag olyxpovng HNXAvAG EKTUTTWV TTOAwY, Adyw TnG TTapouaciog
Tapadeiyyatog Xapn TUAIYHATWY avTioTaBuiong, OakTUAiwv oAicBnong kar wnkTpwv A
OIEYEPTWV XWPIC WAKTPEG, KABIoOTG OUCOKOAN TNV OIEVEPYEIA AUECWY METPNTEWV ATTWAEIWV
010 pouU TTAvw oTo dpopéa TNG uNxavhg. Katd ouvETTeid, n Xpron Jiag TTEIpAPaTIKAG dIATagNg
METPAOEWV TTOU PTTOPET VO UTTORAAEI TO TTPOG EAETN DOKiWIa 0€ OUVONRKEG AVANOYEG UE AUTEG
TTOU €TTIKpaToUv aTo dpouéa eival TrpoTiunTéa. OTrwg egnyeital oTnv evotnTa 2.3, Kauia atrd
TIGC UTTdpXouoeG dIaTAgeIG Oev TTapEXEl auThl TR duvatdTnTa KAl KATA OCUVETTEId, Mia
atrAoTroinuévn TreipapaTiky dIATagn YETPNONG avaTTTUCCETAlI TNV TTAPOUCa EQYATIa YIO auTO
TOV OKOTTO.

23



3 MayvnTiko 1medio 01O SIAKEVO OUYXPOVNG MNXAVHG EKTUTTWYV

TOAWYV

AvUo payvnTika Tedia gival Tapdvra o pia ouyxpovn pnxavr EKTUTTWV TTOAwWYV, OTTwG
ATTEIKOVICETAI OTO ZXNUA 9: To payvnTiké TTEdio Tou dpouéa Bg, TTOU dnuioupyeital Adyw NG
DC T1pogpodociag Tou TUAiypaTog dléyepong, Kal To payvnmikd TTedio Tou oTdtn Bs, TTOU
TTAPAYETAI OTTO TO TPIPACIKO TUAIyUA TUUTTAVOU [6]. Z€ TTEQITITWON KIVNTAPA, N POTIA N OTToia
ETTAYETAI KATA WPAKOG Tou dgova Tou dpouéa AOyw TnG aAAnAemmidpacng autwyv Twv dUo
mediwyv, Teivel va euBuypappioe To dpouéa e To payvnTiko TTedio Tou oTdTn. To uEyeBog auTrig
NG POTTAG Eival avadAoyo Pe To NUiTovo Tou BITTAGCIoU TNG ywviag & PeTagu Twy TTediwv Br Kai
Bs Kal TTPOKAAEI TNV TTEPIOTPOPHA TOU dPOWEA PE TN OUYXPOVN TAXUTATA Wsyne. € TTEPITITWON
YEVVATPIOG, TO TTEdio Bs cival ammoTéAeopua TnG TTIBAAAOPEVNG TTEPIOTPOPNC TOU dpouéa aTTd
Mia e€wTepIKA KivnThpIa pnxavn (external prime mover) [6].

ZxApa 9 : MayvnTikd mredia 0TO OTATN KAl TO dpopéa piag PNXAVAS EKTUTTWYV TTOAWYV [6]

H kaTtavoun Tou payvnTtikoU TTediou 01O SIGKEVO TNG PNXAVHG UTTOPEI va UTTOAOYIOTE [E
AVOAUTIKO TPOTTO. ZUP@wva Pe TRV TTNyA [38], N MayvnTIKA €Taywyry oTo OIAKEVO O€ dia
oUyxpovn pnxavh EKTUTTWV TTOAWV PTTopEi va agloAoynBei ue akpiBeia XpNOIMOTTOIWVTAG TNV
akoAouBn egiowon:

(161
B(gs,t) = 2 A" (@s, t) - O(gs, 1) )

otou A*(ps,t) €ival n ouvdpTnon HayvnTiKAG aywyiuétnTag TOU OUVOAIKOU WRKOUG
o1adpopng Tng pong (total flux-path permeance function), O(@s,t) N PayvnTeEYEPTIKA dUVAN
olakévou (MMF) kal g N YWwVIAKR PETATOTTION KATA PAKOG TNG TePIPEPEIAaG Tou oTatn. O
OUVTEAEOTAG 2 XpnoiyoTroigital oTnVv egiowan (16) Tpokeiuévou va An@Bei uttéwn n ouleuén
TOU payvnTIKoU TTediou PETALU YEITOVIKWY EKTUTTWYV TTOAWV Tou dpopéa. H katavour] autou
TOU PayvnTikoU TTediou dev gival nuiItovoeldrg Adyw Tng UTTapéng aPHUOVIKWY OTO SIAKEVO TNG

MNXavng.

24



2€ auTo TO KEPAAQIO, TTAPOUCIACETaI MIA YEVIKA €l0aywyr] 0Ta 0deUovVTa KUUATA, KABWS 0
OTOX0G TNG TTEIPAPATIKAG dIATAgNG TTOU OXEDIAZETAI OTNV TTapoUca SITTAWUATIKA Epyacia gival
n dnuioupyia evog 0deUOVTOG KUPATOG PayvNTIKAG eTTaywyns B(x,t) otn péon evdg diakévou
MTTPOOTA aTrd Ta TTPOG PEAETN Sokiuia. ETriTAéov, avaAueTal n ¢uon, n TTPoéAeucn KaBWg Kal
0 QVTIKTUTTOG TWV APHOVIKWY OTO BIAKEVO MIAG NAEKTPIKAG MNXAVAG, EVW TAUTOXpova eEnyeiTal
0 TPOTTOG UTTOKATACTACNG TOUG WG TTPOG TN HEAETN OTTWAEIWV TTUPRAVA UE TN XPoN TNG évvolag
NG atrodoTIKAG auxvoTtnTag (effective frequency) .

3.1 Eiocaywyn ota odgvovta KUPATA

Ta kOparta ammoreAoUv TaAavTwaoelg TTou diadidovTal 6To XPOVo t, Kal ToO XWPOo X ouvhiBwg
OuVvOodEUOEVA ATTO HIa PETAPOPA evépyelag. MTmopouv va TagivounBouv avaloya pe tnv
Kivnon Toug o€ odglovTa Kal oTAoIpa Kuuarta [39].

Ta odevovTa KUpATA gival KUPOTA Ta OTToIa TAEIDEUOUV aTTd £va onpEio Tou HEoou OTO GAAO
Kal, oTav £xouv NUITovoEldr popen (ZxAua 10), uTropolv va TTepIypa@ouV JECW TNG OXEONG:

u(x,t) = Usin(kx — ot + @) (17)

otou U eival 10 TTAATOG, w N KUKAIK ouxvotnta, @ pia otabBepd xpovou kal k o
KUMATAPIBUOG O OTT0I0G avTITIPOCWTTEUEI TNV KUKAIKI) OUXVOTNTA TOU KUPATOG OTO TTEdio TOu
xwpou [39].

Omtwg @aivetal 1o Zxrua 10, To PKOG KUPATOG A, QvTITTPOCWTTEUEI TNV ATTO0TACT JETAEU
OUO 1008UVANWY dIAdOXIKWY CNMHEIWY TNG KUPMOTOUOPPAS OTO XWPO A, ME AAAa Adyia, Tn
XWPIKA TTEPIOdO TOU KUPATOG. YTTOBETOVTAG OTI TO NUITOVOEIOEG KUMA KIVEITAI PE OTABEPA
TaXUTATA V, TO JAKOG KUUATOG PTTOPEI VO UTTOAOYIOTEI XPNOIJOTTOILVTAG TOV TUTTO:

A= (182)

v
f
otrou f givanl N ouyxvoTnTa TOU KUMATOG [39].

Katd ouvémeia, yivetal ca@ég 0TI TO JAKOG KUPOTOG KAl O KUPOTAPIBUOG ouvdEovTal JEoW
NG oxéong:

21
k=— 19
. (19)
4
u(x,t)
// \ ,'/ \ ’,/ /_\\L AX
\ / \. /f -

N

ZxAMa 10 : Huitovoeldég odeUov KUpa u(x,t) oTo medio Tou XpOvou t Kal TOU XWPOoU X
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3.2 ApMOVIKEG OTO SIAKEVO HIOG NAEKTPIKAG MNXOVAG

Otmtwg replypdonke otnv egiowon (16), To pEyeBOG TNG HAYVNTIKAG ETTAYWYNSG OTO dIAKEVO
MIaG NAEKTPIKAG PMNXAVAG €6apTATal ATTO TIG NAEKTPEYEPTIKEG DUVANEIG OI OTTOIEG TTAPAyovTal
AOYw TNG Tpoodoaciag Tou oTdTn Kal Tou dpouéa [40]. Av kai gival emBuunTd TO TTAPAYOUEVO
HayvnTIKO TTedio va €xel KAatd 1o OUVOTOV NUITOVOEIDN KATAVOUHA, N Kupatouop®n Tng
HOyVNTIKAG ETTAYWYAS TTAPAUOPPWVETAI 0 PEYAAO BaBud atmmd v TTapoucia uwnAoTepng
TdENG apuovikwyv. H Td€n n autwyv Twv apuovIKWY gival uynAotepn amd v TaEn g
Bepehiwdoug (N> 1) kal PTTOPE va £€X0UV XPOVIKN i XWwPIKA TTpoéAcuan [41].

O1 apuOVIKEG XpOVOU avTIOTOIXOUV 0€ KUuATa Ta oTroia peTaBAAAovTal nuITovoeidwg aTo
Tedio Tou XPOvVou, OTTWG aTtrelkovifeTal oTo ZXAMa 11. H ywviok ouxvotnta Toug Eival
MeyaAUTEPN atrd Tn BepeAidN KATA €va GUVTEAEDT] IGO0 WE TNV TAEN Toug N (Nnw). ZT10 TTEdIO
TOU XWPOU, €XOUV TO idI0 PNAKOG KUPATOG A YE TN BepeAindn, evwo n TaxuTNTa TTEPICTPOYPNG
TOUG WG TTIPOG aKivnTo TTAdicIo avagopdg (TTAdiclo avagopdg oTdatn) cival ion pe nw. H
EUPAVIOT) TOUG €ival CUVETTEIQ TWV OPUOVIKWY TOU PEUPATOG TOU TUAIYUATOG TUPTTAvVOU, Ol
OTTOIEG eyXEOVTal KUPiwg OTav n unxavr odnyeital y€ow avtioTpoPEéwy [41], [42].

ATI6 TNV GAAN TTAEUPAQ, Ol APHOVIKEG XWPEOU TTEPICTPEPOVTAI GTO TTESIO TOU XWpPou B KaTd
MAKOG Tou BIaKEVOU PE TaxUTNTa w/N WS TTPOG TO TTAQICIO ava@opdg Tou oTdaTn (Zxnua 11).
2710 TTedio Tou Xpodvou, TTaAAovTal aTny idia cuxvoTnTa Pe Tn BepeAiwdn. O1 KUpiol Adyol TTou
TTPOKAAOUV TIG UWnAdTEPNG TAENG APMOVIKEG XWPOU OTO OIAKEVO Egival n un-nuITOvoEIdn
KATAVOUN TwY aywywy aTo TUAIypa TUPTTdvou Kabwg Kal N TTapouadia auAdkwy [41].

B.a B.a

B= \EH»‘“N now —¢) =J28B cos(nt) — o |‘

"
=¥

(a) (B)
ZxAua 11 : Kupatopop@ég (a) v-ooTRHG apHoVIKAS XPOvou Kai (B) V-00TAG APHOVIKAG XWPOoU

To 1redio Twv uWPNAGTEPNG TAENG APHOVIKWY €XEI APVNTIKN €TTIOPACN GTNV aTOdo0N Kal TN
Aeiroupyia TNG NAeKTPIKAG PNXavhg. Av ol apuovikéG BewpnBouv w¢ TTPOG TO TTAQICIO
ava@opdg Tou OTATN, 01 UYPNASTEPNG TAENG appovIKES BETIKAG akoAouBiag (n = 4, 7, 10, 13,
KATT.) dNIOUpyoUV PayvnTIKA TTEdia T OTTOIa TTEPIOTPEPOVTAI PE TNV idlIa Qopd PE TO TTEdIO
NG BepeAILLOOUGS Kal, WG €K TOUTOU, 01 EQAPHOLOPEVEG POTTEG TOUG «UTTOOTNPICOUVY» TN QOopPd
Kivnong Tou dpouéa. Ze avtiBeon, ol apUOVIKEG apvNTIKNAG akoAoubiag (n = 2, 5, 8, 11, K.ATT.)
TTapdyouv payvnTika 1edia T OTToia TTEPIOTPEPOVTAI PE AVTIBETN QOPAa Kal ETTOUEVWG, Ol
EQaPUOCOUEVEG POTTEG TOUG avTITiBevral oTnv TTEPIoTPOPr) Tou d&ova Tou Opouéa. Ol
QPMOVIKEG TNG TPITNG TAEEWS Kal Twv TTOAaTAdoIwy TG (n = 3, 6, 9, K.ATT.), ammoTeAolv TO
ouoTnua PNdEVIKAG akoAouBiag. AUTEG OI OPUOVIKEG Eival O @AON METAEU TOUG KOl WG €K
TOUTOU N TEAIKA TTUKVOTNTA PAyVNTIKAG POAG TTou TTapdyouv gival ion pe pndév [43], [44]. H
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OPMOVIKN apvnTIKAG akoAouBiag Tagng n-1 kai n avTtioToixn appovikh BeTIKAG akoAouBiag
TédENG n+1 WG TTPOG TO TTAAICIO ava@opds Tou OTATH £XouV ion atrdAUTn dlagopd TaxuTNTOG
WG TTPOG TN oUYXPoVN TaXUTNTA TOU OPOMEX Kal, WG ATTOTEAECUA, O CUVOUACHUOG TOUG ATTOTEAEI
TNV apHOVIKA TAEEWS N w¢ TTPOG TO TTAaicIo avagopds Tou dpouéa [45]. MNa Tapadelyua, o
OuVvOUOONOG TNG 5n¢ apuovikAg (apvnTikA akoAouBia) kal Tng 7ng (BeTIKA akoAoubia) wg
TPOG TO TTAQICIO ava@opds Tou OTATN ATTOTEAOUV TNV 6N APHOVIKI WG TTPOG TO TTAQICIO
avagpopag Tou dpopéa.
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\ \
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\ 120° A \ 120° A
> 1 —» S
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>
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Zero phase sequence Positive phase sequence Negative phase sequence

IxAMa 12 : AKkoAouBia @AcewV apUOVIKWY

O1 potrég TTOoU TTApdyovTal atd TIC UWPNASGTEPNG TAENG APMHOVIKEG TTNPEACOUV TNV TEAIKN
POTI TNG MNXavNG. AUTEGC Ol APUOVIKEG OnUIoUPYoUV QVWMPOAIEG OTn XOPAKTNPIOTIKA
TaXUTNTOG-POTTAG KOVTA OTNV TTEPIOXN EKKIVNONG, Ol OTTOIEG UTTOPEI va 0dNyRoOoUV TN Unxavi
vVa I00pPOTTACEI 0 XAUNAGTEPO onueio AsiToupyiag atmd 10 ovouacoTiké. To @aivopevo auto
ovouadetal crawling kai givail 1Idiaitepa aloONTO OTIG PNXAVES eTTaywynG [44]. ZTIG OUYXPOVEG
MNXQVEG, N OXETIKA Kivnon Twv TTEdiWV TWV APPOVIKWY WG TTPOG TO TTEdI0 TNG BepeAIdOUG
TTapdyel ¢euyn TTOAAOPEVWY poTTWV TNnG idlag ouxvoetnTag [46]. AuTéG oI pOoTTéG TTapdyouv
UWNAEG UNXAVIKEG TAAQVTWOEIG TTOU CUMPBAAAOUV OTN PNXAVIKR KATAtrévnon Tou agova Tng
Mnxavne.

EKTOG a116 TIG EMTITWOEIG OTNV POTTA, Yia GAAN avemBuunTn €midpacn Twv uynAdTEPNS
T&GENG APUOVIKWY €ival o1 TTPOCBETEG ATTWAEIEG BEPUATNTAG AdYW TwV aTTWAEIWY O1dApou. To
EMOEPHIKO PAIVOUEVO YIVETAI IBIAITEPT EUPAVESG OE UYPNASTEPEG CUXVOTNTEG, OTTOU N JAYVNTIKNA
PON CUYKEVTPWVETAI O€ £VA MIKPO OTPWHA KOVTA aTnV ETTIPAVEIQ TOU UAIKOU. KaTtd ouveTTEla,
n avtiotaon oTa TUAPATA CIBAPOU TNG KNXAVIG QUEAVETAI, YEYOVOG TTOU CUVETTAYETOI TNV
Tapaywyr €mMTAOV ATTWAEIWV. TEAOG, TO TTOPACITIKA QAIVOPEVA AOYW TWV APHOVIKWV
MTTOPOUV €TTIONG va TrEpIAauBavouv dovroeig kal B6puBo atrd akTIVIKEG HayvnTIKEG OUVAMEIG
[41].

3.3 AmodoTIK ouxvoeTnTa

H avammdé@euktn 0TTapén Twv ApPOVIKWY uwnAoTepng Tagewg ammd Tn BepeAdiwwdn oTo
OIAKEVO PIAG NAEKTPIKNAG PINXAVAS 0dNYEI TNV KUPATOUOP®N TNG TTPOKUTITOUCOS PAYVNTIKAG
ETTAYWYNG va atrokAivel atmd tnv (1I8avikr) NUITOVOEISH pop@r. AvTiBeTa, TO payvnTikd TTedio
TOU dI0KEVOU OUVTIOETAI TTO éva TTANBOG APUOVIKWY, BIOPOPETIKWY CUXVOTATWY KOl TTAOTWV.
Qg €k TOUTOU, N OKPIBAS avaTTapdoTacn Tou YayvnTiKoU TTediou Piag NAEKTPIKAG MNXAVAG O€
Mia armrAotroinuévn TTEIPaPaTIKr diIdTtaén pJe OKOTTO TN YETPNON ATTWAEIWY OI0RPOU QaiveTal
oav JIa PeydAn mmpokAnon. Qotéoo, n évvoia TG atmodoTikhG ouxvotntag fer (effective
frequency) utropei va atmodeixBei XpAoIun yia autd To OKOTTO. ZUyKeKpIPéva, o Moghaddam
aTTEDEIEE OTI, OTAV N TPOYPOdOCia PEUPATOG MIOG NAEKTPIKAG UNXAVHG ATTOTEAEITAI OTTOKAEIOTIKA
atrd pia apuovik ouxvotnTag ferr Kal TTAGTOUG ioou pe To ouvTeAeoT) THD;, oI TTOpAyOUEVES
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aTTWAEIEG BIVOPPEUNATWY KOl Ol OTTWAEIEG TTUPHivVa TOU OTATN Eival I0€C PE TIG QVTIOTOIKES
ammWAEIEG TTOU  TTapdyovtal AOyw TNG MN-NUITOVOEIdOUG TPo@Podoaiag peUNATOG TNG
TIPAYMOTIKAG UNXavAg [47]. ETrekTeivovTag auTh Tn Bswpia, ptropei va BewpnBei 611 oAdkAnpo
TO QPHOVIKO TTEPIEXOMEVO TOU HayvNTIKOU TTEDIOU OTO OIAKEVO MIAG NAEKTPIKAG MNXAVAS (ME
TAQiCI0 ava@opdg eKeivo TOU dPOMEQ), MTTOPEI va UTTOKOTAOTABEI WG TTPOG TN MEAETN TWV
ATTWAEIWY O10ripou aTTd éva MayvnTikG TTedio TTou TTapAyeTal JOVO atrd TNV ATTOdOTIKN
ouxvoTtnTa:

s g2 o)
n=2"n n} (20)

OTTou a eival €vag ouvTeAeoTAG TTou Bewpeital icog pe 0.5 yia aocBevr) avridpaon
dIvoppeupdTwy (weak eddy current reaction) kai THDg 0 OuvTeAEOTHG OUVOAIKAG APHOVIKAG
TTAPAPOPPWONG TOU PayvnTIkoU TTEdiou w¢ TTPOG To TTAQicIo avagopdg Tou dpouéa. O
TTapdyovtag auTdg aTTeIKoViCel TO APUOVIKO TTEPIEXOUEVO TNG KUPATOUOP®AG TOU JayvnTIKOU
mediou Kal kaBopideTal atrd Tov akdAouBo TUTTO:

550, (21)

THDg = B,
OoTTou 1O B, €ival TO PETPO TNG V-OOTAG APMOVIKIG TOU PAYVNTIKOU TTEdiOU WG TTPOG TO
TTAQiCI0 ava@opdg Tou dpopéa.

H évvoia Tng ammodoTIKNG ouxXvOTNTAG XPNOIUOTIOIEITAI OTA POVTEAQ TTOU QvaTITUCCOVTAI
oTnv Trapouca epyacia, dedouévou OTI atTAotrolei Tnv €fouoiwon avaloywv ouvBnkwv
HayvnTIKOU TTEdiOU PE QUTEG TTOU ETTIKPATOUV OTO dPOUEA Hiag NAEKTPIKNG INXAVIG WG TTPOG
TN MEAETN TWV OTTWAEIWV O16POU.
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4 AvdAuon pe Tn pEBODO TTETTEPACUEVWYV OTOIXEIWV O€ dUO

Slaotdoeig (2D)

O okoTog TNG TreIpapaTikig didtaéng mou oxedladeTal oTnv TTapolca epyaacia gival n
UTTORBOAN TWV TTPOG HEAETN DOKIYIWY 0 CUVORKEG HAYVNTIKOU TTEDIOU TTAPOHOIES UE AUTEG TTOU
ETMKPATOUV OTO Opopéa piag auyxpovng MNXavAg EKTUTTwy  TTOAwWV, aTtrokAgiovTag
OTTOIO®NTTOTE TTEPIOTPOPIKA 1 YPAPUIKN Kivnon. Q¢ €k TOUTOU, avTi TNG TTEPIOTPOPAG TOU
QVTIKEIMEVOU TNG BOKIYAG, O OTOXOG eival va dnuioupynBei éva odeuov KUPA PayvNTIKAG
emaywyng B oe éva d1Gkevo PTTpooTd atrd 10 TTPOG PEAETN Sokiuio. Autd To 0deuov KUua Ba
TIPETTEI VA gival NUITOVOEIBNG TOOO OTO XpOVo OGO Kal OTO XWPOo, Kabwg Ba xpnaiyoTroinbei n
évvola TNG aTTodOTIKAG cuXVvOTNTAG [47]. Z& auTd TO KEPAAAIO, N 18€a TNG dnuIoupyiag evog
00eU0VTOG KUMATOG MayvnTIKAG emaywyng eCetaletal o€ amAd diodidoTata PoviéAa Kal
ETMTTAEOV, TTAPOUCIAZETAI TO TEAIKO DIOOIACTATO OVTEAO.

4.1 ApxIKA digpedvnon — NMpooopoiwon 08£00VTOg KUMATOG

To mpwTo BAua TNG apxIKAG diEpelivnong cival n eE€Taon TnG duvaTOTNTAG TTAPAYWYNAS
evOg 0deUoVTOC KUMATOG B o€ éva atmAd diodidoTtaTto povréAo. H peAETn autr] yivetal Ye Tn
XPAon Tou AoyiopIkoU TreTrepacpévwy - otoixeiwv  ANSYS 2D  Maxwell  (Ansys
Electromagnetics Suite ékdoon 17.1.0). OAa Ta UAIKG TTOU XPNOIKOTIOIOUVTAI OTIG
TIPOCOMOIWCEIG TTPOEPXOVTAl OTTd TH evowpaTwuévn BIBAIoBRAKn SysLibrary ektdg atmd Tn
MayvnTikr) Aaugapiva Tommou M400-50A, n otoia €iofix6n otn BIBAIOOAKN UAIKWY Tou
Aoyiopikou. Or1 1816TNTEG auti¢ TNG SiFe Aapapivag trapouacidlovral oto Kepdhaio 9 -
Mapaptiuara.

4.1.1 MovTtéAa pe payvnTIKO TTUPAVA TOPOEIBOUG OXANATOG

H apyikn 10éa Atav n oxediaon evog poviéAou TTou PoIAdel PE TN YEWMETPIA MIOG
OTPEPOHEVNG NAEKTPIKAG UNXAVNAG, TO 0TT0I0 ovopdoTnke MovTéAo A. OTTwg atTeikovideTal 0TO
Zxnpa 13, 1o MovtéAo A atroteAsital atrd €va payvnTikd TTupfva (magnetic core) Topo€idoug
OXAMOTOG KATAOKEUAOPEVO aATTO payvnTiKA Aapoapiva Tuttou M400 -50A kai éva 6-TToAIKO 3-
QaoIKO TUMNIYPa diadoxng eacewy + A -C + B -A +C -B. To TOAMypa autd TuliveTal dueca yopw
atré Tov TUpAva Kal Ogv  TOTTOPETEITAI O QUAAKEG, KABWG n TTapoudia auAdkwv Ba
TTPOKAAOUCE TNV TTEPAITEPW AVATITUEN OPUOVIKWY XWpou. ETTiong, To Tpog PeAETN doKipIo
(test object) ToTrOBeTEITAI OTO KEVTPO TOU TTUPAVA, PE éva TTNvio DC Tpo@odoaiag TUAIYUEVO
yUpw TOU. TO OXNUa TOU TTPOG PEAETN BoKIpiou eTTIAéyeTal va gival opBoywVIKO, Pe dUOo aTTd
TIG TTAEUPEG TOU VA €ival KAUTTUAEG. KABe pia atté auTég TIG KOPTTUAEG TTAEUPEG BpiokeTal
MTTPOOTA aTrd €va {euyog TTOAwWY Tou AC TUAiypaTOG.

Ta ASITOUPYIKA KOl YEWMETPIKA  XOPAKTNPIOTIKA TOU  TTOPATTIAVW  OUCTAPOTOG
TapouaialovTal oTov akOAouBo TTivaka:
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Tiyn Movada pérpnong

Zuyvornta, f 50 Hz
Tiun p‘”"‘A“TI‘:g oth @aon 234 - sin(100 - pi - time) At
- ” r 2 1
Tipn pa”'l‘:ﬂ:g TN @AM 534 sin(100 - pi - time + %) A-t
—— - 50
T pa”‘éml‘c’g TN PAGN 534 sin(100 - pi - time — §) At
TiyA pedparog oto i
TUAIyua DC tpo@odoaiag, Ipc 22050 At
MNayxog diakévou 2 mm
AoVIKO NKOG JoVTEAOU 100 mm

Mivakag 1 : TIJéEG YEWMUETPIKWY KAl AEITOUPYIKWYV XAPAKTNPICTIKWY Tou MovTéAou A

Oa TpPEéTTel va onUeIwOei 0TI 6Aa Ta TUAiydara Bswpouvtal 611 atroTeAouvral a1rd
Evav aywyo yia Adyoug atmrAéTnTag. MNa 1o Adyo auTtd, n povdda PETPNONG TWV TINWV
TWV PEUMATWY ONUEIWVETAI WG aptrepeAiyyara (A-t) avri yia aumép (A) oTov
mapamdvw Tivaka. lNa Tapddelyua, XpnOIMOTIoIwvTIag 10 ouoTnua 8iaoTacloAdynong
AWG, 10 KatdAAnAo kaAwdio yia To DC to0AIypa Ba Atav 10 AWG kal To avTioToIxo TTAGTOG
peupaTog Ba nTav ico ye 26.31 A. Ta TTAATn Twv DC kal AC peupdTwy TTOU avag@épovTal oToV
Mivaka 1, emAéyovTal £€T01 WOTE N TIUKVOTNTA PEUPATOS TWV TUNIYUATWY va gival 5 A/mm?,
Bewpwvtag AC kai DC ouvteheoTég TTANPOTNTAS 0.4 kai 0.7 avricToixa [48], [49] .H emAoyn
QUTAG TNG TTUKVOTNTA PEUPATOC YiveTal PE BACN TIG TUTTIKEG TIMEG YIO TN QUOIKA Wugn HEow
aépa o€ NAEKTPIKES pNXavég [34]. ETITTAéov, 0 pOvOg TTEPIOPICHOGS YIa TIG APXIKESG DIAOTATEIG
TOU MOVTEAOU KOTG Tn OIGPKEIQ QUTAG TNG APXIKAG MEAETNG €ival N ATTOQUYN TOU €VIOVOU
KOPECHOU TOO0 OTO PJAYVNTIKO TTUPAVA OCO0 KAl OTO TTPOG HEAETN DOKIWIO.
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IxApa 13 : Fewperpia MovtéAou A
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Q¢ mpwrto BApa e€etdleTal n payvnTikA eTaywyr B(t) o€ éva onueio oto H€GO Tou diakévou
OKPIBWG UTTPOOTA aTTd TO TTPOG HEAETN dokiplo (Point A - ZxApa 14). Eivalr eppavég oTo
2xAua 15 o1 10 payvnTikd 1edio PeTaBAAAETAlI NUITOVOEIdWG OTO TTEdIO TOU XPAvou, OTTWG
avapevotav Adyw Tng nuItovoeldoug TTapoxng peupaTtog otn oidraén. H DC cuvioTwoa
epavicetal Adyw 1ng DC di€yepong Tou TTPOG PEAETN SOKIWiou.
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IxApa 14: Aidkevo oto Movtédo A

B(t) in Point 6
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ZxAua 15 : Kupatopop®n Tng HayvnTikng emaywyng B(t) oto onueio A (Point A) oto MovTtéAo
A kartd Tng didpkela piag rePI6dou T=20ms

EmmitTA€ov, TTapaTnPEITal N KATAVOUR TOU JayvnTIKOU TTEdiou oTo Xwpo. INa 10 okoTrd auto,
éva 160 TOTTOBETEITAI OTO HECO TOU OIOKEVOU WE iI00 NAKOG PE TNV TTAEUPA Tou dokipiou (Line
A - 2xAua 14). O1 KupgaTopop®ES TNG MayvNTIKAG eTTaywyng B(x,t) TTou kaTtaypdgovTal £TTi TOU
TOE0U yIa 51 I0BOXIKEG XPOVIKEG OTIVUEG PE Bripa 0.4 ms kaTtd Tn didpkeia piag repiodou T =
20 ms dnuioupyouv éva odeUoV KUNA, OTTWG QPaiveTal 0TO XXua 16.
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ZxAua 16 : Odevov KUMA HayvNTIKAG eTaywyng B(x,t) emi 16gou (Line A) oTto MovTéAo A yia 51
S1ad0)1kéG XPOVIKEG OTIYHEG pE BAMA 0.4 ms kKaTd Tn Sidpkela piag TePI6dou T = 20 ms

Me pia TTIO TTPOCEKTIKY £CETAON TNG HAYVNTIKAG ETTAYWYNG O€ Wi Tuxaia XpOoviKr OTIYHN
B(x, t=6.4ms) o1o Zxnua 17, utropei va mapatnpnOei 0TI N KUPATOPop@r] attokAivel atrd éva
NUITOVOEIBEG OXNMA, KaBwg eival TTapapop@wuévn Adyw NG UTTapéng apuoviKwy. AUTEG Ol
OPMOVIKEC TTOU TTAPANOPPUIVOUV TNV KUPATOMOP®A atToTEAOUV APHOVIKEG XWPEOU, KaBwg n
TTaPOXK Tou peupatog o1o AC TUAIyua gival kaBapd nuitovoeidrg. EtimTAéov, 0TI dUo GKpEg
TNG KUMATOMOP®PAG TTOPATNPEITAl JayvnTIKO TTedio uWnAng evidoewg. AUTEG OI TTEPIOXEG
QVTIOTOIXOUV OTIG TTEPIOXEG TNG OIATAENG PTTPOOTA aTTd TIG U0 YWwVieg TOu TTPOG MEAETN
dokKidiou. H payvnTikr porl 0€ QUTEG TIG YWVIEG KAUTTUAWVEL, TTPOKEINEVOU VO aKOAOUBNOE! TN
ouvTouoTEPN BIAdPOWN METAEU TOU PayvnTIKOU TTUPAVA Kal TOU TTPOG MEAETN DOKIMIOU Kal WG
€K TOUTOU, TTaPATNPEITAl UYNAEG TINEG PAYVNTIKAG ETTAYWYNG AOYW TNG PONG OKEDAOTEWG
(Zxnua 18).
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900

800

B (mT)

750 |

700 ¢

650 . - s
0 20 40 60 80 100 120 140 180
X {mm)

(o)

32



FFT of B(x,t=6.4ms) without the DC component
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ZxAua 17 : (a) Emionuaocpévo oTIiyMIOTUTIO TOU 08€U0VTOG KUJOTOG HOYVNTIKAG ETTAYWYNS
B(x,t=6.4ms) kai (B) To apHUOVIKO TTEPIEXOUEVO TOU TN XPOVIKN OTIYyMN t=6.4 ms &mi 16§ou (Line
A) otn péon Tou Siakévou Tou MovtéAou A

»

"""'

ZxAua 18 : 'Evrovn ouykéVTpwon TNG HAYVNTIKAG PORG OTNV TTEPIOXH HTTPOCTA ATTd T YywvVid
TOU TTpog MEAETN SokKipiou oTo Sidkevo Tou MovTéAou A yia Tn XPOVIKA OTiypn t=6.4 ms

Mpokeipévou va eEETAOTEN TTEPAITEPW N OXECT METAEU TOU OXAMATOG TOU TUAIYHOTOG KAl TWV
TTAPAYOUEVWY APHOVIKWY, HIa SIOPOPETIKA ouvdeooAoyia TUAiyhoTog digpeuvdTal yia TO
OUYKEKPIPEVO TUTTO PJayvnTIKOU TTUPAVA PE TA id1a AEITOUPYIKA Kal YEWUETPIKA XAPAKTNPIOTIKA
oTTw¢ oto Movtédo A, Ta otroia avagépovtal otov lNivaka 1. EidikdTepa, éva PovTéAO e
0pBoYyWVIKOU OXNUATOG TUAIYHOTO Xwpic dIdKeva PETAEU TWV OIOQOPETIKWY QATEWY E£XEI
oxed1doOnke kal avaAveTtal. H yewpeTpia autol Tou JOVTEAOU, TO OTTOI0 ovopdoTnke MovTéAo
B, kaBwg kal To 0deUov KUPA TTou dNUIoUPYEITalI OTO BIAKEVO TOU JOVTEAOU TTapouaidlovTal
oTO Z¥nAua 19.
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FFT of B(x,t=6.4ms) without the DC component

Harmonic Ampltude Ba (mT)
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ZxAua 19 : (a) Newperpia Tou MovtéAou B, (B) emionuacpévo oTIYUIOTUTTO TOU 08£U0OVTOG
KUMOTOG HOYVNTIKAG eTaywyng B(x,t=6.4ms) kai () To apHOVIKO TTEPIEXOUEVO TOU TN XPOVIKI
oTiypn t=6.4 ms gmi 16§ou (Line B) oTn péon Tou diakévou Tou MovtéAou B

Omtwg eival epgavég oTig Eikéveg 17 kai 19, Ta dUo TTponyoupeva POVTEAD TTapAyouv
TTapopola atmoTeAéopaTa ooV agopd Tn HAyvNTIKA eTTaywyr oTa didkeva Toug. QoTd00, TO
TAATOG TwV apuovikKwy Tou MovtéAdou B peiwveTal e 1m0 opaAd TpOTTO KaBwg augdveTal n
TA¢N N Twv apuovIKwy o€ ouykpion pe To MovtéAo A. ETriong, ptmopei va rapatnpnBsei o1 n
6n Téd&ewg appovikry oto MovTtéAo A gugavilel HIKPOTEPO TTAATOG 0 oUyKpion Pe To MovTéAo
B, Aoyw Tou diaxwpiopou oTnV TTPWTN TTEPITITWAON TOU TUAIYUATOG TTOU BPIOKETAI YTTPOOTA
atro 10 TTPOG PEAETN DOKIMIO 0€ 6 DIOKPITA TUNHATA HECW DIOKEVWY.

2UPTTEPOCHATIKA, TA OTTOTEAEOUATA TTOU TTAPOUCIAfovVTal OE QUT TNV &voTnTa
Katadeikvoouv Tn duvatotnTa dnuioupyiag 0deUOVTOG KUPATOG HWAyVNTIKAG ETTAYWYAS O€
atrAoTroinuéveg dIaTAagelg OTIG oTroieg Oev epapupodeTal K&Tolo €idog PNXavikAg Kivnong.
QoT600, N YEWHETPIO TWV HOVIEAWV TIOU XPNOIMOTTOIoUVTal WEXPI Twpa TTapoucidlouv
opIopEVA PEIOVEKTAPATA. H €TTIAOYT VOGS HayvnTIKOU TTUpriva Topogidoug axApaTog Ogv ival
TPOKTIKA ASyw TOU TIEPIOPICHEVOU XWPEOU OTO KEVIPO TOU TIUPAVA, TwV AlYyOOTWV
YEWMETPIKWY TTOPAUETPWY TTOU TTPOCQEPOVTAI VIO BEATIOTOTTOINGT KAl TwV ETTIBAAAOUEVWV
TTEPIOPICPWY ATTO TO OXNMO TOU TIPOG MEAETN OOKIUIOU. ZUYKEKPIPEVA, EKTIMATAI OTI éva
opBoywVIKOU OXAUATOG OOKIKIO HE €UBUYPAUMPEG TTAEUPEG avTi IO KAWTTUAEG Kal €vag
MayvNTIKOG TTUPAVOG EUBUYPAUUOU OXNKMATOS Ba PEIWOE! TA AVETTIBUUNTA OTTOTEAECUATA TWV
OpPMOVIKWV Xwpou. EmimAéov, éva OOKiMIO pE €uBUYPOUUEG AKUEG Eival EUKOAOTEPO va
KATOOKEUOOTEI 0€ OUYKPIoON ME €éva PE KOUTTUAEG. KaTtd ouvéttela, Kpivetar OKOTTIMN N
TTEPAITEPW MEAETN TTUPHVWYV HE EUBUYPANKO 0PBOYWVIKO OXAUA.

4.1.2 MovTtéAa pe payvnTIKO TTUPVA 0pBOYWVIKOU OXAHATOG

Q¢ amoTéAeopa Twv TIPONYOUUEVWY OCUMTIEPACHATWY, €va MOVTEAO JE  TTUPHVO
opBoywvikoU oxAuatog oxedidletal Kar  peAetdtar (Moviého 1). H yewpeTpia ToU
TTapouoiadetal oto ZxNua 20. Nopw atmd 1o PayvnTIKO TTupriva TUAIyeTal €va 2-TTOAIKO 3-
@aoIKO TUAIypa diadoxAg eaocwyv + A -C +B +C -A —B, 10 otoio TotroBeteitTal pévo otnv
TTEPIOXT MTTPOCTA aTTd TO €éva GKPO TOU TTPOG HEAETN DOKIWiOU.
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Ta A&IToupyIKG KOl YEWMETPIKA XapakTnpIoTIKG Tou Movtéhou 1 Trapouacialovial GTov
akOAouBo Trivaka:

TR Movada pétpnong

Zuyvornta, f 50 Hz

Tiun p‘”"‘A“TI:’g oth eaon 234 - sin(100 - pi - time) At
- ” e 2 1

Tipn pa”'é“ﬂ:g TN ®AGN 534 sin(100 - pi - time + %) A-t
— - 50

T ps”‘émlgg TN PATN 534 sin(100 - pi - time — §) At

TiyA pedparog oto i

TUAIypa DC tpo@odoaiag, Ipoc 22050 At

Mayog diakévou, g 2 mm

Mayog kdaTtw diakévou, > 2 mm

AZOVIKO MKOG HOVTEAOU 100 mm

Mivakag 2 : Tigég AEITOUPYIKWV KOl YEWHETPIKWV XOPOAKTNPIOTIKWYV Tou MovtéAou B

Oa mpémrel va onueiwdei 0TI 6Aa Ta TUAiypara OswpouvTtal 6T atroteAouvTal amrod
évav aywyo yia Adyoug amrAéTntag. MNa 1o Adyo auTtd, n Hovdda PETPNONS TWV TIHWV
TWV PEUHATWY ONUEIWVETAI WG aptrepeAiypara (A-t) avri yia aumép (A) otov
Tapammdvw Trivaka. O1 TINES TWV TTAPATTAVW XAPOKTNPIOTIKWY Tou MovtéAou 1 eIAéxOnkav
Me Bdon Toug idloug TTEPIOPIOPOUG TToU BewprBnkav Katd TNV €TTIAOYA TWV AVTIOTOIXWV
XOPAKTNPIOTIKWY TWV TTPONYOUUEVWY HOVTEAWY UE PayvNTIKO TTUPHVA TOPOEIDOUG OXAMATOG
(BAéTTe Mivaka 1).

Magnetic core Vacuum

airgap g

Positive DC Negative DC
excitation excitation
Test object

Vacuum
air gap g2

7™

ZxAMa 20 : NewpeTpia MovTtéAou 1
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Omwg Kal oTa JOVTEAG TTOU PEAETHBNKaV aTnv TTponyouuEvn evoTNTA, TTAPATNPEITAI OTO
2XAUa 22 OTI N KUPATOROP®N TNG HAYVNTIKAG ETTAYWYNAG O€ €V ONUEIo 0TO EooV TOU BIOKEVOU
oTnV TEPIOXH PTTPOCTA aTTd TO TTPOG HEAETN dokipio (Point 1 - ZxAua 21) gival NUITOVOEIBNG.

Point 1 Line 1

ZxAMa 21 : Aidkevo oto MovTtéAo 1

t) in Point 1
780 'B()n.on ’

770 + .

740 + .

B (mT)
o

?20 1}
710 }
700 + 74

1}

690+ ———

680
0 2 4 6 8 10 12 14 16 18 20
ume (ms)

ZxApa 22 : Kuparopyop®@n Tng Hayvnrtikig etraywyng B(t) oto onpeio 1 (Point 1) oto MovTtéAo 1
Katd TnG didpkela piag mepiddou T=20ms

270 ZXApa 23, TTapouciadeTal To TTapayouevo odelov KUPA PayvnTIKAG eTaywyng B(x, t)
o€ Y1 ypauuf otn péon tou diakévou g (Line 1 - ZxApa 21) yia 51 d10d0XIKEG XPOVIKEG OTIYUEG
ME BAua 0.4 ms kartd T didpkeia piag mepiddou T = 20 ms. e avTiBeon Pe Ta POVTEAQ pE
TTUprva TopoEIdoUg OXAMATOG TTOU £EETACTNKAV TTPONYOUUEVWG, N KUPOTOUOP®A Tou B(xt) o€
QUTA TNV TTEPITTTWON €XEI HETABANTO TTAATOG YIa DIAPOPETIKEG XPOVIKEG OTIVHEG.
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8(x.4 in Line 1

v IR L

S rv—c m—— o k!

ZxAua 23 : Odevov KUMA HayvnTIKAG eraywyng B(x,t) i 16§ou (Line 1) oto MovTéAo 1 yia 51
S1ad0)1kéG XPOVIKEG OTIYHEG pE BAMA 0.4 ms kKaTd Tn Sidpkela piag TTEpI6dou T = 20 ms

Aut] n dlagopd oTnV TIUA Tou TTAGTOUG TNG MAYVNTIKAG E€TTAYWYNAS YIA JIAQOPETIKEG
XPOVIKEG OTIVUEG eTTnpeddeTal TTpo@avws Pévo atrd Tn difyepon Tou AC TuAiypaTtog. MNa 1o
AOyo auTd, opiopéveg TrepITTwaoelg Pe undevikh DC digyepon e¢eTdoBnkav TTPOKEINEVOU va
TpocdlopioTei N armia autig TN dlakupavong. Or TTEPITTTWOEIG TTOU  TTapouaidlovral
TTOPOKATW QVTIOTOIXOUV OTIG XPOVIKEG OTIYHEG UNOEVIOHOU TOU PEUNATOG OTIG OIOPOPETIKES
@aoeig Tou AC TUAIYHOTOG. H PeEAETN TOU payvnTIKOU TTESIOU ETTIKEVTPWVETAI OTNV TTAEUPA TOU
AC TUAIYPaTOG TTOU TOTTOBETEITAI OTNV ECWTEPIKA TTAEUPA TOU PayvNTIKOU TTUPAVA, KABWGS auTo
TO TUAMQ TOU TUAIYHATOG TTAPAYEl TNV PJAyvNTIK pof TTou AAANAeMOPd& e TO TTPOG WEAETN
OOoKiuIo. @ewpnTikd, To AC TUAIyua Ba pTTopouce va TOTToBeTNBEl YOVO OTNV ECWTEPIKI)
TIAEUPA TOU PayvNnTIKOU TTUPRvVa Kal va Jnv TUAiyeTal yupw atd autdv. QoTéo0, TAEYETAI N
dlapépewon otou 1o AC TTnvio TUAiyeTal yUpw oTTé Tov JayvnTikG TTUpriva Kabwg o€ auth
TNV TEPITTITWON, TO TUAIyua Oev diaBétel akpaia Treploxr (end region). AvTIBETWG, Mia
dlauépPwWOon HME HOVO TO €OWTEPIKO WPEPOG TUAiypaTtog, oOTnv TrpayuaTtikétnta, 6Ba
dnuioupyouoe pia akpaia Treploxn TUAiyuartog (end region) otnv otroia Ba dnuioupyouvTav
TTPOOBETEG ATTWAEIEG OTO PayvnTIKO TTEdiO TOu dlakévou (end effects) [50].

4.1.2.1 Aigpevvnon PHeTaBANTOTNTAG TOU TTAATOUG TOU 08EUOVTOG KUNATOG —
MpooBnikn BondnTikoU TUAiyparog

o [lepimrwaon 1: t=0.01s, I, =0, Ig=—-112vV/3A—t, [ =112V3A—¢t, Ipc=0

-A +A

I=+11243 A-t I1=+112 -4/3A-t I=0 I=_112.3A-t 1=-112.4/3 A-t =0
ZxAua 24 : Katavour peUHATWY OTO E0WTEPIKO PHéPOGg Tou AC TuAiyparog otnv Mepitrtwon 1
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xApa 25 : Fpappég payvnrikAg pong oto Movtédo 1 otnv Mepimmrwon 1

270 ZXAMa 24, TTapoucsIAZeTal N KATAVOUL PEUMATWY OTO ECWTEPIKO PEPOG Tou AC
TUAiydaTog oTtnv lMNepitrrwon 1. MTTopei va mapatnenBei o1o ZxAua 25 611 N JayvnTIKN
por] «BeTIKNG QopAcy» TTou TTapdyeTal atrd TIG PAcelS -B +C kal n avTioToixn JayvnTikA
por] «apvnTIKNG POPAc» TTou TTapdyeTal atrd TiIg Paocelg + B -C Tou ecwTepIKoU PEPoug
TOU TUAIYHOTOG dnuioupyouv dUO EeXWPIOTA PayvnTIKA POVOTTATIA POAG METAEU Tou
TTPOG MEAETN OOKIMIOU KAl TOu MayvnTikoU TTUpAva. 2TnVv TTEQITTTWON auTr, TO
MEYAAUTEPO PEPOG TNG TTapayouevns AC payvnTiKAG poAg dlaoyifel KaTtd PAKOS OAo TO
TTPOG MEAETN DOKIMIO KAl TO YEYOVOC QUTO €XEl WG ATTOTEAECUA TNV dnuioupyia evog
MayvnTikoU TTediou JOVAG KATEUBUVOEWS KATA WAKOG Tou dokidiou. H dnuioupyia evog
TéTOIOU TTEdIOU Bev eival €mMOuUUNTH KABWG, o€ pia olyxpovn INXavh EKTUTTWY TTOAWYV,
TO TTEAPQ TOU TTOAOU eKTIBETAI OE €va OTPEPOUEVO VAAAGGOOUEVO PayvnTIKO TTedIo
uWnAGTEPNG TAENG OPUOVIKWY, TOU OTTOIOU OI JayvNnTIKEG YPaUMES dev dlaayiCouv OAo
TO MNAKOG TOUu dpopéa.

o [Mepimrwon 2: t=_-s, 1, =112V3A—t, Iz =0, I = —112V3A—t, Ipc =0

-B +B

1=0 I=-112.4/3A-t 1=-112-4/3 A-t 1=0 I=+112 -4/3A-t 1=+11243 A-t
ZxApa 26 : Katavour peUPATWY OTO E0WTEPIKO péPog Tou AC TUAiyparog otnv Mepitrtwon 2

’
l
Y

IxAupa 27 : Fpappég payvntikAg pong oto MovTédo 1 otnv Mepimrwon 2
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Ta ammoteAéopaTa auTAG TNG TTEPITITWONG €ival TTAPOPOIa PE TA QVTIOTOIXG OTNV
TEPITITWON 1, ME TN PAYVNTIKR PoR va dlacyiel KATd PAKOG TO TTPOG MEAETN DOKIMIO
(ZxnHa 27).

o [lepimrwon 3: t= ﬁ s, [, =112V3A—t, Ig=-112V3A—-t, I =0, Ipc =0

+C

I=+1124/3 A-t I=0 I=-112.43A-t I=-112.4/3A-t =0 I=+ 11243 A-t
ZxAua 28 : Kartavoun peUPATWY OTO E0WTEPIKO HéPOG Tou AC TuAiypartog otnv Mepitrtwon 3

]

'

Si223820101T

xAua 29 : M'pappég payvnrikig porg oto Movrtélo 1 otnv Mepimrwon 3

2€ QUTA TNV XPOVIKA CTIYHN, Ol YPAPUEG TNG MayVNTIKAG POAG «apvnTIKAG OPAS» TToU
onuioupyeital ato TIG PAoelg -A +B Tou e0wTEPIKOU TUANATOG TOU TUAIYUATOG (ZXAMO
28), dnuioupyouv KAEIOTOUG BPOXOUG O1 OTTOIOI EICEPYOVTAI OTO BOKIMIO, XWPIG WOTOCO
va To OIOTPEXOUV KATA WPNAKOG TOU OTTWG OTIG OUO TTPONYOUUEVEG TTEPITITWOEIG TTOU
gcetaotnkav. Qg €k ToUTOU, TO TTPOG MEAETN SOKilIo UTTOBAAAETAI O€ éva CUVOUACHO
OTPEPOUEVOU KAl YPAPUIKOU  payvnmikou  Tediou, OTwg oupPaivel  oTnv
TIPAYHOTIKOTNTA OTO TTEAPA VOGS TTOAOU O€ ia oUyxXpovn HNXavr] EKTUTTWY TTOAWV.

Katd ouvérreia, €mBuuntdg otoxog eivar n  dnuioupyia TTapouoiwv cuvinkwv AC
OlEyepong pe auTég oTtnv Mepitrtwon 3, aveEdpTnTa TNG XPOVIKAG OTIYMAG. AUTO UTTOPE va
emTEUXOei pe TNV TTPOCOAKN €vog BonBnTIKOU TUAIYHATOG OTO PayvnTIKO TTupriva (oTIg dUo

TTAEUPEG TOU UTTAPYXOVTOG AC TUAIYUATOG). JE TIMA PEUMATOG ion PE TNV AVTIOTOIXN TNG PAONG
C:

2pi
lLpux = Ic = 234-sin(100-pi-time—?p) A—t

H TotroAoyia autrji ovopdaletal MovTéAo F kai atreikovi¢etal oto ZxAua 30.

40



ZxAua 30 : NMpooBnkn BondnTikoU TUAiyparog oto MovTtéAo F

H emmi®paon autou Tou BonOnTIKoU TUAIYPATOG OTNV KATAVOWN TNG MAYVNTIKAG POAG UTTOPET
va TapatnenBei oto ZxAua 31 yia TIG XPOVIKEG OTIYMEG TwV TTponyoUpevwy MepImTwoewy 1,
2 kail 3. O1 YPAPPEG TwV «OETIKNG GOPAS» Kal «apVNTIKAG POPAG» POWV O€ KABE XPOVIKN OTIYMN
Onuioupyouv KAeIoToUg Bpdxoug yupw atré To AC TUAIYHA, ETTITPETTOVTAG WOVO O€ Wia PIKPN
TTO0OTNTA PONG Va dlAacYioel KATA MAKOG TO TTPOG PEAETN SOKIUIO.

¥

(B)
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ZxAua 31: Mpappég payvnTikAg pong pe Ioc =0 oTIg XpOoVIKEG OTIYMEG: (a) t= 1/300 s, (B) t=0.01 s
kai (y) t=1/150 s

4.1.2.2 Tehika amroteAéopata Adyw TnG TPoodiRkKng Tou BondnTikoU TUAiypaTog

Edv 1o pevpa tng DC diéyepong awel va cival undév oto MovTtédo F, TTpokeipgévou va
emTeUXOei oTaBEPO TTAATOG TOU 0DEUOVTOG KUMATOG TNG MAYVNTIKAG ETTAYWYAS OTN WECT TOU
OIaKEVOU @, N TIKA TOu peUPATOG Tou BondnTikoU TUAiypatog Ba TTpETTel va gival uwnAoTepn
atrd TNV TIMA Tou pelpaTog TG @dong C. H akpifng Tiun TTou Xpelddetal eEapTdTal o€ KABE
TEPITITWOoN ammo Tnv Ty TG DC Tpogodoaoiag. 1o poviéAo F, Tou oTroiou Ta A€ITOUpPYIKA
XOPAKTNPEIOTIKG avagépovTal otov livaka 2, n amatoupevn TIUA PEUPATOS 0TO BondnTikd
TOAIyUa €ivai:

2pi
lguy =151, = 351-sin(100-pi-time—Tp> A—-t

AuTA n aAAayr oTnv aTraitoupevn TIUA peUPaTog ato BondnTikd TUAIyPa ptTopei va e¢nynOei
AOyw TG auénong TnG MPayvnTiKAG dIaTrePATOTNTAG TOU TIPOG MEAETN OokKiyiou. OTTwg
arreikovietal gtov Mivaka 3, n augnaon g PayvnTiKAg dIaTTEPATOTNTAG AOYW TNG TTPOCOAKNG
™G DC diéyepong gival peyaAuTepn oT1o TPOG PEAETN Sokiuio (Point T - ZxAua 32) oe oxéon
ME TO payvnTiKO TTuprva (Point M - ZxAua 32). Katd ouvéteia, €ival avaykaia n mapaywyn
emTAéOV POAG atrd TOo BonONTIKO TINVIO TTPOKEIMEVOU VA KOTOAOTEI O PAyVNTIKOG TTUPHVOG
TpoTIuNTéa BIadPOMN Kal va aTroTpaTtrei n dlEAeuon TNG PayvnTikKAG Pong o€ oAGKANPo TO
MAKOG ToU TTPOG MEAETN DOKIWIOU.

Point M

—— — ——

o Line F

Point T
L * —

IxAMa 32 : Inueia AQYPNG HETPROEWYV OTO JAYVNTIKO TTUPAVA KAl OTO TTPOG MEAETN SOKipIO OTO
MovTéAo F
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lpc=0 lpc = 22500 A-t
Mpog peAéTn MayvnTikég Mpog peAéTn MayvnTikég
Sokiyio TTUPAVOG dokipio TTUPAVOAG
(Point T) (Point M) (Point T) (Point M)
Méon TiuA payvATiKng ~40 mT ~30mT ~ 740 mT ~ 260 mT
£MAYWYNS, B
EXETIKA HaYVATIKA 2467 2467 7321 4218
diatrepardTnTaA, Uy

Mivakag 3 : ZxeTikA payvnTikn diamrepardtnta oto MovTédo F yia diagpopeTikég ouvBrikeg DC
di1éyepong

Ev katakAgidl, To TTPOKUTITOUV 00€U0V KUMO HayVvNTIKAG ETTAYWYAS 0T pJéon Tou SlaKEVou
g (MTpapun F — ZxAua 32) oto Movtého F atreikoviCetal oto ZxAua 33. Eival eygavég o1 10
TIAATOG TOU KUPATOG gival oxeddv oTaBePO yia DIOPOPETIKES XPOVIKEG OTIVUEG, UE e€aipean Wia
MIKP JETABOAR TTOU TTPOKAAELITAI AbYWw TNG KATAVOWNG TOU TUAIYHaTOG. ETTITTAEOV, TO TTAATOG,
N CUVIOTWOO OUVEXOUG PEUNATOG KAl Ol OTTWAEIEG OTA AKPA TOU 0OEUOVTOG KUPATOG Eival
TTAPOMOIEG [E TIG AVTIOTOIXES TIMEG TWV 0OEUOVTWYV KUMATWY TTOU TTAPAYovVTal atro TA HOVTEAQ
ME payvnTiké TTUpAva Topoeidous oxnuartog (Eikdveg 17 kar 19). Map '6Aa autd, n
KUJATOMOP®N TNG MAYVNTIKAG ETTAYWYNGS Eival oJaAdTEPN TNV TTEPITTTWON Tou MovTélou F,
KaBwg TTapoucialel PIKPOTEPO APHOVIKO TrepiexOuevo. EmmpooBera, évag payvnTikog
TTUpfvag opBoywvikoU OXAHOTOG TTapéxel KAAUTEPESG duvaToTNTEG BEATIOTOTTOINONG, KABWG
EXEITTEPIOOOTEPOUG BaBuOUG eAcUBepiag. Q¢ ATTOTEAECUA, TO HOVTEAO HE TO payvnTIKG TTUPAVA
opBoywvikoU oxnuaTog Kal To Tpdobeto BondnTmikd TUAIyua (MovtéAo F) emAéyeTal yia va
XpnoigotroinBei otnv repaitépw digpelivnon TG TTAPoUCag Epyaciag.

B{x.1) in Line F

— eE Ams

1000

950

B (mT)

) 25 50 100 125 150

x (mm)

(c)
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FFT of B{x t=€ 4ms) without the DC component

Amphitude Ba (mT)

Harmonic

& .
\
|IIIIIIIIIIIIll...l------
y 234 6 7 8 8 10911121314 1510 17 18 18 20 21 27 20 28 30
Hamonic order 1

(B)

ZxAua 33 : (a) Emionuaocpévo oTIyMIOTUTIO TOU 08€U0VTOG KUMOTOG HOYVNTIKAG ETTAYWYNS
B(x,t=6.4ms) kal (B) To apHOVIKO TTEPIEXOUEVO TOU TN XPOVIKA OTIYUN t=6.4 ms &mmi ypappnAg
(Line F) otn péon Tou diakévou Tou MovtéAou F

4.2 TeAiké d1081A0TATO HOVTEAO
4.2.1 TMMpodiaypa@ég TNG TTEIPAMATIKAG S1dTaéng
MNa tv emAoyr] Twv OXEDIAOTIKWY TIPOdIAYPOPWY TNG TTEIPAPATIKAG  dIATAgNG,

XPNOIYOTTOINBNKE WG ava@opd dia TTPAYMATIK) oUyxXpeovn Hnxavh €KTutTwv TToAwv. Ta
XOPAKTNPIOTIKA TNG TTapouaiadovTal otov livaka 4:

Ovopa TapapéTpou I316TnTO Ty
Aess ATTOB0TIKO UAKOG KUUOTOG 50 mm
fess ATT000TIKI ouxVveTNTA 1350 Hz

DC ouvioTwoa Tng
Bpc MayvnTIKAG ETTOYWYNG OTO 11T
pECO Tou Blakévou g

MA&TOG TNG PaYVNTIKAG
ETTAYWYNAS OTO YECO TOU 01T
dlakévou g
Mivakag 4 : XapaKTnpIoTIKA TG HNXAVAG avagopdg

=)

EmmAéov, opiopéveG aTTAITACEIS KAl TTEPIOPIOMOI €TMIBAAAOVTAI OTO OxedIaoud TNng
TTEIPAPOTIKAG dIATAENG:

e To TTAGTOG W TOU TTPOG YEAETN OOKIMIOU ETTIAEYETAI VA EIVAI I0O PE Aer.

e H meipapariki didragn Ba TpéTTel va gival o€ B€on va TTapéxel puBUICOUEVO PRKOG
KUPOTOG. ZUYKEKPIPEVA, O apIiBUOG TwV TTOAwY Tou AC TUAIyUOTOG Ba TTPETTEl va €XEI
TN duvaTdéTnTa Va evaAAdooeTal JeTagu dUO Kal TECOEPA. ZTIG TIPOCOMOIWOEIG TTOU
die€ayovTtal, auTtd ETITUYXAVETAI PE TN XPRon dU0 EEXWPIOTWYV HOVTEAWY, EVOG UE 2-
TOANKO Kal evOg pe 4-TToAIké AC TUAIyha. Mo Tnv TTPOKTIKA UAOTToinon Tou
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puUBUICOuEVOU PNKOUG KUMOTOG, £épeuva Ba TTpétTel va die€axOei yia 1o oxediaoud
Miag ouvdeopoloyiag TUNypdTwy avaAloyng pe Tn cuvdeopoloyia Dahlander [55].

e H mrukvéTnTa pelpaTog, T6oo Tou AC 660 Kal Tou DC TuAiypaTog dgv Ba TTpETTEl Va
Eemmepvdel TIC avTIOTOIXEC TIMEG yia TN QUOIKA WUEn TOU OUCTHAMATOG, Kal
OUYKEKPIPEVA KATA TTPOTiUNGN Ba TrpéTrel va gival gikpdTepn até 5 A/mm?2[38]. Oi
ouvteAeoTéG TTANPSTNTAG Tou AC Kal Tou DC TuAiypartog Bswpouvtal 0.4 kai 0.7
avrioTtoixa [48], [49].

o O Kopeoudg TOU PayvnTIKOU TTUpAva Ba TTpéTTel va atmmogpeuxBei, kabwg autd Ba
MTTOpOUCE va odNyro€l 0€ EKTETAPEVEG OUVOAIKES aTTWAEIEG O10fpou OTn dIdTagn.

e To OuvOAIKO P€yeBog TNG dIATagNng Ba TTPETTEl va eAaXIoTOTTOINOET KATA TO duvaTOV,
TTPOKEINEVOU VA ETTITEUXOET 1A EQIKTH] KAl OIKOVOMIKY) oXediaon.

4.2.2 AvdAuon svaioBnoiag
4.2.2.1 ZXeSIAOTIKEG TTOPAMETPOI

To TeAIKO BI0dIA0TATO POVTEANO XpPEIdleTal va BeATioToTTOINGEI O€¢ K&TTOI0 BABUO, WOTE Va
TANPoi TIC TTPOdIaypaPEéG Kal TIC OTTAITACEIC TTOU avagépovtal otnv evotnta 4.2.1. Qg
QTTOTEAECQ, XPNOIYOTIOIEITAl N PEBODOG TNG avaAuong suaiocbnaiag yia TIG YEWHETPIKES KAl
AEITOUPYIKEG TTAPAUETPOUG TOU HOVTEAOU. O YEWMETPIKEG TTAPAUETPOI TOU HOVTEAOU TTOU
TPETTEl va An@BoUv uttéwn katd Tn diadikacia BeATiIoToTTOINONG aTTEIKOVI(ovTal 0To ZXAua 34,
EVW N TTEPIYPAPI TOUG KaIl Ol ApPXIKES TIMEG TOUG TTapouaidlovTal oTov lNivaka 5.

A

g2

L

0 200 400 {mm)

ZxAua 34 : Mewperpikég TTapdueTpol Tou Movrélou F
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Ovopa TapauéTpou 15316TnTO ApXIKA TIUA

H Mnkog TTpog ueAETN BoKIUiou 300 mm
d Méxog payvnTikou TTuprva 30 mm
L Mrkog payvnTikou TTupfva 300 mm
g Mdayog diakévou 2 mm
g Méayxog Katw dlakévou 2 mm
1 Mayog AC TuAiypatog 6 mm
W2 Mayog DC TuAiypartog 49 mm
2 Mrikog DC TuAiyuartog 50 mm
depth AEoVIKO UAKOG PHOVTEAOU 100 mm
n Phros etlios AC 100 A
loc Tiyr) pevpatog DC TuAiypaTog 7500 A-t
Lo MAd&Tog pevpartog BondnTIKOU 154100 Act

TUAIyuaTog

Mivakag 5 : ApxIkég TINEG TTapapéTpwy MovTéAou F

Oa TpéTrel va onUEIwOdei 6T 6Aa Ta TUAiypaTa OswpouvTtal OTI atroteAouvTal a1rd
évav aywyo yia Adyoug atmrAéTnTag. MNa 1o Adyo autd, n povada HETPNONG TWV TIHWV
TWV PEUMATWY ONUEIWVETAI WG aptrepediyparta (A-t) avri yia aumép (A) otov
TTAPATTAVW TTivaKa. H €ITIAOYT TWV APXIKWV TIHWY TWV TTAPAPETPWY TTOU QvaPEPOVTAl GTOV
Mivaka 5 éyive Baoiféuevn ota akdAouba KpIThpIa:

To unRkog L kai 1o TTéyog d Tou payvnTikoU TTuprva, KaBwg Kai To uikog H Tou TTpog
MEAETN DOKIpiou €TTIAéEXOBNKavV o€ avTioToIXia PE TIG BIAOTACEIG TWV OOKIYIWY TNG
diaragng Epstein [35].

To AdToG Tou AC pelpaTog Iac ETTIAEXBNKE £TO1 WOTE N TTUKVOTATA PEUPATOG TOU
AC TUAiypaTog va gival 5 A/mm?2.

H 1iun Tng DC 1po@odoaiag Ipc uTToAoyioTnKE KATAAANAQ TTPOKEIMEVOU TO PAYVNTIKO
medio 010 pé€oov Tou dlakévou g va €xel DC Tiun Bpc ion pe 1.1 T, émmwg opileTal
atmd Tig TTpodiaypaés (Mivakag 4). EmmmAéov, To DC TUMNIypa TOTTOBETEITAI OTO
KEVTPO TOU DOKIMIOU, TTPOKEINEVOU Va ETTITEUXDOET £vag TOTTIKOG KOPEOHUOG OTO ONUEIo
auTd KAl wg ek TouTou, va amoTpatrei n diéAsuon Tng AC payvnTiKAg porg Kartd
MAKOG OAOGKANPouU Tou dokipiou. Katd ocuvétreia, ol diaocTtdoelg Tou DC TuAiypaTog
EMAEXONKAV £XOVTAG WG OTOXO TNV KATA TO dUVATO CUUTTUKVWON TOU TUAIYHOTOG
OTO KEVTPO TOU TTPOG MEAETN DOKIUiOU, XWPIG TO TTAXOG TOU, W2, VO EETTEPVAEI Mia
evAoyn TiuA.

To agovikd prkog Tou povtéAou, depth, eTTIAEyETAlI APKETA PEYANO 0€ OUYKPION UE
TO TTaX0G TOU £vePyOU diakévou (dBpoioua |1 Kai g), TTPOKEIUEVOU VO TTEPIOPICEI TIG
aTTwAeleg Adyw Tng porig okeddoewg oTta akpa (end effects). AvaAuon euaiobnaiog
YIO TO CUYKEKPIUEVO UAKOG BIECAyETal aTO TPIOOIACTATO HovTENO (Ke@dAaio 5), TTou
n €mMTTWON TNG PONG OKeEdAOEWS OTO payvnTikd Tedio diakévou AauBdveral
uttéwn.
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4.2.2.2 PuBuio€ig TpOCOUOIWCEWV

O1 pubpioeig Twv TTPOoCOoUOIWOEWY TTou €AaBav xwpa Kata Tn diadikacia Tng avaAuong
guaio0naiag wg Pog TIG dIdPopeg TTapapéTpoug TTapouaialovTal atov [ivaka 6:

PuBuio€ig TpoooloIlwoewy

Puluioeig AvaAuong
(Analysis Setup)

o Xpovog
oAokAfipwong 0.74074 ms
(stop time)
* Xpoviko Briua 0.0148148 ms
(time step)
Opiaki cuvOAKkn MTTaASvi
(Boundary condition) (Balloon)

Mivakag 6 : PuBpioceig mpooopoiwoewv Movtélou F

Me tnv avdBeon piag oplokAg ouvelnkng Tuttou «MTtraAdvi» yUpw atrd 10 PovTéAO, TO
ouoTnua Bewpei 611 N TTEPIOXN £EW ATTO TO OPIO gival aTTEipWG PEYAAN. Autd cuveTTayeTal OTI
10 dIdvuopa payvnTikou duvapikou A Teivel oTto undév oTo arreipo (A — 0).

To BeATiwpEvo TTAEYUA YIa TIG TTEPIOXES EVOIOPEPOVTOG ATTEIKOVICETAI OTO ZXNMa 35, evw TO
XOPOKTNPIOTIKA TOU TTAEYMATOG TTapouaialovTal avaAuTika aTov lMivaka 7.
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ZxAua 35 : NMAéypa Tou MovTtéAou F kartd tn Siadikagia Tng avdAuong euaiodnoiag wg mpog TIg
Ol1dpopEeg TTAPAPETPOUG
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MéyioTO HKOG OTOIXEIWV

Mepioxn (mm) ApI1Bu6G oTOIXEIWYV
MayvnTikég TTupfiva — A 10 3005
Mpog peAérn dokipio — B 5 3057
Aépag yupw atré 1o 2 1201
Oidkevo g - C
AC 10AIlypa - D 3 273

Mivakag 7 : XapakTnpioTIKd TTAEypaTog Tou MovTtéAou F

4.2.2.3 AvdaAuon guaioBnoiag Twv TTOPAPETPWY TOU CUCTHHATOG
i. BHMA1

O KUplog 01dX0G AUTAG TNG dlepelivnong €ival va eTTITEUXOEi TO EMIOILWKOPEVO 0dEUOV
KUJa pJayvnTikhAg eTaywyng B (x, t) oTo péoov Tou diakévou agpa g, OTTwS auto opileTal
atro TIG TTPOdIAYPAPESG TOU YOVTEAOU TTOU avagépovTtal oTov lNivaka 4. 2av atToTéEAEoQ,
dlegdayetal availuon euaioBnoiag (OAT) kat 'apXdg yia Tnv TTOPAPETPO g Kal, KATé
0eUTEPOV, YIa TNV TTAPAUETPO |1, WG TTPOG TIG ETTITITWOEIG TTOU ETTIPEPEI N JETAROAN TOUg
OTNV KUMOTOPOP®H Tou 0d€U0oVTOG KUpaTog. Kard tn diadikaoia Tou BAuarog 1, n Tiun
peupaTog otnv DC Tpo@odoacia Inc HETABAAAETAI KATAAANAQ WOTE N Bpc va IcoUTal TTAVTA
Me 1.1 T kaTd TTPOCEéyyion.

e AvdAuon gualioBnaiac we TTPOC TNV TTAPAUETPO g

H peAéTn TTpayuatotroif|onke yia Tig Tinég 0.5, 1, 2 kau 3 mm. H eTmiTrtwon Twv
SIAPOPETIKWV TIMWV TNG TTAPAPETPOU g OTO TTAGTOG TOU PETOKIVOUUEVOU KUPATOG B
QTTEIKOVICOVTAI OTO ZXNHA 36 - (a), EVW N PEYIOTN TIMA TWV ATTWAEIWY 0Ta dUOo AKpa
TNG KUPATOMOPPAG TOU 0OEUOVTOG KUNATOG o€ ouvduaoud ue TiIg atmaitioelg DC
PEUPATOG TOU OUCTHPOTOG OTIG  OIOPOPETIKEG  TIEPITITWOEIG UTTOPOUV  vd
TTapatnenBouv oT1o ZxAua 36 - (B).

(mey
9 (mm) g (mm)

(a) (B)
ZyxAMa 36 : Txéon mwdayxoug dlakévou g wg Tpog (a) To TTAATOG TOUu 06£U00VTOG KUPATOG HAYVNTIKAG

emaywyng B kai (B) TRV MEYIOTN TIUA ATTWAEIWV OTA AKPA TG KUMATOMOP®PHS TOU 05£UOVTOG KUMATOS
Bipax O€ OUVOUAOMO HE TIG avTioToIXEG atraiThoelg o€ DC Tpogodoaoia Iy

48



KaBioTtatal ca@ég atmd 1a avwTépw oxnuaTa 6T N Yeiwon TNG TTapapéTpou g
EMQEPEI EVTOVN aUENON TWV ATTWAEIWY OTA AKPA TG KUPATOPOop®nG. QoT1doo, N
augnon TNG ETMIPEPEI IBIAITEPA CNUAVTIKA alénon Tou peupaTog TG DC ouvioTwoag
Ioc, TTpoKeIpévou va dlatnpnBei n TiuA TG Boc ota 1.1 T. EmimrAéov, 10 TTAGTOG TOU
00eU0VTOG KUpaToG augdvetal o€ XapunASTepeg TIuEG Tou g. Katd cuvéTreia, n TIPn
TTou €TMIAEyETAI yIA TO TTAX0G dlakévou g cival 0.5 mm. AgiCel va onueiwBei 6T
QTTOQEUYETAI N MEAETN MIKPOTEPWYV TIMWY TTAXOUG dlakévou Kabwg n T 0.5 mm
Bewpeital 6TI AvTIOTOIXEI OTA OPIA TNG KATAOKEUAOTIKAG avoxng [51].

e AvdAuon guaioBnaioc we TTPOC TNV TTAPAUETPO |1

O1 TIuég o1 oTToieG €€eTAOTNKAY YIa TO TTAXOG Tou AC TUuAiyuaTog |1 givai 4, 5 kai
6 mm. To TTAATOG Iac TTPOCapPOleTal 0€ KABE BAMQ, TTPOKEINEVOU va diatnenBei n
TIUKVOTNTA pelpaTog Tou AC TuAiygatog oe 5 A/mm?2. Ta amoteAéoyarta Tng
avaAuong TTapouciadovTal oTo ZXNua 37.

I, (mm) I, (mm)

xApa 37 : Ixéon mdayxoug AC Tuliyparog |1 wg mpog (a) To TTAATOG TOU 08£U0VTOG KUMATOG
MayvnTIKAG ETTaywyRAS B kai (B) TNV MEYIOTN TIMA ATTWAEIWV OTA GKPA TNG KULOTOMOPQPRAS TOU
03£U0VTOG KUMATOG B pax

H mrapatrdvw avaiuon yaptupd OT1 n auénon TG TTOPANETPOU |1 TTPOKAAEI
Tautéxpovn auénon Tou TTAGTOUC B, KABWC Kal TwV aTTWAEIWY OTa AKpa TOu
00€U0VTOG KUMOTOG (Brpak)- Me Bdon 1a mmapamdvw, n TIUA TTOU ETTIAEYETAI WG
KAaTGAANAN yia Tnv TTapduetpo |1 gival 5 mm, KabBwg TTpoo@épel Tov KOAUTEPO
oupBIBaCNO.

Qo1600, 0€ OAEG TIC TIPONYOUNEVEG TIEPITITWOEIG TO TTAGTOG B atrokAivel anuavTikd
ammd v €mBuunTy Twv 0.1 T, n otoia civar 0 0TOX0G WOTE va TTAnpouvTal Ol
mpodiaypa@és TG didtagng (BAéme Mivaka 4). Q¢ atrotéAeoua, n TTUKVOTNTA
peupartog Tou AC TuliypaTtog xpeiadetal va auénBei o€ uwnAoTepa emmiTreda amd 5
A/mm?. H TTukvéTNTa pEUPATOC TTOU ETTIAEYETAI €V KATOKAEIDI gival 20 A/mm?. Mapda
T0 YEYOVOC OTI TO TIPOKUTITOUV TIAGTOG B yIal TN GUYKEPIPEVN TTUKVOTNTA £EAKOAOUBET
va gival yikpoTepo ato 0.1 T, 6Trwg @aivetal oTov Mivaka 8, atmo@euyeTal N Xpron
UWNAGTEPWY TIMWV TTUKVOTATWY PEUPOTOG TTPOKEIUEVOU VO ATTOTPATIOUV TTIBAVEG
(nuiEg ota AC kaAwdia. Mia peAétn TTpéTTel va dleaxBei ue okotmd Tnv €TTiTEUEN
KaAUTEPOU OuvTeEAEOTA TTANPOTNTOG yia TO AC TUAIlyPQ, PE OKOTTO TN PEiwon Tou
QTTAITOUMEVOU lac KAl TNG avTioTolXNg TTUKVOTNTAG AC peupaTog. Mia evdlagépouoa
10€a Ba ATav N xprion kKaAwdiwv Litz opBoywvikou oxAuaTog, Kabwg ekTidTal OTI
MTTOPOUV Va ETTITUXOUV CUVTEAEDTH TTANPOTNTAG UEXPI Kal 0.65 [56].
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- r:]]5 lac (A-t) B (T) Ioc (A-t) Bigak (T)

5 332 0.073 10500 1.87

Mivakag 8 : Tpo@odoaieg peUNATOG KOl XAPAKTNPIOTIKA payvnTikoU Tediou oTo
S1dKevo g yia AC TTukvOTnTA peUMATOG ion pe 20 A/mm?

ii. BHMA2

Qg emrépevo BAMA, dligpeuvdTal n eTTiIOpACH TWV TTAPAPETPWY L Kal d oTA XOPAKTNPIOTIKA
TOU 09eUOVTOG KUPATOG B (X, t), KOBWG Kal OTIG ATTWAEIEG O181POU TOU PayvnTIKOU TTUPHVa.
MNa TIg apyIKES TIMES Twv L Kai d Kai TIG TIMEG TwV TTAPAUETPWY g, |1 Kai lac TToU TTIAEXBNKaV
oT1o BAua 1, o payvnTikog TTuprivag Bpioketal o€ KatdoTaon KopeopoU. Katd cuvéTtreia, n
avdAuon suaiocbnoiag Twv L kal d diggdyetal uOvo yia uynAdTePES TIUEG aTTO TIG APXIKEG.
Ta amroteAéoparta tng diepelivnong TrapoucidlovTal oTo ZXApa 38.

0.075

d=30mm

d=35mm

0.0745 MO
0.074
= 0.0735
0.073
0.0725

0.072 y
300 375 450
L (mm)

ZxAMa 38 : Zxéon HETAEU TOU TTAATOUG TOU 08€£UOVTOG KUUATOG HOYVNTIKAG
£maywyng B kai Tou ufikoug L kai Tou Tréxoug d Tou payvnTikoU TTupARva

H tTrponyoUpevn avaAuon Beixvel 6TI To TIAGTOC B TOU 08£U0OVTOC KUPATOG Eival EUBEWG
avAaAoyo pe 1o AKog L kal avTioTpoewes avaloyn We 1o TTAATOG d Tou payvnTikou TTuprva.
O1 migég TTou eTmIAéyovTal yia TO TEAIKO povTéAO gival: L = 450 mm kai d = 35mm, wg €vag
OUMBIBAONOG PETAEY TNG MEYIOTOTTOINONG TOU TTAGTOUS B Kal TNV aTroQuyr TOU KOPEOHOU
TOU JayvnTIKOU TTupriva (K&TI TTou cupBaivel oTig TepImTwoelg étrou d = 30 mm).

iii. BHMAS3

TéNOG, n avaAuan €oTIAleTal 6TO KOG H Tou TTPOG PEAETN BOKIWIOU Kal TO TTAX0G TOU
KaTw Olakévou Tng diaTagng g». Kard tn didpkeia autou Tou BripaTog, n TiuA Tou lpc
pubpieTal €101 WOTE N TIMA Tou Bpc va gival katd mpooéyyion 1.1 T. H emidpaon Twv
TTPOAVAPEPBEVTWV TTAPAPETPWY OTNV TIUF Tou TTAGTOUS B Tou 08£00VTOC KUPATOS B (X 1)
OTO P€OOV Tou diakévou g uTTopei va TTapatnenBei oto Zxnua 39. Eival epgavég o1 yia
otaBepn TIUA TNG METORANTAC H, n TR Tou B etmnpedletal o pIKpO BaBud améd tnv
TTOPAUETPO go.
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% g,=2mm
< g.,=3mm
&l z

0.0739 g7=4mm
0.073 |
= 0.0725 |
0.072|
0.0715 |

0.071 + , . +
200 300 400
H (mm)

IXAMa 39 : Zxéon METAEU TOU TTAGTOUS TOU 08£00VTOS KUPOTOG HAYVNTIKAS ETTOYWYNS B
Kol Tou gAKoug H Tou Sokipiou KaBwg Kal Tou TTaX0Ug g2 TOU KATW SiaKévou

EmmpooBeta, n AC payvnTiky porj TTou dlaoyidel To TTpog PEAETN SOKiuIo eTTnpeddeTal
éviova atrd Tn PeTaBoAn Twv TTapapéTpwy H kal gz. OTTwg €xel dn avagepOei, auth n pon
Ba TTPETTEl va YEIwvVETAl o€ JeyaAUTepa BAON Tou dokIyiou Kal, BewpnTIKAE, va undevifeTal 0To
péoov Tou (Point M - ZxAua 40). O1 Tinég Tou TTAGTOG TNG AC OUVIOTWOAG TOU HayvnTIKOU
Tediou o€ SIOQPOPETIKA ONMEIa KATA PAKOG TOU TTPOG MEAETN DOKIYioU yia SIOQOPETIKOUG
ouvduacououg H kal g2 gaivovtal otov lNivaka 9. Ze autdv Tov TTivaKa, YiveTal cagég OTl yia
TIWEG Tou H peyaAuTepeg ammd 200 mm, mrapartnpeital otadiakn peiwon tng AC payvnTikAg
PONG KaBWG TTPOCEYYiCOUUE TO KEVTPO TOU BOKIWIoU, 6TTwG CUMBAiVEl Kal TRV TTPAYHATIKOTNTA
OTO OPOUEA Hiag oUyXPovNG HNXAVAG EKTUTTWV TTOAWV.

maz= !

1mm*F . .
Point F
24 mm \ .
4 . Point A
T Point B
50 mm
N .
h Point C
45 mm

ZxAMa 40 : Znueia HETPNONG TNG TTOOOTNTAG HAYVNTIKAG PORG TTOU SIEPYXETAI KATA MAKOG TOU
dokipgiou oto MovTédo F
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Point F P,O Int M
(Méoo TOU (héoo Tou
H i Point A Point B Point C Point D mpOog
dlakévou ,
) HEAETN
¢ Sokipiou)
H g2 ) , _
[MAdro¢ AC ouvioTwoa¢ - By (T)
2 0.0670 0.0352 0.0214 0.0193 0.0178 0.0184
200 3 0.0678 0.0353 0.0203 0.0181 0.0166 0.0174
4 0.0694 0.0360 0.0181 0.0157 0.0142 0.0143
2 0.0734 0.0407 0.0156 0.0131 0.0104 0.0093
300 3 0.0727 0.0402 0.0152 0.0127 0.0100 0.0090
4 0.0730 0.0397 0.0148 0.0122 0.0096 0.0086
2 0.0734 0.0437 0.0147 0.0122 0.0097 0.0066
400 3 0.0735 0.0432 0.0145 0.0120 0.0095 0.0065
4 0.0737 0.0425 0.0142 0.0117 0.0091 0.0063

Mivakag 9 : NMAdTog AC ouVICTWOOG TOU HAYVNTIKOU TTEdiou KaTd JAKOG TOU TTPOG MEAETN
dokipgiou oto MovTédo F

O1 Tiyég o1 otroieg emAéyovTal yia TO TEAIKO povTéAo eivar: H = 300 mm kai g2 = 3 mm,
AauBdvovrag uttéwn TN VYEVIKOTEPN TIPOOTIABEIa yia €AAXIOTOTIOINGN TWV GUVOAIKWV
olaoTdoewy TNG TreIpauaTikig dIdTagns. MNa autég TIG TIUEG, Ol CUVIOTWOEG TOU HayvnTIKOU
mediou By (t) kal By (t) kataypdgovtal oTo onueio A Tou TPog PNEAETN BOKIYIOU OTO XPOVIKO
diaotnua piog mepiddou T = 0.74074ms. Mtropei va trapatnpnBei oto Zxriua 41 o1 10
HayvnTIKO TTEdI0 OTO TTPOG WEAETN DOKIMIO €ival OTPEPOUEVO, OTTWG TO AVTIOTOIXO TTEDIO OTO
TTEAUATOG VOGS TTOAOU OTO dpouéa Hiag oUyxXpovng MNXAVAG EKTUTTWY TTOAWV.

-0.3 0.2

01 0
B, (T)

0.1

0.2

0.3

IxAMA 41 : ZTPEPOMEVO HayVvNTIKO Tedio oTo onueio A (Point A) Tou TTpog HeAETN Sokipiou
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4.2.3 TeAIKa atmroTeAéopaTa

O1 TINEG TWV TTAPAUETPWY TOU TEAIKOU JOVTEAOU TTOU TTPOEKUWAV KATOTTIV TNG avAAuONg
euaioBnaiag mapoucidlovtal otov Mivaka 10.

Ovopa peTaBAnTAG 1516TNTO TeAikA TIPA
H Mnkog TTpog ueAETN BoKIUiou 300 mm
d Méyxog payvntikoU TTuprjva 35 mm
L MrKog payvnTikou TTuprva 450 mm
g Méyxog diakévou 0.5 mm
g Méayxog Katw dlakévou 3 mm
l1 Mayog AC TuAiypatog 5 mm
W2 Mayog DC TuAiypartog 49 mm
2 Mrikog DC TuAiyuartog 50 mm
Iac MAG&TOG eaOuaTog AC 339 Act

TUAiypaTog
loc Ty pevpatog DC TuAiypaTog 10500 A-t
. MAGTOG pelpaTog BonbnTikoU 154332 At

TUAIypaTog

Mivakag 10 : TeAikég TIpEG TTapapéTpwy MovTtélou F

Oa mpétrel va onueiwdei 0TI 6Aa Ta TUAiypara BswpolvTtal 6T atroteAoUvTal a1rd
évav aywyo yia Adyoug ammrAéTtnrag. MNa 1o Adyo auTtd, n povdada PETPNONG TWV TIHWV
TWV PEUMNATWYV ONUEIWVETAI WG aptrepeAiypata (A-t) avri yia aumép (A) oTov

TTOPATTAVW TTiVAKO.

Kard ouvétreia, 10 odeUov KUPA PAYVNTIKAG €TTAYWYAG OTn PEOTN Tou OIOKEVOU g OTO
MovTéAo F tTou TTpoékuye KaTOTTIV TG avaAuong euaiodnaiag, eaiveral oTo ZXHAUa 42, evw
TO XOPAKTNPIOTIKG TOoUu avagépovTal atov Mivaka 11.

Bix,0n Line F

ZxAHa 42 : TeAik6 odgUov KUPA JayvnTIKAG eTaywyng B(x,t) o ypaupn (Line F) otn péon Tou

olakévou g oto MovTtélo F
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Ovoua 15316TnTO TiyR

DC 1igA TNG HayvnTIKAG
Bpc ETTAYWYNAG OTN Yéan Tou 1.093T
dlakévou g

MAGTOG TNG payvNTIKAG
ETTAYWYNS OTN MEON TOU 0.0727 T
dlakévou g

=)

MéyioTn Ty aTTwAEIWY oTA
By dUo akpa TI’]? KUpGTOUO,p(pr]g 18577 T
NG HAYVNTIKNG ETTAYWYNG OTN
péon Tou dIoKEVOU g
Mivakag 11 : XapaKTnpPIoTIKA TOU 08£U0VTOG KUMOTOG HOYVNTIKAG ETaywyng B(x,t) og ypapun
(Line F) otn péon Tou diakévou g oto MovTtéAo F

H mTponyoupevn avaAuon avTioToIXEi OTO MOVTEANO TNG TTEIPAPATIKAG dIATAENG UE 2-TTOAIKO
AC TUAIyha. To avTioToixo JovTéAo pe 4-TToAiko AC TUAIypa (MovTéAo F2) atreikovietal 01O
2xAua 43. H povn mapdauetpog n otroia peTaBaAAeTal eTagU Twv SUO SIAPOPETIKWY UOVTEAWYV
gival To TTAATOG Tou pelpaTog 0To AC TUMIYMQ, lac. ZUYKEKPIYEVA, OTN OEUTEPN TTEPITITWON Ba
TPETTEl va Io0oUTal e TO MIoO TNG TINAG (166 A-t), TTpokeigévou va diatnpnBei otaBepn n
TTUKVOTNTA peUaTog aTo AC TUAIyMa (20 A/mm?). Q¢ ek TouTou, To 0deUov KUpa B(x,t) Ba éxel
€TTioNG TO MIOG TTAATOG O€ OUYKPION ME TO avTioToIXo 0deUov KUua aTto Movtédo F (ZxAua 44).
QoT1600, yia TNV TTEpaITEpw BewpnTiKA diEpelivnon TNS TTapoUcag EpYAaiag, N TIWA Tou lac Ba
olatnpeital otaBepn kai ion pe 332 A-t ota dU0 PovTéAa Pe 2-TTOAIKO Kal 4-TTOAIKO TUAIYUQ,
WOTE va gival duvartr) N ouykpIon TwV ATTOTEAEOPATWY TOUG.

-laux +B -C +A -B +C -A +B -C +A -B +C -A -laux

Magnetic Core

A N \
+laux Test object +laux

| LineF2

xAua 43 : Aiatagn pe 4-moAikd AC TUAiypa (MovTtéAo F»)
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B(x,t) in Line F,
1 a T T T T T T T

— {=() 2370368 ms

1.7

11

IxApa 44 . Odgvov KUPa payvnTikig emaywyng B(x,t) og ypaupn (Line F2) otn péon diakévou
oT1o MovTtéAo F;,
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5 AvdAuon PE TN HEOODO TTETTEPAOHEVWV OTOIXEIWV O€ TPEIG

dlaotdoeig

2TO TTPONYOUNEVO KEQAAAIO TTAPOUCIACTNKE TO OICOIACTATO WOVTENO HiOG TTEIPAUATIKAG
OI4TagNG N oTToIO OXEDIAOTNKE UE OKOTTO TNV UTTOBOARA TwV TTPOG MEAETN DOKIUIWY 0€ CUVONKEG
MayvnTIKOU TTedioU TTAPOUOIEG E QUTEG TTOU ETTIKPATOUV OTO OPOMED Hiag aUyXpovng KNXAvAg
EKTUTTWV TTOAWYV. O oT1dx0¢ TnG dleCaywyng TTpocopolwoswy o€ FEM povréAa autig Tng
dldTagng cival va TTpoPAéWel Pe akpiBeia TIG ATTWAEIEG OIVOPPEUPATWY OTA TTPOG HEAETN
dokiyia TTpiv atrd 10 OTAdIO TNG TTEIPAMATIKAG ETMKUPpWONG. Q0TOC0, Ta CUMBATIKA HOVTEAQ
EKTIMNONG ATTWAEIWV TTUPHVA TTOU €ival evowpdaTwpéva ota diodidaTaTta Aoyiopikd FEM dev
TTapPEXOUV aKPIBEIG TTPOBAEWEIS TWV ATTWAELIWY ATTO dIvoppelpaTa, €I0IKA OTNV TTEPITITWON
TWV UPNAWY ouyxvoTATwy, OTTWG aUTA TTou £EETACETAI GE QUTA TNV epyaaia. Q¢ ek TouToU,
avaTtrTuooeTal €va TpIocdIdoTaTo PoviéAo FEM, pe okotd Tn xpnoigoTtroinon TG Aueong
HEBOSOU TTpoCOouOIWOEWS divoppeundTwy (direct eddy current simulation method). e autd
TO0 KEQAAaIo, TTapoucidletal To 3D povréAo Tng TreIpapatikig SIaTAEEWS, vy TAUTOXPOVA
yiveTal pia avadAuon atTwAgiwy SIVOPPEUNATWYV yia dIa@opeTIKA UAIKA (MayvnTikh Aapapiva
KATOOKEUQOTIKOU TUTTOU Kal TUTTOU M400-50A) kai dla@opeTIka TTaxn Aauapivag (2 mm kai
0.5 mm) Tou TTpog PEAETN BoKidiou oTa dUO POVTEAA PE 2-TTOAIKO Kal 4-TTOAIKO TUAIYUQ.

5.1 Mepiypaen TpI0d3IACTATOU HOVTEAOU

O1 TTPOCOPOIWGEIG TTPAYUATOTIOIOUVTAl HWE TN XPHon TOU AOYIOMIKOU TTETTEPACUEVWV
oTtoixeiwv ANSYS 3D Maxwell (Ansys HAekTpopayvnTikwy Suite ékdoon 17.1.0 OAa Ta UAIKG
TTOU XPNOIUOTTOIOUVTAI OTIG TTIPOCONOIWCEIG TTPOEPXOVTAI ATTO Th evOowuaTwléVn BIBAIOBAKN
SysLibrary ek16¢ amd TN payvnTik Aaupapiva Tommou M400-50A kai T Aauapiva
KOTAOKEUQOTIKOU TUTTOU. O1 1810TNTEG QUTWV TWV UAIKWV TTapoucidlovtal oto KepdAaio 9 -
Mapaptiuara.

Additional
Sheets

Test sample

ZxAua 45 : Newperpia TpI08140TATOU HOVTEAOU
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To T1pIcdIGCTATO POVTEAO TO OTIOIO £xel oxedlaoTei £xel TIC idleg SIOTACEIC PE TO
01081G0TATO JOVTEAO TTOU TTPOKUTITEI ATTO TNV AvAAUCH euaioBnaiag Kai TIG TTPodIaypPaPES TNG
diaragng (BAETe Mivakeg 4 kai 10). 10 ZXAUa 45, aTTeIkovideTal N YEWUETPIA TOU JOVTEAOU 2-
TTOAIKO TPIPACIKG TUAIYHa Kal doKipio TTdyxoug 2 mm. Mtropei va rapatnpnBei 611 Tédvw Kai
KATw atmd mpog PeEAETN Sokiuio £xouv ToTTo0eTNOEi dUo emmiTTAéov @UAAa (additional sheets)
a1Té TO id10 UAIKG PE TO TTPOG PEAETN BoKipIo. H TOTTOBETNON auTwy Twv QUAAWY £XEI WG OTOXO
TNV aTToQUYN TNG TTAPANOPPWONG TOU PayvnTikoU TTediou oTo peoaio EAaca (TTPOG HEAETN
OoKiuI10) Adyw Twv TTediwv TToU dnuioupyoUvTal atro TIG poég okedaaewg (end effects).

Méow Tng digpedvnang tmou die€AxBn oT1o dI0BIACTATO POVTEAO, CUUTTEPAIVETAI OTI TO KUPIO
MEPOG TNG AC PONG CUYKEVTPWVETAI OTO YTTPOCTIVO PICO TUAUA TOU TTPOG HEAETN doKIYiou, TO
otroio Bpioketal TTAnoiEatepa atnv AC diEyepon (BAétre Evotnta 4.4.2.3 - lMivakag 9). Qg
QTTOTEAECA, N AvAAUCT TWV ATTWAEIWY BIVOPPEUNATWY ETTIKEVIPWVETAI MOVO OE QUTAV TNV
TTEPIOXN Kal Ta SIVOPPEUPATA OTO UTTOAOITTO PEPOG TOU TTPOG MEAETN DoKIPiou BewpouvTal
apeAnTéa. Mpokelpévou va emTeuxBei povTeAoTTOINON PE UYNAN aKPIBEIR, TO UTTPOCTIVO TURHO
TOU TTPOG MEAETN doKipiou dlaipeital o€ AeTTTEG OTpWwOElG TTaxoug 0.1 mm oTnv KateuBuvon
Tou d&ova z. AuTo TO TTAX0G avTIoToIXEi 0TO BABOG digioduong, 6, OTTWG AUTO UTTOAOYIOTNKE
07O BIOBIACTATO POVTEAO ATTO EKTIMWMPEVEG TIMEG TOU payvnTikou Trediou B(t) oe TTeploxA Tou
TTPOG PEAETN dokiyiou kovTd ato AC TUAIypa. EmiTAéov, To TTpog HEAETN Dokiulo diaipeiTal O€
7 TEPIoXEG KaTA T d1EUBuvon Tou G&ova y, Pe unkn 6Tmwg Trapoucidfovral otov lMivaka 12,
ME OKOTTO Tn BeAtiwon Tou TTAéyPaTOG OTNV TIEPIOXN MO Kovid oto AC TUAiypa OTTOU
avatTuooovTal KaTd KUplo Adyo Ta divoppeUpaTta. 210 ZXAMA 46 atreikovifovTal ol DIGPOoPES
TTEPIOXEG OTIG OTTOIEG BlaIPEITAI TO TTPOG MEAETN BOKIMIO YIQ TNV TTEPITITWOTN TTAXOUG Aapapivag
2 mm.

Region 4
Region 5
Region 6
Region 7

ZxAHa 46 : MTewpeTpia TOu TTPOg HEAETN SOKIMIOU OTNV TTEPITTITWON OTTOU TO TTAX0G Aapapivag
gival ico pg 0.2 mm
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Mepioxn Mepioxn Mepioxn Mepioxn Mepioxn Mepiloxn Mepiloxn
1 2 3 4 5 6 7
flaxog 70 55 24.7 0.1 0.1 0.05 0.05
(mm)

Mivakag 12 : MAKOG TWV TTEPIOXWYV OTO UTTPOCTIVO HICO TUAMO TOU TTPOG MEAETN SOKIliou

Mpokeiyévou va kaBopioTei To KATAAANAO AgOVIKO WAKOG TNG TTEIPAMATIKAG dIATALNG,
TTpaydaToTToIfenke avadAuon euaiobnoiag oto HovTéAo pe 2-TToAIKO AC TUAIYHA Kal e BOKI[IO
Taxoug 2mm. Mia pIKpA TTepIoXr OTO SIAKEVO PETAEU TOU TTPOG WEAETN dokipiou Kal Tou AC
TUANIYMOTOG JE TTAXOG i00 hE TO TTAX0G TNG Adpapivag opifeTal wg SIAKEVO g, OTTWG QAiveTal
oT0 ZXNua 47. H karaypa®r Tou 0deU0oVTOG KUPATOG HayvnTIKAG eTTaywyng B(x,t) yivetal o€
MIa ypauuf otn péon Tou diakévou g METAEU Tou dokipiou kal Tou AC TuAiypatog. Otmwg
Qaivetar oTtov [livaka 13, Trapoucidletal dla@opd HETAEU TWV ATTOTEAECUATWY TOU
TPIOSIGOTATOU Kal TO BIoBIACTATOU POVTEAOU aEoVIKOU Prkoug 100 mm, 18iaitepa oTnV TIUA
NG DC ouvioTwoag Bp . AUTO TO QAIVOUEVO TTICTEUETAI OTI TIPOKAAEITAI OTTO TIG OTTWAEIEG OTA
akpa Tou povTtédou (end effects). MNa tn dIkalIOAGyNon autoU Tou I0XUPIOHOU, OUO OPIaKES
OUVONKEG TTEPITTAG CUMUETPIOG eTIRBAAAOVTAI OTO TTAVW KAl OTO KATW PEPOG TNG diaTagng, UE
TO aEOVIKO UAKOG TOU PovTéAoU va gival ico pe 100 mm (ZxAMa 48). Me Tn xprion autwy Twv
ouvBNKWwv, n JayvnTiKh por] Bewpeital OTI gival KABETN WS TTPOG TIG OUO ETTIPYAVEIEG TTOU TA £V
AOYW 6pla TOTTOBETOUVTAI KA, WG OTTOTEAECHA, TO JOVTEAO Bewpeital 0TI £Xel ATTEIPO PRKOG. O
TEPIOPIOPOG TWV ATTWAEIWY O AUTH TNV TIEPITITWON UTTODEIKVUETAI ATTO TN MIKPOTEPN
aTrOKAION TTOU  TTapaTnpEiTal PeTagu TG TpokutrToucag DC  ouvioTwoog Bpe  Tou
TPIOOIGOTATOU POVTEAOU KAl TNG AVTIOTOIXNG TIUAG TOU OIo0OIACTATOU OVTEAOU OE CUYKPIOT UE
TIG TTPONYOUUEVEG TTEPITITWOEIG, KABWG Kal Aatrd TN XAKNASTEPN TIUA TWV ATTWALIWY OTA AKPaA
NG KUPATOUOPPNG Bk -

Airgapg

AN

Line

ZxApa 47 : Aidkevo g

A%oviko Mada
MovTéAo MAKOG EVEPYOU Bpc (T) B (T) Bipak (T)
(mm) UAIkoU (kQg)
2D 100 64,64 1.0930 0.0727 1.8577
3D 100 64,64 0.8741 0.0732 1.7561
3D 200 122,28 0.9738 0.0748 1.7307
3D 300 179,91 1.0128 0.0760 1.7177
3D 500 293,23 1.0290 0.0630 1.7086
100
3D ME 6pia - 1.0663 0.0743 1.5947
OUPMETPIOG

Mivakag 13 : XapaKTNEIOTIKA TOU 03€U0VTOG KUMATOG HOYVNTIKAG ETTAYWYAS OTO MECO TOU
Sl1aKévou g yid TO B1031IA0TATO PHOVTEAO Kal YIO SIAQOPETIKWY AOVIKWV HNKWYV TPIodIdoTaTA
povTéAa



74 Symmetry boundaries

(odd —flux tangential)

ZxAua 48 : Opla CUPPETPING OTO TPIOSIACTATO PHOVTEAO

>uvoyifovtag, 0 KaBopioudg Tou BEATIOTOU AEOVIKOU PRKOUG TOU TPIOBIAOTATOU POVTEAOU
aTroTeAei TTPOKANGON, €€AITIOG TWV ONUAVTIKWY ATTWAEIWV TTOU TTPOKOAOUVTAI aTTO TIG POEG
okedaong . MNa peyaAutepa pAkn (1r.X. 300 mm, 500 mm), Ta payvnTiKa Tedia TTou TTapdyovTal
até Tn didTagn PTmopoulv va BewpnBolv OTI BpicKovTal G€ GUPPWYVIA PE TO avTioToixo TTedio
Tou d1081d0TaToU povTéAou (atrokAion = 10%). QoTd6c0, N Pada Tou evepyou UAIKOU (XOAKOG
KOl aTOGAI) O€ AQUTEG TIG TTEPITITWOEIG UTTEPBAivVOuV Ta AoYIKA OpIa, OTTWG gaiveTal aTov MNivaka
13. Mia Trepaimépw avAaAuon XpigetTal  avaykaia TTPOKEINEVOU  va  KaBopIoTel  €vag
OTTOTEAEOPATIKOG TPOTTOG MEIWONG TWV OTTWAEIWV HEOW TNG KATAAANANG TTPOCAPUOYAS TWV
YEWMETPIKWY Kal AEITOUPYIKWY TTAPAUETPWY Tou HovTédou. Mia 1©éa Tmou Ba ptropouloe va
€CETAOTEI €ival n €TTIAOYHA BIAQOPETIKWY OEOVIKWV INKWV YIA TO payvnTIKO TTUPFVA KAl TO TTPOG
MEAETN BOKipIO, TTPOKEIYEVOU VA PEIWBEI TO OUVOAIKO BApog. MNa Tnv TrepaImépw BewpnTIKN
avdAuon Tng TTapoucag epyaciag, 6a XpnoiuoTToiNBei To £§I0AVIKEUPEVO POVTEAO PE Ta OpIa
OUPpETpIag (ZXAMa 48).

5.2 AvdAuon S1voppeUPATWY
5.2.1 PuBpio€ig TpoooOpOIWOEWV
Ol puBuiceig avdAuong Kal Ta XapakTnPIoTIKA TTAEyuaTog Tou 3D povTéAou KaTd Tn dIdpKEIa

TWV TTPOCOUOIWOEWY HPE OKOTIO TNV avAAuon Twv BIVOPPEUPNATWY TTapouaidfovial oTov
Mivaka 14:

PuBpioeig NMpocopoiwocewv

Puluioeig AvaAuong
(Analysis Setup)

o Xpdbvog
OAoOKApwaong 2.22222 ms
(stop time)

e Xpoviko BAua

. 0.0148148 ms
(time step)
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XapakTnpIoTIKA
MAéyparog (MéyioTo

MnAkog ZToixgiwv)
e [lpog peAéTn
OOKiuI0

v TMeploxq 1 3 mm
v' Teploxn 2 0.8 mm
v' TMeploxn 3 0.5 mm
v' Teployn 4 0.18 mm
v Tepioxn 5 0.18 mm
v' Teploxn 6 0.18 mm
v Teploxn 7 0.18 mm

o AIdKevo g 0.5 mm

Mivakag 14 : PuBuiceig TTpOCOHMOIWOEWY

H didpkeia Twv TTPOCOMNOILCEWY ETTIAEXONKE va eival ion pe 3 epiddoug (T = ﬁ s =
0.74074 ms), TTPOKEIPEVOU O ATTWAEIEG BIVOPPEUNATWY va PTAGOUV G€ JOVIUN KaTdoTaon.

5.2.2 AvdAuon dIVOpPEUHATWY EVTOG TOU OYKOU TOU TTPOG MEAETN dOKIpiou

2Tn MovTéAO TTOU OXeBIAOONKE, TO XPOVIKG peTABaAAOuEVO payvnTIKO TTedio B, 1o oTroio
onuioupyeital atrdé 1o AC TUAIYJO TOU payvnTIKOU TTUphva, TTAyel TAOEIG OTOV OYKO TOU TTPOG
MEAETN dokipiou. KaBwg 1o SOKIWIO €ival KOTOOKEUAOUEVO OTTO aYWYIMO UAIKO, O TAOEIG QUTEG
EXOUV WG aTroTéAeoua Tn dnuioupyia SIVOPPEURATWY TTOU AvaTITUOOOVTAl O€ KAEIOTOUG
Bpoxoug oe emimeda KABETa TTPOG TO payvnTIKO TTedio B [52]. Zuppwva pe 10 VOPO NG
emaywyngs (Maxwell — Faraday):

VXE = B (22)
Ot

otmou E ¢€ival 10 XwpIK&G MPETABOAAOPEVO, Hn OuvTNPENTIKO NAEKTPIKO TTEdIO TWwV
OIVOPPEUPATWY TTOU ETTAYETAI ATTO TO XPOVIKA PeTaBaAAdueEvo payvnTikO TTedio B tou AC
TUAiydaTog Kai 7 % E gival n repiotpo@r] Tou [53]. Av 10 E opioTei amd 1o vopo tou Ohm, n
TTapaTavw egiocwaon yiverai:

Vx]= o5 (23)
J=-0 It

O1TOU TO J €ival N TTUKVOTNTA TWV BIVOPPEUPATWY TTOU ETTAYETAI EVTOG TOU TTPOG HEAETN
OoKIgiou Kal 0 €ival n NAEKTPIKN aAywyldoTnTa TOU UAIKOU TOU OOoKIyiou. Q¢ €k TOUTOU, TO
MEyEBOG TNG TTUKVOTNTA TwV BIVOPPEUNATWY gival avdAoyn e Tov puBud PETAPBOANG Tou
MayvnTikoU Trediou, B / dt, Kal TNG ayWYINOTNTAG, T, TOU UAIKOU TOoU &€iyuaTog SOKIWNG.

Mia digpelivnon Twv AVOTITUCOOHMEVWY OIVOPPEUNATWY BIECAyETOl OTNV TTEPITITWON TNG
diaragng pe 2-mmoAikd AC TUAIypa Kal SoKipio TTéxoug 2 mm Kai UAIKoU TutTou M400-50 A. H
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etétaon auth TTpayuaToTrolEiTal Katd Tn didpkeia TG 3ng mepiddou T (t = 1,48148 ms -
2,22222 ms), 6TT0U T apXIKGA PHETARATIKA QAIVOUEVA £XOUV TTEPAOTEL.

5.2.2.1 Aigpeivnon Twyv divoppeupdtwy oTig Mepioxég 1, 2 kair 3 Tou PO HEAETN
SokKipiou

lNa Tnv xpoviki omiyup t = 1,48148 ms, ta diavioopara Tng TUKVOTATOG J TWwV
OIVOPPEUPATWY ETTI TNG EEWTEPIKAG ETTIPAVEIAG TOU AVWTEPOU OTPpWHATOS OTIG lMeployég 1,2
Kal 3 Tou TTPog PEAETN dokiyiou TTou aTtreikoviovtal oto ZxAua 49. Eival epgavég ot oTIg
TeEPIOXES 1, 2 KAl O€ TIEPITTOU T MIOH €KTaon Tng TrePIoXAS 3, €évag Kuplog Bpdxog
OIVOPEUNATWY dnuioupyeital Adyw TOU YPAUMIKOU HayvnTIKoU Trediou TTou UTTAPXEl OTO
dokiplo. Otrwg avagépetal atn digpelvnan oTo dIodIACTATO HOVTEAO OTNV evoTnNTa 4.4.2.3, TO
TIAATOG auTOU TOU EVOAAAOGTOPEVOU PayvnTIKOU TTediou peliwveTal oTadlakd TTPOG TO KEVTPO
Tou OOKIJiou, Pe amoTéAeopa pia avéloyn peEiwon otnv TIMA TNG TTUKVOTNTAG TWV
OIVOPPEUPATWV.

1 (i3]

145010408 |
T ey |
~ sy
st o |

Region 1

Region 2
Region 3

ZxAua 49 : KarelBuvon SIVOppPEUNATWY OTNV EEWTEPIKNA ETTIPAVEIO TOU AVWTEPOU OTPWHATOG
oTig Mepioxég 1, 2 kai 3 Tou TTPOG PEAETN BOKIPiou yia TN XPOVIKH oTiyun t=1.48148 ms

EmmpdoBeta, n katelBuvon Twv Oivoppeupdtwy Bacifetalr otnv TTOAIKOTNTA TOU
EVOANQOOOUEVOU PayvnTIKOU TTEDIOU OTIG TTEPIOXEG AUTEG. ME HIa TTIO TTPOCEKTIKN €&ETaON,
MTTOPEI va TTapaTtnenBei 6T N KaTeUBuvon Twv SIVOPPEUPATWY OTIG TTEPIOXES 1, 2 Kal OTN WIOT
éktaon TG MNepioxng 3, aAAdlel @opd 3 Popég kKaTd TN didpkeia piag TePIddoU, OTIG XPOVIKESG
OTIYUEG TTOU aTTeikovifovTal 010 ZXAMa 50. Z& auTd To oXAUA, Ta PEUUATA OTIG SIOPOPETIKEG
@aoeig Tou AC TUAiypaTtog cupBoAiovtal pe (+) av €xouv Qopda TTPogG Tn BeTIKA KaTeuBuvon
Tou d&ova z ) pe (-) av Exouv avtiBeTn opd. ETTA£ov, n katelBuvan Tou KUpIou BPdxou Twv
OIVOPPEUPATWY O€ KABE XPOVIKN OTIYHI ONUEIWVETAlI PE KOKKIVO BEAOG OTNV KOPUPHA TOU
OciypaTog.
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t=1.48148 ms t=1.16148132 ms t=1.9851832 ms 1=2.22222 ms
() ) (0 (+) (+) (0) + ) () () () ¢+ () () (0 (+) () (0)
TJHrd et Aoy INSIERY
Tt AN A ey AR
» " A :‘ 3 7 e
N A
3 3

i

a—’".rof

——— g e
: =
SRR "

NSalIIriToTesiiiic }\,':: =

B SR L =1

ZyxAua 50 : AlaviopaTa TTUKVOTNTAG SIVOpPpeUNdTWY J OTIG TTEPIOXEG 1, 2 Kal 3 oTNV €§WTEPIKNA
ETMIPAVEIN TOU OVWTEPOU CTPWHATOG TOU TTPOG HEAETN BoKIpiou

ATé Ta TTponyoUpevn MEAETN, OUVAYETAl TO CUPTTEPpaapa 6T n AC upayvnTiK por TTou
OlaoyiCel KaTd PAKOG TO TTPOG WEAETN OOKiUIO Kal KaBopilel TN @opd Twv SIVOPPEUNATWY,
OXETICETOI PE TN QOPA TOU PEUPATOG OTIG aKplavéG @doelg Tou AC Tuliyuatog. EidikoTepa,
KaBwg 10 0deUov KUUA KIVEITAI e POpd TTPOG TN BETIKA KaTELBUVON Tou Aova X, N HETAROAA
TNG TTOAIKOTNTAG TNG -B @dong (apvnTikn yia t = 1.48148 ms, 1.999998 ms, 2.22222 ms Kai
BeTIkn yia t = 1.16148132 ms) givai avdAoyn pe Tnv avtioToixn METABOAR oTh @opd Tou Bpdxou
TWV OIVOPPEUPATWY OTIG TTEPIOXEG 1, 2 Kan 3.

5.2.2.2 Aigpeivnon Twyv divoppeupdTwy oTig Mepioxég 3, 4, 5, 6 Kal 7 Tou TTPOG
MeAETN SeiypaTog

Q¢ emopevo BAMA, eEetdlovtal o1 Bpoxol dIVOPPEUMATWY TTOU dnuIoupyouvTal OTIG
TEPIOXEG 3, 4, 5, 6 KaI 7. & AUTEG TIG TTEPIOXEG, N TTAslown®ia TNG AC payvnTiKAG POng TTou
TTEPVAEI TO TTPOG MEAETN SOKIiMIO HECW TOU Dlakévou g, Oe diaoyifel GAO TO PUKOG TOU BOKIWioU,
oAAG aAAGCel kaTewBuvaon Kal eMOTPEPEI 0TO payvnTiké TTupriva. O1 Bpoxol divoppeupdTwy
TTOU dNUIOUPYOUVTAI EVTOG TOU OYKOU TOU SOKIJioU JTTopoUv va Trapatnendoulv oto Zxrjua 51.
Autoi o1 Bpdxol, o1 oTToiol avaTTTucoovTal TTapdAANAa TTpog To Xz eTmiTredo, TTapouaidlovTal
Y10 3 TUXQIEG XPOVIKEG OTIVHEG, MOl JE TIG TIMEG TNG EKACTOTE TTUKVOTNTAG TWV BIVOPPEUNATWYV
oTnV €EWTEPIKA EMPAVEIQ TOU Avw OTPWHATOG, KOBWG Kal OTn PTTPOCTIVH €TTIQPAVEIQ TOU
ookiyiou (eTTiTTedO XY), N OTTOIO £PXETAI O€ ETTAPN PE TO DIAKEVO g.
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Xyxnua 51 : AivoppeUparta oTig MNeploxég 3, 4, 5, 6 kal 7 yia S1AQOPETIKA GTIYMIOTUTTA

2710 ZXAua 52 atTeikovifovTal Ta ETTAYOPEVA BIVOPPEUPATA VI TIG IBIEG XPOVIKEG OTIYUEG PE
TO0 ZXAua 51, OTO AVWTEPO KAl OTO YECAIO OTPWHA Tou TTPOG PEAETN dokipiou. Me Baon 1o
00eloV KUPO PayvnTIKAG TTaywynS B(x) oto péoov Tou dlakévou g KABE XPOVIKAG OTIYMNAG,
MTTOPEl va diamoTwBel 611 n Ty Twv dIvoppeupdTwy Bacifetal OtV TTAPAYWYO Tou
MayvnTikoU TTediou, dB/ot. Etriong, afloTrpOoekTo €ival TO yEYovOG OTI N CUYKEVTPWON TWV
SIVOPPEUPATWY €ival onUAvTIKE JEYOAUTEPN OTIG EEWTEPIKEG ETTIPAVEIEG OE OXEON WE TO HECO
Tou OgiyhaTog, AOyw Tng eTmidpacng Tou €mMOEPUIKOU @QAIVOUEVOU, €EQITIOG TOU OTTOIOU N
MayVvNTIK pOr KAl KAT ETTEKTACH TA pEUPATA wBOUVTAI OTNV EEWTEPIKI OTPWON TOU dEIYHATOG
OOKIUNAG.
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t=1.48148s - ' ~ t=1.8074056 s : ~ t=1.9407388 s
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ZxAua 52 : Aivoppedpara oTig MNepiloxég 3,4,5,6 kal 7 yia SIAQPOPETIKA CTIYMIOTUTTA OTIG
ETMIPAVEIEG TOU AVWTEPOU KAI TOU HECAIOU OTPWHATOG TOU TTPOG HEAETN SOKIMioU
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Eddy Current Losses (mW)

5.3 ZUOyKpion amrwAEIWV SIVOPPEUHATWYV

5.3.1 MovTtéAo pe 2-moAIk6 AC TOAIYpa

5.3.1.1 ZUykpion HETASU SIOQPOPETIKWYV HEBODWYV EKTINONG KAl TTAXWV Adpapivag

ApxIKd, o1 attwAeleg divoppeupdTwy e€etdlovral oTn didTagn pe 2-moAiké AC TUAIYUa yia
dokiyia payvnTikAg Aauapivag M400-50 A pe mmaxog 2 mm kai 0.5 mm. MNa autég TIg dUo
TTEPITITWOEIG, TA XAPOKTNPIOTIKA TWV 00£UOVTWY KUUATWY TNG PAyVNTIKAG €Taywynig B oTo
Méoo Tou diakévou g yia TIG idieg TINEG AC kal DC peupdtwy (BAéTTe KepdAaio 4-Mivakag 8)
Tapouaialovtail atov Mivaka 15. OTTwg avauevoTav, ol atTwAEIEG 0TO dokipio TTayxoug 0.5 mm
AOYW Twv powv oKEOATEWCG Eival HIKPOTEPEG.

Maxog
Aapapivag Bpc (T) B(T) Bipak (T)
(mm)
2 1.0663 0.0743 1.5947
0.5 1.0754 0.0754 1.5988

Mivakag 15 : Z0ykpion 05e00VTWY KUMATWY HAyVNTIKAG ETTAYWYNG OTO PECOV TOU SIaKEVOU g
yia S1a@popeTIKG TTdxXN Aapapivag 1o TPIoSIACTATO HOVTEAO pE 2-TTOAIKG AC TUAIyHa

H uéB0odog TTou XPNOILOTIOIEITAI VI TNV EKTIUNON TWV ATTWALIWV BaoifeTal OTOV AUECO
UTTOAOYIOUO TWwV BIVOPPEUPATWY OTO ECWTEPIKO TOU TTPOG £EETACN OyKOUu Tou dokipiou. Ol
TTPOKUTITOUCEG ATTWAEIEG OIVOPPEUUATWY YIa Ta dUO dIAPOPETIKA TTAXN PaivovTal OTO XM
53 yia 6Ao 10 didoTnua Tou Tou Xpdvou TTpocopoiwaong (t = 0 — 2.22222 ms), kaBwg Kal Jévo
yia Tnv 3n 1repiodo T (t = 1.48148 — 2.22222 ms).

3000 , - . — 100
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=
2500 § £
n 80
2000 3
8
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Eddy Current Losses (mW)
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ZxAMa 53 : ATTWAEIEG SIVOPPEUUATWY HECW TNG AMECTG HEBOSOU TTPOCOUOIWCEWG
SIvoppeupdTwyY KB’ 6An Tn didpKEIa TNG TTPOCOUOIWONG KAl KATd Tn d1dpKeIa MOVO TNG TPITNG
mEPIOSOU yia dokKipia Traxoug (a) 2 mm kai (B) 0.5 mm oT1o povréAo pe 2-TToAIk6 AC TUAIYUa

H péon nipR Twv amwAeiwy uttoAoyicetal Kata v 3n mMePiodo T Twv TTPOCOUOITEWY,
XPNOIMOTTOIWVTAG TOV TUTTO:

1 T
PrE = TJ; pre(t) (35)

O0TToU N PEBOSOG TNG TPATTECOEIOOUG APIBUNTIKAG OAOKARPWONG XPNOIKOTTOIEITAI YIa TOV
uTTOAOYIOUO TOU OAOKANpwuaTtog. Ta atroteAéopaTa TG PEBOdOU yia Ta dUO OIAPOPETIKA
TTaxn Aapapivag Tou TTpog PHEAETN dokIiou TTapouaciddovtal atov lNivaka 16.

Apegon péBodog TTPOCOH0IWONG SIVOPPEUNATWV

, , Méon Tiu aTTWAEIWV
Maxn Aauapivag 5?vog2£up61wv
(mm) (MW)
2 55.69
0.5 2.53

Mivakag 16 : ZOykpion HEOCWV TIHWV ATTWAEIWV SIVOPPEUPATWYV YIO SI0QOPETIKA TTAXN
Aapapivag Tou TTpog HEAETN Sokipiou yia To povTéAo pe 2-TToAikd AC TUAIyua

Méow Tng HuEBGOOU Gueong avaAuong Twv BIVOPPEUPATWY, TTAPATNEEITAI OTI Ol ATTWAEIEG
OIVOPPEUPATWY OTNV TTEPITITWON TOUu QOKIWiou TTAXoug 2 mm, gival TTEPITTOU 22 QOopPEG
MEYOAUTEPEG ATTO TIG AVTIOTOIXEG ATTWAEIEG OTNV TTEPITITWON TOU dokIiou TTaxoug 0.5 mm. H
EKTINNON autr Slo@EPEI ONUAVTIKA atTd TO avapevopevo ouvteAeoTr) 16, BAon TNG KOIVAG
Bewpnong o1 Ta divoppelpaTa gival avaAoya Pe To TETPAYWVO TOU TTAXOUG TNG Aauapivag
[54].

EmiA£ov, ol ammwAeleg OIDAPOU OTO TTPOG MEAETN DOKIMIO EKTINWVTAI OTAV TTEPITITWON
Taxoug dokigiou 0.5 mm péow evog POVTEAOU EKTINNONG ATTWAEIWY TTUPrva OTO TTEdIO TOU
Xpovou (time-domain core loss model) TTou evowpaTwveTal 0To Aoyiopikd Maxwell kal 10
oTT0i0 €ival Baciopévo aTo PHOVTEAD TNG Bewpiag dlaxwpIouoU aTTwAsIwV (BAETTE uTTOEVOTNTA
2.2.4). Ta ammoteAéopata autAg TNG peBGOOU ouykpivovTal aTov lMivaka 17 pe Ta avrioToixa
atmroTeAéopaTa TNG APeong HEBGOOU TTPOCONOIWONG dIVOPPEUNATWY.
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Apeon péBodog

MovTéAO eKTiMNONG ATTWAEIWV TTUPH VA TTPOGONOIWGNS

oT1o edio Tou Xpovou

MNayog divoppeupdTwy
Aapapivag Méon Tipn Méon iy Méon mipn Méon Tipn
(mm) ATTWAEIRV OTTWAEIDV  ATTWAEIWV ATTWAEIRV
SIvoppeudTwyY UCTEPNONG  TTUPAVA divoppeupdTwy
(mW) (MW) (MmW) (MW)
0.5 6.71 1.77 8.48 2.53

Mivakag 17 : ZUykpion HEOCWV TIHWV ATTWAEIWV TTUPAVA Yia SIAQOPETIKEG HEBOBOUG EKTIUNONG
ATTWAEIWV TTUPAVA YId TO HOVTEAO HE 2-TTOAIKO AC TUAIyHa

H cUykpion Twv dUo peBOOwWYV KaTadelkvUuel TNV aduvauia Tou KAAoOIKoU PJovTéAou va AdBel
uTTOWn TNV £TTIdPACN TOU £MOEPUIKOU PAIVOUEVOU, N OTToIa Eival APKETA €vTovn GTNV UYnAn
ouxvotnTa 1350 Hz. OcwpwvTag OpoIOPOp®N KATAVON porG o€ OAO ToV OYKO Tou OeiyuaTog,
odnyeital oTnV €KTiHNON UYWPNASTEPWY TINWYV ATTWAEIWY BIVOPPEUNATWY OE GUYKPION MUE TNV
MEBOBO dueong TTpooouoiwong. Etriong, agifel va onueiwdei OTI N EKTIMWPEVN CUVICTWOA
ATTWAELIV  UoTEPNONG TOU HOVTEAOU €ival XaunArp o€ oUyKpIon HE TN OUVIOCTWOO
OIVOPPEUPATWY, YEYOVOG TO OTTOIO evIOXUEI TNV UTTOBECN OTI O ATTWAEIEG UOTEPNONG UTTOPOUV
va Bewpnbouv aueAntéec otn digpelivnon TG Trapoucag epyaciag (n Paon autAg Tng
uTTéBeang e€eTaleTal avaAuTIKOTEPO GTNV evoTNTa 2.4).

5.3.1.2 ZUykpion HETASU SIAQOPETIKWYV UAIKWV

Q¢ emépevo Brua, n oUykpIon YiVeETAl yia TTEPITITWOEIG OoKIWiou TTdyxoug 0.5 mm,
KaTaokeuaouEvou atrd dla@opeTIKA UAIKA. Mépa atrd Tn Aapapiva Tottou M400-50 A, 1O UAIKS
TTou dlgpeuvdTal gival Hia Aauapiva KATaOKEUOOTIKOU TUTTOU, TNG OTroiag o1 I1010TNTEG
TTapouaialovral oTo Ke@ahaio 9 - [lMapaprnuara. MNa TIG TTOPATIAVW TTEPITITWOEIG, T
XOPAKTNPIOTIKA TwWV 0DEUOVTWY KUPATWY PayvnTIKNG eTaywyng B otn péon tou dlakévou g
Tapouaidlovtal otov lNivaka 18. Eival eupavég o€ autdv Tov TTivakad, OTI o1 aTTWAEIEG AdyW
POWV OKEBAOEWG OTA AKPO TNG KUPMATOMOPPNG TOU JayvnTIKou Trediou gival AiyOTepeg oTn
Aapaopiva KaTaoKEUAOTIKOU TUTTOU, KOBWG TO UAIKO auTd £xel JEYOAUTEPN aywyIuoTNTA O.

TO1TOC HaYVNTIKA o (MS/m =
Aéppagivgg s ( ) Bpc (T) B (T) Bigak (T)
TUtmrou M400-50A 2,38 1.0724 0.0721 1.6010
KaraokeuaaTikoy 7,85 1.1072 0.0746 1.6630
TUTTOU

Mivakag 18 : ZUykpion 06£00VTWV KUJATWY HAYVNTIKAG ETTOYWYNSG OTO HEoOV TOU Slakévou g
yio S1a@OPETIKA UAIKG TOU TTpOg HEAETN BOKIPiOU 0TO MOVTEAO pE 2-TTOAIKG AC TUAIypa

O1 atmwAcieg BIVOPPEUNATWY Yia TNV TIEPITITWON TIOU TO TIPOG MEAETN OOKiWIO Eival
KATOOKEUQOPEVO aTTO TN AGapiva KOTAOKEUAOTIKOU TUTTOU aTTeikovifovTtal oTo ZxXAua 54 yia
TN OUVOAIKA BIAPKEIQ TOU XPOVOU TTPoCouoiwonG (t = 0- 2.22222 ms), KaBWGS Kal ATTOKAEIOTIKA
yia Tnv 3n mepiodo T (t = 1.48148 — 2.22222 ms) . EmMTA£0V, O HEOEG TINEG TWV ATTWAEILV
OIvoppeupdaTwy (TTou uttoAoyifovTal Katda Tn didpkeia TnG 3ng TTepIddou T) ouykpivovTal PE TIG
QvTiOTOIXEG aTTWAEIEG TNG Aauapivag TutTou M400-50A oTov lMivaka 19.

67



Eddy Current Losses (mW)
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ZxAMa 54 : ATTWAEIEG SIVOPPEUHATWY HECW TNG AUEONG HEBOSOU TTPOCOUOIWVCEWS
divoppeupdTwy (a) kad’ 6An Tn diIdpKeIa TNG TTPOCOMOoIwoNG Kal (B) kartd Tn didpkeia H6vo TNG
TPITNG TTEPI6SOU Yia Sokiuia Trdxoug 0.5 mm Kai JayvnTiKig AQuapivag KATOGKEUOOTIKOU
TUTTOU OTO MOVTEAO pE 2-TTOAIKO AC TUAIYHO

Apegon HéEB0d0G TTPOCON0IWGNG SIVOPPEUUATWYV

. . Méon TiuAR aTTWAEIWY
Tomog HayvnTikng SivoppeupdTwy
Aapapivag (MW)
Tutrou M400-50A 2.53
KaTtaokeuaoTikoU 186.4
TUTTOU

Mivakag 19 : ZUykpion HEOCWV TIHWV ATTWAEIWV SIVOPPEUHATWY Yia SIAPOPETIKA €idn
Aapapivag Tou TTpog HEAETN Sokipiou yia To povTéAo pe 2-TroAikd AC TUAIyua

Otmwg TTapartnpeital oTov Tapatmdvw TTivaKa, Ol ATTWAEIEG DIVOPPEUPATWY OTN Adpapiva
KATOOKEUQOTIKOU TUTTOU gival onuavTika uywnAdtepeg o€ oUyKpIon PE Tn Aapapiva TUTTOU
M400-50A. ‘Evag Adyog yia autd To QTmOoTEAEOPO €ival n €6APTNON TWV ATTWAEIWV
OIVOPPEUPATWY OTO TETPAYWVO TNG AywWyINOTNTAG TOUu UAIKOU. EmITTAéov, o1 atTwAEIeg
OIVOPPEUPATWY gival avaloyeg pe Tov OYyKO €viOg TOU OTIOIOU avaTTTUCCOVTAl Kal
KUKAo@opouv Ta divoppelpata. O Oykog autdg e€aptaral amd 1o BaBog digioduong Tou
€KAOTOTE UAIKOU TOTTIKG OTIG OIOPOPETIKES TTEPIOXEG TOU TTPOG MEAETN dokKipiou (egiowon (1)).
210 ZxNpa 55, pmopei va trapatnpnOei 6T, 0TV TTEPITITWON TNG MAYVNTIKAG Adpapivag
KATOOKEUQOTIKOU TUTTOU, T BIVOPPEUNOTA QVOTITUOOOVTAlI O€ PEYOAUTEPO TUNKA TOU TTPOG
MEAETN dokipiou Adyw TG disioduong TNG HAYVNTIKAG PO O JEYAAUTEPO PIKOG TOU DOKIYIOU.
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ZxAua 55 : MukvétnTa divoppeupdTwy oTIg MNepioxég 3, 4, 5, 6 Kai 7 yia TTEPITITWOEIG TTPOG
MEAETN SoKipiwv Tdyxoug 0.5 mm amé payvntiki Aapapiva (a) Torou M400-50A kai (B)
KOTOOKEUOOTIKOU TUTTOU

5.3.2 MovtéAo pg 4-moAik6 AC TUAIypa

ATO TIg TTpodiaypagég, n Treipauatik didTragn Ba TTPETTEl va TTapéxel Tn duvartotnTa
evaAAayng peTalu 2-TToAIkoU Kail 4-TToAIkoU AC TUAiypaTog. QG atroTéAEOUa, £va JOVTENO ME
4-1oAIKO TUANIypa €€eTadeTal. Autd To HOVTEAO ETTIAEyETAI va €XEl iDIa TIMA TTAATOUG PEUUATOG
(332 A-t), TpokelIpévou va gival EQIKTA N oUYKPIoN METAEU TwV dUO POVTEAWV HE DIaQOPETIKA
TUAiypaTa.

5.3.2.1 ZUOykpion HETASU SI0QPOPETIKWYV TraxwVv Aapapivag
Omwg kai otn didtaén pe 10 2-TTOAIKO AC TUAIYPA, oI aTTWAEIEG SIVOPPEUNATWY
uttoAoyifovTtal péow TNG AUEONG MEBODOU TTPOCOUOIWCEWS BIVOPPEUPATWY YIa OOKidIa

Aapapivag Tuttou M400-50 A pe 1raxog 2 mm kai 0.5 mm. MNa auTég TG SUO TTEPITITWOEIG, TA
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XOPAKTNPIOTIKA Twv 00eUOVIWY KUMATWY PayvnTIKAG eTaywyns B otn péon tou diakévou g

TTapouacidafovral otov lMivaka 20.

Maxog
Aapapivag By (T) B(T) Bipak (T)
(mm)
2 1.0709 0.0710 1.5914
0.5 1.0724 0.0721 1.6010

Mivakag 20: ZUykpion 08£U0OVTWV KUPATWY JAYVNTIKAG ETTAYWYNG OTO HéoOV TOU Siakévou g
yia S1apopeTiKd Tdxn Aapapivag 1o TpIod1doTaTO HOVTEAO ME 4-TTOAIKG AC TUAIYpa

O1 amwAcieg dIVOpPeUNATWY yia Ta U0 dIAQPOPETIKA TTAXN Aauapivag Tou TTPOG MEAETN
dokKidiou atreikovi¢ovTal 0To ZXAKa 53 yia TO CUVOAO Tou ¥Xpovou Trpocopoiwons (t = 0 -
2.22222 ms) Kal Yovo yia Tnv 3n mepiodo T (t = 1.48148 — 2.22222 ms). EmimTAéov, o1 péoeg
TIHEG Toug (TTou uTToAoyiCovtal katd Tn didpkeia TNG 3ng Tepiddou T) TTapoucidlovral gTov

Mivaka 21.
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ZxAHA 56 : ATTWAEIEG SIVOPPEUHATWY HECW TNG AMECNG HEBOSOU TTPOCOUOIWCEWS
SivoppeupdTwy KaB’ 6An Tn didPKEIN TG TTPOOOUOIWONG Kal KATA TN Sidpkeia pévo TnG TPITNG
wEPI6GSOU Yia Sokipia rayxoug (a) 2 mm kai (B) 0.5 mm oTo povtéAo pe 4-roAikd AC TOMypa
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Apegon HéBodog TTPpoooHoiwaNG SIVOPPEUHATWYV

i , Méon Tiu aTTwAgIWV
Mdxn Aauapivag G?VO::geuu(xva
(mm) (MW)
2 50.48
0.5 1.92

Mivakag 21 : ZOyKpIon HECWYV TIHWV ATTWAEIWY SIVOPPEVHATWY YIA SIAQOPETIKA TTAXN
Aapapivag Tou Tpog MEAETN SOKIPiOU yia TO MOVTEAO pE 4-TTOAIKG AC TUOAIyUa

Ev kartakAegidl, o1 atrwAcieg divoppeupdTtwy otn diatagn ue 4-moAikd AC TUAIypa eival
ENOQPUWG MIKPOTEPEG OE OUYKPION WE TIG AVTIOTOIXEG OATTWAEIEG OTN dIATAEN ME 2-TTOAIKO
TUAIypa (Mivakag 16). Auth n dilagopd TTPOKUTITEl aTTd TN MIKPN aTTOKAIoN 0TO TTAATOG TWV
MayvNTIKWY 00£UOVTWY KUPATWY Twv dUo diatdéewv (Mivakeg 15 kai 20). H amdkAion autn
gival TG Tagewg ToU 4% Kal TTPOKOAEITAI ATTO PAIVOUEVA TOTTIKOU KOPETHUOU YUpw aTTd TOUG
aywyoug oTnV TTEPITITWon Tou 4-TToAIKoU AC TUAIyhATOG AOYW TNG UWNASGTEPNG TTUKVOTNTAG
pevparog. Ommwg Ptmopei va tmapatnendei oto Exnua 57, o1 Bpoxol dIVOPPEUPATWY OTNn
O14Tagn pe 10 4-TOAIKS TUAIYUa gival TTEPIcCOTEPOI 0€ TTARBOG, AOYyw TOU PIKPOTEPOU PAKOUG
KUJATOG TOU 00€U0OVTOG KUMATOG KAl TWV TTI0 CUXVWY OAAQYWY OTNV KAION TNG KUPNOTOUOP®NG
MayvnTIKAG €TTaywyns. QoOTO00, N OUVOAIKN TTUKVOTNTO OIVOPPEUMATWY Kal Ol TEAIKEG
OTTWAEIEG OTA AKPA TNG KUPATOPOPPAG TOU payvNnTIKOU TTediou YTropouv va BswpnBouv o1
gival og cup@wvia e Ta avtiotoixa atroteAéopaTa TG dIATagng pe 1o 2-TToAIké AC TUAIyua.

1-pole-pair AC winding t=1.48148 s

2-pole-pair AC winding t=1.48148 s

0 10 20 30 40 50

ZxAMa 57 : MukvétnTa divoppeupdTwy oTig MNepioxég 3, 4, 5, 6 kail 7 Tpog PEAETN doKIiwY
TAXOUG 2 MM YIO TIG TTEIPAMATIKEG SIATASEIS pE 2-TTOAIKS Kai 4-TToAIKS AC TUAIyua
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6 Zuptrepdopara

6.1 KupidTepa CUPTTEPAC AT

2Tnv TTapouca epyacia, dIEPEUVATAI O OXEDIAONOG Wiag atTAOTTOINUEVNG TTEIPAUATIKAG
O14Tagng 1o £XEl WG OTOXO TNV UTTOROAN TwV TTPOG MEAETN BOKIMIWV 0€ GUVONKEG PayvnTIKoU
Tediou TTAPOUOIEG PE AUTEG TTOU ETTIKPATOUV OTO OPOUED Wiag olyxpovng MNXAVAG EKTUTTWV
TTOAWV. 2TO KEQPAAQIO 2, TTAPOUCIAETAI Hia oUvoywn Twv ouvnB£oTEPA XPNOIUOTTOIOUUEVWV
MEBOdWYV eKTiPNONG aTmwAsiwy O10ApoU. Méow auThg dIATTIOTWONKE OTI OAEG OI UTTAPYXOUTEG
TTEIPOAUATIKEG WEBODOI UTTORBAAOUV Ta TTPOG MEAETN OeiypuaTa o€ CUVOAKEG OUOIOYEVWV KAl
MOVAG KaTeuBuvong payvnTiKwy TTediwv. Autd TO €i00¢ TTOAAOUEVWV HAyVNTIKWY TTEDIWV
MTTOPEI va TTapaTnEnBEi eviog Piag NAEKTPIKAG UNXAVAG oTa KUpIa hgépn Tou oTdaTn. QoTooo0,
olapépel onpavTikG atrd TIC GUVONKeG TTeEdiou O0TO dpopéa Hiag ouyxXpovng MNXAVAS EKTUTTWV
TOAWYV, O OTI0IOG €ival eKTEDEINEVOG O OTpePOPEva payvnTIKa Tedia. Autr n diagopd
aTTOTEAEDE KiVNTPO YIa TNV €PEUVA TNG TTAPOUCOG £PYATiag.

210 KepdAaio 4, TTapoucidadovTal SIOQOPETIKEG TTPOOEYYIoEIG 0 DIODIACTATA UOVTEAD OTA
OTTOia aTTOKAEIETAI KABE €idOUG UNXAVIKN Kivnon. Z& autd Ta JOVTEAQ, e¢eTddeTal n duvaTOTNTA
OnMIoupyiag evog 0deUOVTOG KUMATOG MAYVNTIKAG ETTAYWYNG 0€ SIAKEVA ITTPOCTA ATTO akivnTa
dokiia. ZTnv evotnTta 4.1.1, ammodeikvueTal 6Tl 0€ JOVTEAQ PE payvnTIKG TTUPAVA TOPOEIdOUG
oXAMATOG Kal AC TUAIYHOTOG KATA KOG OAOKANPENG TNG TTEPIPEPEIAG TOU TTUPAVA, Eival EQIKTO
va dnuioupynBoulv odclovTta payvnTikd Kipata otabepou TTAGTOUG 0TO XWpo. AvTiBeTa, o€
MOVTEAQ PE JayvnTIKO TTUprva opBoywvikoU oxfnuatog ata otroia 1o AC TUAIyUa ToTToBETE Tl
MOVO O¢ éva PEPOG TOU TTUPHVA UTTPOOTA aTTO Ta TTPOG PEAETN SoKiula, TO 0dgUov KUua
MayVvNTIKNAG ETTAYWYAS OTO BIAKEVO €XEl HETAPBANTO TTAGTOG, OTTWG QaiveTal oTnv evoTnTa 4.1.2.
2€ QUTAV TNV TTEPITITWOT, N Xprion &vog BondnTikoU TuAiypaTtog ptropei va cupBdAel atnv
eTTiTEVEN 0TABEPOU TTAAGTOUG TOU KUPATOG HAyVNTIKAG ETTAYWYNG.

210 KeQAAaio 5 digpeuvaTal n avdamTuén evog TpiodidoTaTou povrélou Tng didragng. H
uwnAf akpifeia autol Tou POVTEAOU ETTITRETTEI TN AETITOUEPH ATTEIKOVION TWV ETTAYOUEVWY
OIVOPPEUPATWY €VTOG TOU OYKOU TWV TTPOG MEAETN DOKIYiwY, KABWS Kal TNV EKTIMNON Twv
OTTWAEIWV TOUG, HEOW TNG HEBOBOU APEONS TTPOCONOIWONG BIVOPPEUPATWY. TNV EVOTNTA 5.3,
N oUyKpPIoN TWV EKTIMWMEVWY OATTWAEIWY DIVOPPEUPATWY YiVETAI YIa JIAQOPETIKA TTAXN Kal
TUTTOUG PayvNTIKAG Aapapivag Tou TTpog PHEAETN dokiuiou. ‘Eva onuavtiko atrotéAeopa givai
OTI N YEXP! Twpa Bewpnon OTI O ATTWAEIEG BIVOPPEUPATWY €ival EUBEWG avAAOyeG PE TO
TETPAYWVO TOU TTAXO0UG TNG Aapapivag dev I0XUEl, OTTWG aTTODEIKVUETAI OTIG TTEPITITWOEIG TTOU
gcetaCovTal otnv TTapouca épeuva. EmmmAéov, diamoTwveTal 6Tl 0 ApIBUOS Twv TTOAWY ToU
AC TuAiypuatog TnG Oidtagng €xel apeAnTéa emidpaon OTIC TTPOKUTITOUCEG OTTWAEIEG
OIVOPPEUPATWV.

6.2 EmMoTnMOVIKN CUuvEICQOpPA TNG EpYaTiag

2Tnv Trapouca epyacia, oxedidoTnke Mia atrAotmoinuévn Treipauatiky didraén n otroia
TTPOCOWOIWVEI TIG CUVORKES PayvnTIKOU TTEdioU 0TO dpopEa pia oUyXpovng MNXOVAG EKTUTTWV
TOAWV. Me Tnv Tmapaywyrn €vog 00eUOVTOG KUMOTOG WAYVNTIKAG €maywyng oe OIAKEVO
MTTPOOTA aTmo T TIPOG MEAETN OOKipIa, YIiVETAl €QIKTA n dnuioupyia Twv €mMOUPNTWY
OIOQOPETIKWY  POYVATIKWY OUuvONKWyY TOTKA KOTA MAKOG Twv OEIYUATWY. ZUVETTWG,
OTTOQEUYETAI N ETTIBOAN OMOYEVWYV HAYVNTIKWY OUVONKWY, OTTWG OTIG UTTAPXOVTEG
TTEIPAUATIKEG HEBODOUG UTTOAOYIOHOU TWV ATTWAEIWY TTUPAVA.

EmmpooBeta, péow Tou TpiodidoTatou poviéAou Tng Sidtagng, kaBioTtatal €QIKT n
AETITOUEPAG €E£TAON TWV AVATITUCCOPEVWY BIVOPPEUPATWY OTO TTPOG MEAETN DOKIMIO Kal n
avaAUTIKA MEAETN TOU €mMOEPPIKOU @aivouévou. ETriong, e mn xprion tng peBddou dueong
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TIPOCONOIWOEWS  BIVOPPEUNATWY, givar duvatdg o UTTOAOYIONOG Twv  OTTWAEIWY
OIVOPPEUPATWY Kal n OUYKPION TOUG YIO OIAQOPETIKA TTAXN KAl UAIKA TwV TTPOG MEAETN
OEIYUATWV.

6.3 Ofuara yia repaITépw digpelivnon

Evdiagpépovra Buarta TTou Ba ptropoucayv va digepeuvnOouyv TTEpAITEPW OTA TTAQICIO QUTAS
TNG EpyaOiag cival Ta £EN1G:

EUpeon avaAuTIKOU HPOVTEAOU TWV OVOTITUCOOUEVWYV SIVOPPEUNATWY: To
TPIOOIGOTATO POVTEAO TTOU €XEI OXEDIACTEI ETTITPETTEI TN AETTTOMEPN TTAPATHENON Kal
e¢étaon Twv dIVOPPEUNATWY €VTOG Tou GyKou Tou dokipiou. Q¢ ek TouTOU, Eival
EQIKTI N avaTTugn evog avaAuTIKoU JOVTEAOU TTEPIYPAPNS TOU PAIVOUEVOU.

ZUVKPION OTMWAEIWV_SIVOPPEULATWY VIO SIOQOPETIKA TTdXN KOl _TUTTOUG
Aapapivag: H repaitépw digpelivnon Sokidiwy Pe dIa@opeTIKG TTéxn 6a utropoloe
va PBondnoel otnv €Eaywyrl CUUTTEPOACHATWY yia Tn oxéon MeTagl Trayxoug
Aauapivag kai aTrwAegiwv divoppeupdtwy. EmmmAéov, n e€€Etaon SIa@OPETIKWV
TUTTWV Aapapivag 8a utropouoe va kabopioel o€ TTolo BaBud ol 1I816TNTEG TOU UAIKOU
ETTNPEACOUV TIG ATTWAEIEG DIVOPPEUNATWV.

Neipapatikl empBeBaiwon: ‘Evag onuavtikdg otdX0g TNG OUVOAIKAG AUTAG TNG
£€peuvag gival n TEAIKA KATAOKEUN TNG TTEIpAPaTIKAG didTtagng. MNa tn yétpnon Twv
OUVOAIKWV aTTWAEIWV OTOV GYKO TWV TTPOG MEAETN DOKIMIWY, TTPOTEIVETAI N XPRON
MEBOBWYV BepuIkng BeppidouéTpnong (thermal calorimetric methods). Mia cUykpion
METAEU TWV JETPACEWY KAl TWV ATTOTEAECUATWY TWV TTPOCOUOILCEWY Ba 0dnyouce
oTnV €MKUPpWON T000 Tou TPIOOIGOTATOU POVTEAOU 600 Kal TG HEBOdOU Aueong
TIPOCONO0IWONG SIVOPPEUNATWV.
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8 MapaptThpara

8.1 ZXroixeia payvnrikng Aapapivag Tutrou M400-50A

To UAIKO TTOU XPNOIMOTTOIEITAI KUPIWG OTIG TTPOCOUOIWOEIS YIa Ta PéEPN OIdHPOU TWV

TelpauaTikwy diatdfewyv €ivalr N payvnmik Aapapiva tutmou M400-50A. O1 1816TNTEG NG
Tapouaialovral otov lMivaka 22:

Ovoua Tumo¢ Tiun Movada Mérpnon¢
ZYETIKNA SIATTEPATOTNTA Mn ypauuIKn KaBopileTal a1m6 TNV
KAUTTUAN B(H)

Aywyipotnra ATTAGG 108/42 S/m
MayvnTtikq ATTopayvntoTnta Algdvuopa

o MéyegBog 0 A/m

e  YuvioTwoao X 1

e ZuvioTwoa Y 0

e YuvioTwoo Z 0
MovTéAo ekTipnong Electrical Steel w/m3
AaTTWAEIWV TTUPAVA

e Kh ATTAOG 0

o Kc ATTAGG 1.899380741514

o Ke ATTAGG 0

o Kdc ATTASG 0
MukvoTnTa padag ATTAGG 7700 kg/m3
z0oTaon Aapapiva

e 2uvteAeoTAG ATTAGG 0.97

oTtoiffagng
e KareGuvon V(3)
otoiffagng

Mivakag 22 : 1816TnTEG payvnTikAG Aapapivag Turou M400-50A

H oxeTikA diatrepatdTnTa Tou UAIKOU KaBopideTal atrd TIG TIUEG TNG JAYVNTIKAG TTaywyng B
KAl TNG évTaong Tou payvnTikoU TTediou H, o1 otroieg avagépovtal oTov Mivaka 23. Ettiong, n
OXETIKA KauTTUAN B(H) TTapouaiadetal oto ZxAua 58.

H (A/m) B (T)
0 0
32.6 0.1
43.5 0.2
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50.8 0.3
57.2 0.4
63.4 0.5
69.9 0.6
77.3 0.7
86 0.8
97.2 0.9
113.2 1
137.8 1.1
180.2 1.2
269.5 13
516.8 1.4
1307 15
2500 1.59
3180 1.6
5000 1.68
6361 1.7
10000 1.79
10890 1.8

Mivakag 23 : MeTpioeig Twv peyeBwyv B kai H TG payvntikAg Aapapivag tutrou M400-50A

2,00

B (H) curve M400-50A

1,80
1,60

1,40
1,20 [

£ 100
® 0,80

0,60
0,40

0,20
0,00

0,0

2000,0

4000,0

6000,0
H (A/m)

8000,0

10000,0

12000,0

ZxAua 58 : KautruAn B(H) Tng payvnrikig Aapapivag Totrou M400-50A
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8.2 ZXroixeia payvnTiKng Aapapivag KATOOKEUAOTIKOU TUTTOU

2¢ Mia TTpooopoiwon Tou TPIoBIACTATOU MOVTEAOU OTO KEQAAQIO 5, HIa payvnTIKA Aauapiva
KATOOKEUOOTIKOU TUTTOU XPNOIKOTTOIEITAIl WG TO UAIKO TOU TTPOG PEAETN dokipiou. Or 1810TNTEG
NG TTapoucidlovtal otov lNivaka 24:

Ovoua Tumo¢ Tiun Movada Mérpnon¢
ZXETIKA Sl1aTTEPATOTNTA Mn ypauuikég KaBopifetal atréd Tnv
KOUTTUAN B(H)
Aywyiuértnra ATTAGG 7850000 S/m
MayvnTiki Algvuopa
Atropayvnrétnta
o MéyebBog 0 A/m
e ZuvioTwoa X 1
e YuvioTwWoO Y 0
e ZuvioTwoa Z 0
MukvoéTtnTa palag ATTAGG 7850 kg/m3
e XUOTOON Aapapiva
e XuvTeAEOTAG ATTAGG 0.97
oTtoiagng
e Kareubuvon V(3)
oToifagng

Mivakag 24 : 1816TNTEG TNG HAYVNTIKAG AAUAPIiVOG KATAGKEUNGTIKOU TUTTOU

H oxeTikA diatrepatdTnTa TOou UAIKOU KaBopideTal atrod TIG TIUEG TNG JAYVNTIKAG TTaywyng B
Kal TNG évraong Tou payvntikou Trediou H T1Tou avagépovral otov lMivaka 25. ETriong, n
avTioToixn KauTuAn B(H) Tou uAIKoU TTapouaidleTal oTo Zxfiua 59.

H (A/m) B (T)
0 0
170 0.1
214 0.2
245 0.3
279 0.4
313 0.5
352 0.6
397 0.7
445 0.8
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505 0.9

577 1.0
667 1.1
778 1.2
942 1.3
1215 14
1838 15
3668 1.6
7067 1.7
12320 1.8
19740 1.9
31857 2.0
Mivakag 25 : MeTpRoeig Twv peyedwyv B kai ’H TNG HAYVNTIKAG AAHOPIVOG KATAOOKEUAOGTIKOU
TOTTOU

B (H) curve of the construction steel

2,2
2,0
1,8
1,6
1,4
1,2
1,0
0,8
0,6
04
0,2
0,0
0 5000 10000 15000 20000 25000 30000 35000
H (A/m)

B(T)

ZxApa 59 : KaptruAn B(H) Tng payvnTikAg Aapapivag KOTAGKEUAGTIKOU TUTTOU
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1 Introduction

1.1 Purpose of the present diploma thesis

The purpose of this project is to design a simplified setup that can subject laminated iron
steels to field conditions similar to the ones of a rotor in a Salient Pole Synchronous Machine
(SPSM). The goal of this setup is to locally measure the eddy currents losses resulting from
high-frequency magnetic fields in laminated iron steels (over 50 Hz). These measurements
will help to validate the results of 3D finite element method (FEM) simulations where eddy
current losses are estimated based on direct calculation of the eddy currents in single sheets
of laminated steels.

The main objective of the project is to design a simplified measurement setup that can be
easily manufactured and used for eddy current loss measurements. As a result, the geometry
of the setup should exclude any rotating or moving parts. In order to subject the steel sample
to similar conditions of the rotor of a SPSM without any mechanical rotation, a traveling wave
of magnetic induction B is created in the air gap of the setup in front of the test sample. This
traveling wave is intended to be sinusoidal, as the concept of effective frequency can be
employed to simplify the designed setup.

Consequently, the project is divided into the following stages:

+ Feasibility study of producing a sinusoidal traveling wave of magnetic induction B in
the air gap of the setup in front of the test sample

» Design of a 2D FEM model of the setup
»  Design of the respective 3D FEM model and validation of the results of the 2D model

+  Estimation of the eddy current losses in the test sample of the 3D model with the direct
eddy current simulation method and comparison with the results of a time-domain model
based on the statistical model of loss separation

»  Sensitivity analysis of the eddy current loss with respect to the parameters of interest:
width of lamination and material of the test sample as well as number of pole pairs used in
the AC excitation.

The basic goal of this project is the feasibility study of creating a setup that can emulate
conditions equivalent to the ones of a rotor in a SPSM. Therefore, a detailed design of the
setup, including all the supplementary technical equipment required for the final construction,
is not provided in this project.

Furthermore, this project does not introduce any new iron loss model. Both the direct eddy
current simulation method and the time-domain model of Lin et al [1], which are used for the
prediction of the eddy current losses, are provided by the FEM software ANSYS Maxwell.

Finally, the investigation conducted in this project does not aim to validate the concept of
effective frequency.
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1.2 Structure of the project

This report is separated in nine sections with the following content:

e Chapter 1 presents the purpose and scope of this report.

e Chapter 2 describes the origins of iron losses and the available techniques for their
estimation. In addition, the complexity of accurate iron loss estimation in the rotor
of a SPSM is analyzed.

e Chapter 3 gives an overview of the conditions in the air gap magnetic field of a
SPSM and presents the concept of the effective frequency.

e Chapter 4 describes the steps of designing the simplified measurement system in
a 2D FEM model.

e Chapter 5 presents the final 3D FEM model that is developed and compares the
eddy current loss estimations of different test samples.

e Chapter 6 discusses the most important findings and the conclusions that are
drawn during the overall investigation, while includes suggestion for further work.

e Finally, Chapter 7 includes the references that were used during the study of the
present thesis, while Chapter 9 provides supplementing information (enclosures).
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2 lIron losses in electrical machines

Major efforts are being made to reduce the global energy consumption in order to achieve
the goal of energy efficiency. The operation of electrical motors consumes a significant
amount of the electricity worldwide and therefore the development of electrical machines with
minimum losses is of prime importance. Besides copper and mechanical losses, iron losses
play a key role in the performance of electrical machines, and can even become the main
loss component in certain applications, such as the field weakening operation of traction
machines [2]. They are also referred to as core losses, as they occur in the iron cores of
electrical machines due to magnetic field variation. They arise primarily in the stator yoke and
teeth as well as in the rotor lamination of particular machines. The mechanism of these losses
is based on the principal of Joule heating [2]. They are usually divided according to the theory
of loss separation into three components, eddy current losses, hysteresis losses and excess
losses [3].

Nowadays, the trend in the design process of the electrical machines is to limit the costly
and time consuming physical prototyping. Instead, virtual prototyping is used to design and
optimize machines. Virtual designs, based on analytical and numerical models, are used by
engineers to simulate the operation of electrical machines and to predict their overall
performance. The widely used numerical technique for electromagnetic design of electrical
machines is the finite elements method (FEM).

For the estimation of the core loss, various iron loss models have been introduced so far
and are available in FEM software products. Nonetheless, the accurate prediction of the iron
loss is still challenging and there is a clear need for iron loss estimation methods that can
provide reliable results. In this chapter, the common iron loss models are briefly introduced
and their assumptions and limitations are discussed.

2.1 Ironloss components

2.1.1 Eddy current losses

According to Faraday’s law of induction, when an alternating magnetic field is applied in a
ferromagnetic material, voltages that are proportional to the rate of time-dependent change
in the flux will be induced. Eddy currents originate from these voltages in closed paths within
the area of the material and their direction is such that tends to resist the original flux change
(Lenz’s law). The energy that is consequently dissipated by them is called eddy current losses

[4].

The circulation of eddy currents causes a gradual reduction of the magnetic field density
in greater depths of the material. This phenomenon is called skin effect and results in the
limitation of the magnetic flux to a small area close to the surface. The depth in which the flux
density has a value less than 1/e (~36.79%) of its surface value is called skin depth and is
calculated using the following formula:

_ / P (2)
sk Ttpopr f

where p is the resistivity of the material, f is the electrical frequency in Hz and o and p; are
the permeability of free space and the material respectively [5].
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In order to reduce the eddy current losses in electrical machines, a common technique is
to make the core from thin laminated sheets, as shown in Figure 1. This is a very effective
technique as eddy current losses are considered to be proportional to the square of the
lamination thickness. The sheet thickness in electrical machines is selected to be smaller than
the skin depth of the fundamental frequency, so that the flux can penetrate each sheet entirely

[5], [6].

Edav currents Eddy currents
4

Figure 1: Eddy currents due to varying magnetic field B in laminated and solid bodies

),
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2.1.2 Hysteresis loss

Microscopically, soft ferromagnetic materials are composed of small magnetized regions
called magnetic domains [7]. Within each domain, all atoms are aligned uniformly and their
magnetic fields have the same direction. In Figure 2, the directions of the magnetization are
represented by arrows. In the case of a not prior magnetized material, the domains are
oriented randomly [8].

Jq/
&,
%

o pm

"

100 _100pm

inew

Figure 2 : Images of magnetic domains acquired with magneto-optical methods inside (a) an
iron whisker and (b) a thin NiFe element [7]

The boundaries between adjacent magnetic domains are called domain walls. Whenever
the material is subjected to an external field, the domain walls move to enlarge the regions
that align in the direction of the magnetic field. This motion of the walls is not constant-
impurities that can be found inside the material behave as “pinning sites” and block the moving
process [9]. The domain walls can overcome them only when the external field is increased
sufficiently. This sporadic motion of the domain walls generates eddy current Joule losses,
which are called hysteresis losses [10].

The relationship between the magnetic field intensity and the magnetization is not linear.
When the ferromagnetic material is completely demagnetized and the magnetic field strength
is increased, magnetization increases rapidly at first, and then approaches the asymptote of
saturation. If the field is removed before saturation is reached, the magnetization will fall back
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to zero. However, if the material becomes saturated, when the external field is removed, the
domains do not completely randomize again. The ferromagnetic material will retain a
considerable degree of magnetization Br (magnetic remanence) even when the external field
is no longer present. This reliance of the magnetization on the previous flux history of the
material is depicted in the B(H) curve (Figure 3), with the area enclosed in the hysteresis loop
being directly proportional to the total energy lost in a given AC cycle [9].

Figure 3 : Hysteresis loop and initial magnetization curve of a ferromagnetic material

2.1.3 Excess losses

A third component is considered frequently in the engineering approach of different types
of iron loss, the excess or anomalous losses. This term is based on empirical factors and was
introduced in an attempt to explain the discrepancy between estimations and measurements
of iron losses [2], [3]. The reason for this is considered to be the inability of the iron loss
models, which consider only the hysteresis and eddy currents loss component, to describe
and incorporate correctly the existence of domain walls and the phenomena that appear as a
consequence of their motion [10]. Bertotti gave a physical explanation of the origin of excess
losses by introducing the new term of magnetic objects (MO) to describe the magnetization
dynamics [11], [12]. MO correspond to magnetic correlation regions, loosely connected to
groups of interacting domain walls [13].

2.2 Iron loss models

Several methods have been developed for the estimation of iron losses both in the
frequency domain and the time domain. The main different approaches include hysteresis
models, empirical solutions such as the Steinmetz equation and models based on the theory
of loss separation.

2.2.1 Steinmetz equation

A series of models is based on the well-known empirical approach introduced by
Steinmetz:
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pvzkm'fa'Bﬁ (2)

where p, are the total power loss, B is the peak amplitude of the flux density and k,,,, a
and 3 are the coefficients calculated by curve fitting in measurements obtained under purely
sinusoidal excitation [14].

For non-sinusoidal excitation, the Modified Steinmetz Equation (MSE) was proposed [15],
[16]:

pU:km'feqa_l'Eﬁ'fr (3)

where f. is the repetition remagnetization frequency and f,, is the equivalent frequency:

T

0
in which 4B is the peak-to-peak amplitude of flux density. This frequency has the same
percentage of magnetization as sinusoidal magnetic flux density B(t) and helps to reach a

better approximation when triangular magnetization is applied [16], [17]. Nevertheless, the
MSE method is appropriate only in the frequency domain [1].

Another variation is the Generalized Steinmetz Equation (GSE) [18]:
T

_1fk |dB
Pv =7 ) Fm gt

0

a

-|B()|F~* dt (5)

The GSE has a DC bias sensitivity without the need of extra coefficients and is more
accurate than MSE in cases where the fundamental frequency of the waveform is small. On
the other hand, large deviations from the correct values are observed when the flux density
waveform has high third harmonic amplitude or in general multiple peaks [2], [18].

A modification called improved Generalized Steinmetz Equation (iGSE) has been
proposed to fix the imperfections of the previous model. In iIGSE, a recursive algorithm is used
to isolate the major loop of the hysteresis curve from the minor loops. The total iron losses
are the sum of the losses of each separate loop which are determined from the following
equation:

a

T
1 dB
po =7 | Fom | @B (6)
0

The advantages of the models based on Steinmetz equation are their short computational
time and their overall simplicity. They do not require a lot of previous loss data of the materials,
as their coefficients can be provided directly by the manufacturer or can be easily calculated
from the manufacturer's measurement data [2].
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Nevertheless, the lack of accuracy of these models when used with iron steel sheets
cannot be overlooked. One major reason for that is that their coefficients in reality are
dependent on frequency and simple extrapolation from the measurement curves is not
adequate. For instance, as the frequency tends to zero, the losses are mainly caused by
hysteresis and the shape of the curve does not play an important role anymore [2]. In addition,
these models are primarily designed for ferrite materials and most of them are not tested for
iron-silicon (SiFe) alloys [2].

2.2.2 Models based on the loss separation theory

In a different approach, Jordan separated iron losses in two terms, eddy current losses p,
and hysteresis losses py,:

pv:pe+ph:ke-f2-§2+kh-f-§2 (7)

where the coefficients k., and k;, are determined by fitting the model to the experimental
loss characteristics of the material. In equation ( 7 ), the computation of p, is based on
Maxwell’s equations, whereas p,, are proportional to the hysteresis loop at low frequencies

[2].

Gratzer added a voltage form factor in the eddy current losses component to achieve better
estimation under non sinusoidal excitation:

2

pu:(ffafb) “ ke f?-B%+ky f-B? (8)
where
1. T Zt dt
f:Urms=JT o w® (9)

1
Yave 2. [Flu()] - dt

This factor ¢ is dependent on the exciting voltages, u(t), and not the flux densities, as
measurements indicate that the eddy currents losses and the square of the root-mean-
squared (RMS) voltage value are related [21].

Nevertheless, the previous equations are not as precise with SiFe alloys as with iron-nickel
(NiFe) alloys [2]. As it is earlier mentioned in the subchapter 2.1.3, a difference is always
observed between estimations and measurements and in an attempt to explain that, the
excess or anomalous losses were introduced. In the statistical theory of loss separation, the
iron losses p, in laminated materials under sinusoidal field excitation can be written as:

Pv = Pe + DPn + Dexc = ke'f2'§2+kh'f'§2+kexc'f1'5'él'5 (10)

where p, are the classical eddy current losses, p, the hysteresis losses and p,,. the
excess losses [3], [13]. The loss factor Kex is physically explained by Bertotti's theory about
active magnetic objects and domain wall motion and is calculated by the formula:
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Kove = /SVo0G (11)

where o is the electric conductivity and S is the cross sectional area of the lamination
sample, G = 0.136 is a coefficient related to the eddy current damping, and Vs is a constant
dependent on the statistical distribution of the local coercive fields [22].
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Figure 4 : Classification of iron losses according to the theory of loss separation

This conventional method shows several inadequacies. Some of them are related to the
classical eddy currents loss p,., as this term is derived considering uniform magnetization,
linearity and homogeneity of the laminated material [23]. Furthermore, the iron losses in
equation (10) are calculated under the assumption that the field excitation is sinusoidal.
Fiorillo and Novikov proposed a model that is able to predict the iron losses under non
sinusoidal magnetic flux by taking into consideration the dependence of the iron loss

components on the derivative of magnetic flux density, Z—f [24]. Basically, they assumed
through theoretical and experimental results under sinusoidal magnetic induction that:

pe o (L)) oL pare o ((2)") 12)

Based on that, they developed an analytical expression for iron losses under non
sinusoidal magnetic field conditions, which requires prior knowledge of one value of both pe
and pn by a quasi-static measurement and one measurement of total loss under sinusoidal
magnetic flux at a single test frequency [24].

Moreover, in the previous approaches, it is assumed that the induction waveform does not
present local minima (minor hysteresis loops) [25]. In order to incorporate the phenomenon
of minor hysteresis loops, Lavers et al. proposed a correction factor that includes the
magnitudes of the flux reversals AB; while Arkkio and Niemenmaa introduced a weighting
function f(|B]) [26], [25].

In addition, with the assumption of uniform and unidirectional flux penetration across the
sample, the models based on the theory of loss separation disregard entirely the impact of
skin effect [3]. This limitation can cause the estimated losses to deviate significantly from the
final measured values. An iron loss model that incorporates the phenomenon of skin effect
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and gives acceptable results for higher order harmonics has been introduced by Yamazaki
and Fukushima [27].

It has to be noted that in the previous models the magnetic flux is considered to be
alternating. However, in some parts of an electrical machine such as the tooth tips and the
pole shoe of a SPSM, the magnetic field is rotating. Fiorillo and Rietto showed that the
rotational losses can be described by a similar model of loss separation [28]. Additional
models that try to estimate the rotational iron losses by introducing correction factors are
presented in [25] and [22]. The total iron losses in an electrical machine can be determined
as the sum of the losses caused by alternating magnetization p,, rotational magnetization
Prot @nd higher harmonics pys :

Py = Cipg + CoPros + C3phf (13)

where Cq, C; and Cs are empirical factors dependent on the material and the geometry
that can be obtained from measurements and curve fitting [22].

2.2.3 Hysteresis models

Another method for iron loss calculation are time-domain modeling techniques that
describe the hysteresis process. The hysteresis models try to characterize the materials and
their losses by accurately modeling the magnetization curves [29]. In order to achieve that,
they need to take into consideration the existence of not only the major but also the minor
hysteresis loops. There are two main categories of hysteresis models; the physical models
such as the Jiles-Atherton model [30] or the Stoner-Wolhfarth and the mathematical models
such as the classical Preisach model and its modifications [31], [2].

The classical Preisach model defines the shape of arbitrary hysteresis loops under
unidirectional excitations by dividing the ferromagnetic material in small independent particles
with certain magnetization characteristics [13]. In this method, the existence of minor loops
as well as the anisotropic nature of the material under investigation are taken into account
[13]. However, the classical Preisach model has certain limitations. Some of them are the
noncongruency of minor loops, the instability of the Preisach function and the unrealistic fact
that the initial susceptibility in the model is equal to zero [29]. Modifications that have been
developed in order to overcome these inadequacies are presented in [29]. Furthermore, the
model disregards the phenomenon of skin effect and the hysteresis losses resulting from
rotational magnetization [2]. The dynamic Preisach model considers the increase in the
hysteresis loss in higher frequencies (skin effect) while the Friction like Hysteresis model and
the Energy Based Hysteresis model can be used for rotational hysteresis loss analysis [2].
Finally, a general problem of the mathematical hysteresis models is that they have little or no
physical justification. As a result, their functions are not able to adapt and need to be
recalculated whenever changes occur in the external environment (stress, temperature,
external field frequency etc.) [32].

On the other hand, the physical hysteresis models aim to describe the hysteresis
phenomenon based on physical mechanisms. The Jiles-Atherton model describes isotropic
polycrystalline materials considering the domain wall motion as the major magnetization
mechanism whereas the Stoner-Wolhfarth model is based on the concept of dividing the
material in non-interacting single domain particles with axial anisotropy and rotating
magnetization [32], [29]. The physical justification behind these models offers important
advantages. Firstly, they have less degrees of freedom compared with the mathematical
models and their parameters can be associated with the structure of the material [32].
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Moreover, they have the ability of including effects of the external environment and hence,
their parameters can maintain the same values under different external conditions [32].

The selection of hysteresis modes for predicting iron loss is usually avoided in industrial
applications. This is due to the fact that they require prior measurements of full hysteresis
curves and consequently, their use is feasible only in cases where high material prior
knowledge is available [29], [2]. In addition, their computational time requirements are
considerably high from an engineering perspective [2]. Therefore, their practical application
for estimating iron losses is limited.

2.2.4 Methods used in the investigation of the project

The measurement setup that is developed in this project for measuring eddy current losses
is simulated in a 3D FEM model. The technique that will be used in the 3D model for the
calculation of instantaneous eddy current losses is the direct eddy current simulation method.

This method is based on the direct computation of the electric current density J by the finite
elements analysis (FEA) in a transient type of solution, where the solver uses the T,-Q
formulation [33]. In this formulation, Q is a nodal-based magnetic scalar potential in the entire
solution domain while T, corresponds to an edge-based electric vector potential in the
specified eddy-current region [34]. The resistive losses of the induced eddy currents inside
the volume of the investigated body can be directly defined by the equation:

1
Pres= = | J?-dV (14)

vol

where o is the electrical conductivity of the material of the body.

In the investigation of this project, it is assumed that the calculated resistive losses
correspond only to eddy current losses. The basis of this assumption is explained in detail in
subsection 2.4.

As a next step, the calculated eddy current loss of the above method will be compared with
the results of the time-domain core loss model that is incorporated in the Maxwell software
[1]. This dynamic time-domain model requires only the same parameters as in the frequency-
domain approach of loss separation shown in equation ( 7 ). The major advantage of this
model is taking into consideration the phenomenon of minor loops by dividing the magnetic
field H into two components, a reversible component that is associated with reactive power Q
and an irreversible component that is associated with hysteresis loss. The total losses are
calculated in the time domain by the following formulas:

Pyr(t) = De(t) + Pr(t) + Pexc(t)
1 (/dB\?  (dB)\? (dBNE)
pe(t) = c—e"e{(ﬁ) +<T) +<dt)}
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1 dBA2  (dBN:  sdBAZ)
pexc(t) = _kexc (_x) + —~= + ( Z) (15)
2m? dt dt dt

where Ce = 8.763363 is a constant derived from a numerical integration [1].

This method provides acceptable accuracy for instantaneous iron loss, although it has the
same limitations with Bertotti’s model concerning the classical eddy current loss term p, and
the excess loss term p,y.c.

2.3 Iron loss measurement techniques

The iron loss characteristics of electrical steel can be determined by measurements on
steel samples. The most frequently used devices for this purpose are the Epstein frame [35]
and the single sheet tester [36]. Alternatively, a common measurement technique is to
conduct examinations on ring core specimens [22].

The Epstein frame is designed for performing measurements on a set of steel strips of 280
mm length and 30 mm width. The number of the included strips must be a multiple of four,
and should be placed in a square arrangement. A coil, which is composed of two windings,
encloses each square side. The outer winding is called primary or magnetizing winding and
provides a simple, unidirectional flux excitation. The inner winding, instead, is used for
obtaining the measurements and is called secondary or voltage winding. The individual
primary windings of the four sides, as well as the secondary ones, are connected in series.

Primary windng

Figure 5: The Epstein frame

In contrast, the single sheet tester examines steel sheets of equal length and width. In this
setup, two external yokes create a rectangular frame with two air gaps between them. The
sheet to be tested is placed in the middle of the air gaps and, as in the Epstein frame, a
primary and a secondary windings are wound around it.
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Secondary winding Primary winding

Figure 6 : The single sheet tester

The last method includes tests on samples that have a ring core shape. As in the previous
two setups, a coil comprised of the magnetizing (outer) and the voltage (inner) winding
surrounds the ring core specimen. In this case, however, no additional special measurement
equipment is required [22].

Col

Steel sample

4

Figure 7 : The ring core topology

The single sheet tester and the ring core topology provide better results than the Epstein
frame, as the distribution of the magnetic field along the test object in these two methods is
more uniform [37], [22]. Nevertheless, all the aforementioned measurement technigues have
the ability to estimate accurately the iron losses in the material samples only for limited,
idealized conditions. Specifically, the test samples inside these measurement systems are
subjected to homogenous and unidirectional magnetic field. This type of field can be observed
in the core of a transformer and in the main iron parts of the electrical machines, such as the
teeth and the stator yoke [2]. Nonetheless, at some places inside an electrical machine, the
magnetic flux changes direction and becomes rotational. This can happen evidently at the
tooth tips, in the areas between the stator teeth and the stator yoke as well as at the pole
shoe of a SPSM. Moreover, the excitation in these measurement setups imposes a pulsating
magnetic field on the sample, where the flux density in a single point has the shape of a
standing wave. This differs significantly from the magnetic field in a rotor of an electrical
machine that is exposed to a traveling wave of the magnetic induction harmonics of the air
gap and thus to rotating fields. Certain setups have been designed in order to measure
rotational losses [63], [64]. However, all these setups are measuring the average losses inside
the volume of the test sample, trying to impose a uniform magnetic field distribution. As a
result, the impact of the skin effect, which can lead to different local magnetic field values in
different points inside an electrical machine, is entirely disregarded.
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Overall, the existent measurement techniques are not able to evaluate perfectly the total
iron losses in an electrical machine, especially in the case of the rotor side iron losses.
Consequently, there is a need for a new supplementary measurement system that can
provide reliable results and can also help validate the estimations of the simulations in virtual
models.

2.4 Rotor corelosses in SPSM

In a Salient Pole Synchronous Machine (SPSM), the magnetic field in the stator differs
significantly from the magnetic field in the rotor. The magnetic field in the main parts of the
stator, i.e. in the middle of the teeth and in the middle of the yoke, is unidirectional [22]. If the
distortion caused by time and space harmonics in the magnetic field of the stator is neglected
for simplicity, it can be assumed that its density B(t) varies sinusoidally in time with a
fundamental frequency f, as it is shown in Figure 8. On the other hand, the magnetic induction
in the pole shoe of the rotor has a high DC value due to the rotor excitation field and a small
ac variation produced by the field of higher harmonics. In addition, the harmonic field in the
pole shoe of the rotor is rotating due to the passing traveling wave of the magnetic induction
B in the air gap. The rotating nature of the magnetic field of the pole shoe in a SPSM is
examined in the simplified setup that is developed in this project (see Section 4.2.2.3 - Figure
41).

e B¢ Point A B ¢ Point B

Point B NN AN A

.....
.....

Figure 8 : Magnetic field density B(t) in the tooth of the stator (Point A) and the pole shoe of a
polein the rotor (Point B) of a SPSM

Itis clear that the iron loss models that are described in section 2.2 are developed for field
conditions similar to the ones in the iron parts of the stator. Hence, the technique that can
provide the more accurate estimations for iron losses in the rotor of a SPSM is the direct eddy
current simulation method. In this case, the assumption that the calculated losses by this
method correspond only to eddy current losses can be made. As it is depicted in Figure 8, the
magnetic flux density B of the rotor has a high DC value, close to the saturation region and a
very small ac variation. Therefore, the domain wall motion caused by this field and
consecutively the hysteresis losses can be considered negligible.

The resultant estimations from the simulations need to be validated through
measurements. However, the complexity of the geometry of the rotor of a SPSM (presence
of damper windings, slip rings and brushes or brushless exciters etc.) makes it difficult to
directly measure iron losses on it. Consequently, the use of a measurement system that is
able to emulate the conditions from the perspective of the rotor is preferable. As it is explained
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in section 2.3, none of the existing systems have this ability and consequently, a simplified
measurement system is developed in this project.
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3 Magnetic field in the air gap of a SPSM

Two magnetic fields are present in a Salient Pole Synchronous Machine, as depicted in
Figure 9: the steady-state magnetic field of the rotor BR, created by the DC excitation of the
rotor (field) winding and the rotating magnetic field of the stator BS, produced by the 3-phase
stator (armature) winding [6]. In the case of a motor, a torque is induced along the axis of the
rotor due to the interaction of these two fields that tends to align the rotor with the magnetic
field of the stator. The magnitude of this torque is proportional to the sine of twice the angle
between the fields BR and BS and causes the motion of the rotor with synchronous speed
wsync. IN the case of a generator, BS is the result of the imposed rotation of the rotor by an
external prime mover [6].

Figure 9 : Magnetic fields of the stator and the rotor in a SPSM [6]

The magnetic field distribution in the air gap can be calculated analytically. According to
[38], the air gap flux density in a SPSM can be accurately evaluated using the following
equation:

B(ps,t) = 2+ A" (ps,t) - 0(s,t) (16)

where A*(@s,t) is the total flux-path permeance function, O(gs,t) the air gap
magnetomotive force (MMF) and g the angular displacement along the stator circumference.
The factor 2 in the equation (16) helps to consider the magnetic coupling of the magnetic field
between adjacent salient poles of the rotor. The distribution of this magnetic field is not
sinusoidal due to harmonics that travel along the air gap of the machine with different speeds.

In this chapter, a general introduction in the traveling waves is presented, as the goal of
the designed measurement system of this project is to create a traveling wave of magnetic
induction B(x,t) in the middle of an air gap. Furthermore, the nature, origins and impact of the
harmonics in the air gap of an electrical machine are analyzed and it is explained how they
can be substituted by one single harmonic in terms of the iron losses by using the concept of
effective frequency.
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3.1 Introduction to traveling waves

Waves are oscillations that propagate in time, t, and space, x, usually accompanied by a
transfer of energy. They can be classified according to their motion into traveling and standing
waves [39].

A traveling wave (also known as progressive wave) is a wave that travels from one point
of the medium to another and, when it is considered purely sinusoidal (Figure 10), can be
described as:

u(x, t) = Usin(kx — wt + @) (17)

where U is the amplitude, w is the angular frequency, ¢ is the time constant and k is the
wavenumber which represents the spatial angular frequency of the wave [39].

As it is shown in Figure 10, the wavelength, A, represents the distance between two
equivalent consecutive points of the waveform in space or, in other words, the spatial period
of the wave. Assuming that the sinusoidal wave is moving with constant speed v, the
wavelength can be calculated using the formula:

A= (18)

v
f
where f is the frequency of the wave [39].

Consequently, it becomes clear that the wavelength and the wavenumber are associated
by the relation:

2n
k=— 49
7 (49)
4
u(x,t)
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Figure 10 : Traveling wave u(x,t) in space x and time t

3.2 Harmonics in the air gap of an electrical machine

As it is already described in equation ( 161 ), the production of the air gap magnetic field
results from the MMFs generated by the excitations of the stator and the rotor [40]. Although
it is desirable to create a field with near-sinusoidal distribution, the waveform of the magnetic
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induction is greatly distorted by the presence of higher harmonics. The order, n, of these
harmonics is higher than the order of the fundamental (n>1) and can be of either time or space

origin [41].

Time harmonics are waves that vary sinusoidally in the field of time, as it is depicted in
Figure 11-a. Their pulsating frequency is higher than the fundamental by a factor of n (nw).
In space, they have the same wavelength, A, as the fundamental, and their rotation speed in
a stationary reference frame (stator reference frame) is nw. Their appearance is a
consequence of the current harmonics of the phase winding, which are mainly injected when
the machine is controlled through inverters [41], [42].

On the other hand, rotating space harmonics are traveling in space 6 along the air gap at
a speed of w/n in the stator reference frame (Figure 11-b). In time, they pulsate at the same
frequency with the fundamental. The main reasons that cause higher space harmonics in the
air gap are the non-sinusoidal winding distribution of the conductors in the excitation winding

along with the presence of slots [41].

B.a B.a
B= \EH:‘U».\( now —¢) B=J2B cos(nt—on |‘

Y

(a) (b)
Figure 11 : Waveforms of: (a) the n'" time harmonic and (b) the n'"space harmonic

The field of the higher harmonics has a negative impact on the performance and efficiency
of the electrical machine. If the harmonics are considered from the stator reference frame,
positive phase sequence higher harmonics (n =4, 7, 10, 13, etc.) create magnetic fields that
rotate in the same direction as the field of the fundamental and thus torques that support the
direction of rotor’'s motion. In contrast, negative phase sequence harmonics (n = 2, 5, 8, 11,
etc.) produce magnetic fields that rotate in backward direction and therefore torques that
oppose to the shaft rotation. Triplen harmonics, whose orders are odd multiples of three (n =
3, 6, 9, etc.), constitute the zero phase sequence system. These harmonics are in phase with
each other and as a result they don’t generate any net magnetic flux density [43], [44]. The
negative phase sequence harmonic of order n-1 and the positive phase sequence harmonic
of order n+1 in the stator reference frame have the same net velocity difference with the
synchronous speed of the rotor and as a result, their combination constitutes the harmonic of
order n in the rotor reference frame [45]. For example, both the 5" harmonic (negative phase)
and the 7" (positive phase) of the stator reference frame add up to the 6" harmonic in the

rotor reference frame.
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Figure 12 : Phase sequence of harmonics

The torques that are produced by the higher harmonics influence the final torque of the
machine. These harmonics create irregularities in the speed-torque characteristic near the
starting region, which can force the machine to balance on a lower operating point than the
normal one. This phenomenon is called crawling and is especially noticeable in induction
machines [44]. In synchronous machines, the relative motion of the fields associated with the
harmonics field compared to the field of the fundamental produces pairs of pulsating torques
of the same frequency [46]. These torques generate high mechanical oscillations that
contribute to the fatigue of the machine shaft.

Apart from the impact on the torque, another harmful effect of the higher harmonics is
additional heating due to iron losses. The skin effect becomes clearly evident at higher
frequencies, where the flux is concentrated in a small layer near the surface. Consequently,
the resistance in the iron parts of the machine is increased and extra losses are produced.
Finally, the parasitic results can also include vibrations and noise from radial magnetic forces
[41].

3.3 Effective frequency

The inevitable existence of the higher harmonics than the fundamental in the air gap of an
electrical machine leads the waveform of the resultant magnetic flux density to deviate from
an ideal sine wave. Instead, the magnetic field in the air gap comprises of a sum of higher
harmonics that have different frequencies and amplitudes. As a result, the accurate recreation
of the magnetic field of an electrical machine in a simplified iron loss measurement system
seems as a daunting challenge. However, the concept of the effective frequency fer can be
proven useful for this cause. Specifically, Moghaddam concluded in [47] that when the current
supply of an electrical machine is comprised of a single harmonic with frequency fe and
amplitude of THDI, the generated solid eddy current losses and stator core losses are the
same as the one produced by the non-sinusoidal current supply of the actual machine. By
extending this theory, it can be concluded that the entire harmonic content of the magnetic
field in the air gap of an electrical machine in the rotor reference frame can be substituted in
terms of the iron losses by a magnetic field produced only by the effective frequency:

Zoo BZ_fal/a
n=2%n n} (20)

ferr =
B,2THDg"

where a is a coefficient that is considered 0.5 for weak eddy current reaction and THDg is
the total harmonic distortion of the magnetic field in the rotor reference frame. This factor
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depicts the harmonic content in the magnetic field waveform and is determined by the

following formula:
’ 0o 2
anz Bn ( 21 )

THDg =~——
1

where B, is the magnitude of the n"" harmonic of the magnetic field in the rotor reference
frame.

The concept of the effective frequency is employed in the developed models utilized in this
project as it simplifies the emulation of similar field conditions as the ones in a rotor of an
electrical machine in terms of the iron losses.
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4 FEM simulations in 2D

The purpose of the setup that will be created is to subject the test object to conditions
similar to the ones of a rotor in a SPSM, excluding any rotational or linear motion. As a result,
instead of rotating the test object, the goal is to create a traveling wave of magnetic flux
density B in an air gap in front of the test object. This traveling wave should be sinusoidal both
in time and in space, as the concept of effective frequency is employed [47]. In this chapter,
the idea of creating a traveling wave of magnetic induction is examined in simple 2D models
and in addition to this, the final 2D model is presented.

4.1 Initial investigation - emulation of a traveling wave

The first step of the investigation is to examine the feasibility of producing a traveling wave
of B in a simple 2D model. The examination is conducted using the FEM software ANSYS 2D
Maxwell (Ansys Electromagnetics Suite version 17.1.0). All the materials that are used in the
simulations are from the built-in SysLibrary except for the steel M400-50A that was imported
in the material library of the software. The properties of this SiFe steel can be found in Chapter
8 - Enclosures.

4.1.1 Models with toroid magnetic core

The initial idea was to design a model that resembles the geometry of an electrical machine
and the field distribution inside it, labeled Model A. The design of Model A is presented in
Figure 13. It consists of a toroid magnetic core made from the material M400-50A and a 6-
pole 3-phase winding of phase sequence +A —C +B —A +C —B. This winding is directly wound
on the core and not placed in slots, as their presence would induce further space harmonics.
Also, the test object, with a DC excitation winding on it, is placed in the center of the torus.
The shape of the test object is selected to be rectangular, with two of its faces curved. Each
one of these curved sides is facing a pole pair of the ac winding.

The characteristics of the system are presented in the following table:

Value Unit
Frequency, f 50 Hz
Current in the winding ) I
of phase A, Ia 234 -sin(100 - pi - time) A-t
Current in the winding ) L 2pi
of phase B, Ie 234 -sin(100 - pi - time + ?) A-t
Current in winding of . L 2pi
phase C, Ic 234 -sin(100 - pi - time — ?) A-t
Current in the winding
of DC excitation, Ibc 22050 At
Air gap length 2 mm
Model depth 100 mm

Table 1 : Properties of Model A

It should be noted that all windings are considered to be composed of one
conductor for simplicity. For this reason, the unit of the current is defined as ampere-
turns (A-t) instead of amperes (A) in the above table. For instance, if the DC winding was
dimensioned using the AWG system, the appropriate cable would have been 10 AWG and
the resulting current would have amplitude of 26.31 A. The amplitudes of DC and AC current
mentioned in Table 1 are selected so that the current density of the windings is 5 A/mm?2,
considering AC and DC copper fill factors 0.4 and 0.7 respectively [48], [49] .The choice of
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this current density is made based on the typical values for natural air-cooling in electrical
machines [34]. Furthermore, the only restriction for the initial dimensions of the model through
this primary investigation is to avoid heavy saturation both on the magnetic core and on the
test sample.
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Figure 13 : Geometry of Model A

As a first step, the magnetic flux density B(t) should be examined at a point in the middle
of the air gap in the area in front of the test object (Point A — Figure 14). It can be seen in
Figure 15 that it varies sinusoidally in time, as expected, due to the sinusoidal current supply
in the setup. A DC offset is present due to the excitation of the test object.
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Figure 14 : A close up of the air gap in Model A
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B(t) in Point A

70

760 r

750 ¢

740 ¢}

730 +

720 }

8 (mT)

700 1
690 1
680 M
670

0 2 A (3] 8 10 12 14 16 18 20
time (ms)

Figure 15 : Magnetic Flux Density B (t) in Point A in Model A during one electrical period
T=20ms

In addition, the magnetic field should be observed in space. For this purpose, a line is
placed along the middle of the air gap in the x-dimension that has the same length as the
edge of the test object (Line A —Figure 14). The waveforms of the recorded magnetic flux
density B(x,t) in this line for 51 consecutive time instants with time step = 0.4 ms during one
electrical period T=20 ms create a traveling wave, as it is shown in Figure 16.
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Figure 16 : Traveling wave of magnetic flux density B (x,t) in Line A in Model A for 51
consecutive time instants with a time step of 0.4 ms during one electrical period T=20ms

Upon closer examination of one random time instant B(x, t=6.4ms) and its harmonic
content in Figure 17, it can be seen that the waveform deviates from a pure sinusoidal shape
as it is distorted due to harmonics. These harmonics that distort the waveform are of space
origin, as the current supply is purely sinusoidal. Moreover, on both sides of the waveform
high-intensity magnetic field is noticeable. These regions correspond to the area in front of
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the two corners of the test object. The flux in these corners is bending in order to follow the
shortest path between the magnetic core and the test sample and therefore, leakages result
from the high concentration of fringing flux (Figure 18).
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Figure 17 : (a) Highlighted time instant t = 6.4 ms of the traveling wave of magnetic flux
density B(x,t) and (b) its harmonic content in Line A in Model A
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Figure 18 : Concentration of flux in front of the corners of the test object in the air gap of the
Model A for the time instantt = 6.4 ms

In order to further examine the relationship between the shape of the winding and the
resulting space harmonics, a different winding configuration is investigated for this particular
type of magnetic core with the same system characteristics as in Model A, which are
mentioned in Table 1. More specifically a model with rectangular-shaped winding without air
gaps between the phases is designed and analyzed. The geometry of this model, labeled
Model B, as well as the traveling wave that is created in the air gap of the model are shown
in Figure 19.

Magnetic Core
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Figure 19 : (a) Geometry of Model B, (b) highlighted time instant t = 6.4 ms of the traveling
wave of magnetic flux density B(x,t) and (c) its harmonic content in Line B in the air gap of
model B

As itis evidently depicted in Figures 16 and 19 both of the previous models generate similar
results in terms of the magnetic induction in the air gap. However, the harmonics in the model
B are found to reduce in a more even fashion as the harmonic order n increases compared
to model A. It can be observed that the 6" harmonic in the model A especially has a smaller
harmonic amplitude due to configuration of the winding in front of the test object which is
separated by air gaps in 6 discrete phases.
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In conclusion, the results shown in this section indicate that the creation of a traveling wave
of magnetic induction is possible in a setup where any kind of mechanical motion is excluded.
However, the geometry of the models utilized so far have certain disadvantages. The
selection of a toroid magnetic core is not practical due to the confined space in the center, the
limited geometrical parameters offered for optimization and the imposed restrictions on the
shape of the test object. Specifically, it is estimated that a rectangular shaped test object with
linear edges instead of curved ones and a linearly shaped magnetic core will reduce the
unwanted effects of the space harmonics. Moreover, a test object with linear edges is easier
to manufacture compared to one with curved faces. Consequently, further study on a linear
rectangular core is considered appropriate.

4.1.2 Models with rectangular magnetic core

As a result of the previous conclusions, a model with linear rectangular core is designed
and studied (Model 1). Its geometry is shown in Figure 20. It is comprised of a rectangular
magnetic core with a 2-pole 3-phase winding of phase sequence +A —C +B —A +C —B. This
winding is placed only in front of one edge of the test object, with which it has equal length.

The properties of Model 1 can be found in the following table:

Value Unit
Frequency, f 50 Hz
Current in the winding s R i
of phase A, Ia 234 - sin(100 - pi - time) A-t
Current in the winding ) L 2pi
of phase B, Ie 234 -sin(100 - pi - time + T) A-t
Current in winding of _ o 2pi
phase C, Ic 234 -sin(100 - pi - time — T) A-t
Current in the winding
of DC excitation, Ioc 22050 At
Length o; the air gap, ) mm
Length of the lower air
2 mm
gap, g2
Model depth 100 mm

Table 2 : Properties of Model 1

It should be noted that all windings are considered to be composed of one
conductor for simplicity. For this reason, the unit of the current is defined as ampere-
turns (A-t) instead of amperes (A) in the above table. The above properties and the
general characteristics of Model 1 are selected in accordance with the same restrictions as in
the previous models with the toroid magnetic core (Table 1).
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Figure 20 : Geometry of Model 1
As in the prior investigated models, the magnetic induction at a point in the middle of the

air gap in the area in front of the test object (Point 1 — Figure 21) is proven to be sinusoidal,
as it is shown in Figure 22.

Figure 21 : A close up of the air gap in Model 1
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B(t) in Point 1
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Figure 22 : Magnetic Flux Density B (t) in Point 1 in Model 1 during one electrical period
T=20ms

In Figure 23, the traveling wave of the magnetic field induction B(x,t) in a line along the
middle of the air gap g (Line 1 —Figure 21) for consecutive time instants with a time step of
0.4 ms during one period T=20 ms is presented. In contrast to the models with toroid core
that were previously examined, the produced traveling wave in this case has variable
amplitude for different time instants.
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Figure 23 : Traveling wave of magnetic flux density B (x,t) in Line A in Model 1 for 51
consecutive time instants of time step 0.4 ms during one electrical period T=20ms

This variance in the amplitude of the magnetic field for different time instants is only
affected by the AC excitation. For this reason, certain cases with no DC excitation are
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examined in order to determine the cause of this variance. The cases that are presented
below correspond to the time instants where each AC phase is equal to 0. The investigation
focuses on the part of the AC winding that is placed on the inner side of the magnetic core as
this part produces the flux that is interacting with the test sample. Theoretically, the AC
winding could have been placed only on the inner face of the magnetic core and not being
wound around it. However, a configuration where the winding is wound around the magnetic
core is selected as in this case, the winding has no end region. On the contrary, a
configuration with only the inner part in reality would create an end region that would cause
additional end effects in the magnetic field of the air gap [50].

4.1.2.1 Study of the variance in the amplitude of the traveling wave — Addition of the
auxiliary winding

e Casel: t=0.01s1,=0, Izg=-112vV3A—t, I; =112V3A—t, Ipc =0

+112.43 A-t +112 -+/3 A-t 1=0 I=-112.J3A-t 1=-112.43 A-t 1=0

Figure 24 : Distribution of the inner part of the AC winding in Case 1

Figure 25 : Flux Lines for the Model 1 in Case 1

The distribution of the inner part of the AC winding for Case 1 is shown in Figure 24.
It can be observed in Figure 25 that the “positive” flux produced by phases —B +C and
the “negative” flux produced by phases +B —C of the inner part of the winding create
two magnetic paths that close through the test sample and the magnetic core. In this
case, the majority of the produced AC flux is crossing perpendicularly through the
entire test object and as a result, the test sample is subjected to an almost
unidirectional magnetic field. This result is not desirable as in a SPSM the pole shoe
is exposed to a rotating AC field of higher harmonics that do not cross through the
entire length of the rotor.

. CaseZ:tzﬁs, I, =112V3A—t, Ig=0, Ic = —-112vV3A—t, Ipc =0
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Figure 26 : Distribution of the inner part of the AC winding in Case 2

N

Figure 27 : Flux Lines in Model 1 for Case 2

The results in this case are similar as in Case 1 in terms of the magnetic flux that is
crossing through the test sample (Figure 27).

. CaseB:t=$s, I, =112V3A—t, Ig=—-112V3A—t, Ic =0, Ipc =0

+C -C

I=+1123 A-t =0 I=-112-43A-t I=-112.43A-t 1=0 I=+ 11243 A-t

Figure 28 : Distribution of the inner part of the AC winding in Case 3

Figure 29 : Flux Lines in the Model 1 for Case 3
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In this time instant, the ‘negative’ flux that is created by the phases —A +B of the inner
part of the winding (Figure 29) is crossing to the test sample through the air gap in
closed loops, instead of crossing through the entire sample as in the previous cases.
Therefore, the test object is subjected to a combination of rotating and linear magnetic
field as in the pole shoe of a SPSM.

Consequently, the goal is to constantly create similar AC excitation conditions as in Case
3. This can be achieved by adding an auxiliary AC excitation on both branches of the magnetic
core, with the same current as the phase C:

2pi
lLpux = I = 234-sin(100-pi-time—Tp> A—t

This topology is called Model F and is depicted in Figure 30.

+Iau_f +B -C +A -B +C -A /-I.n..

‘ "auu:‘ 'B i -C +A +|aux

Figure 30 : Close up of the AC winding and the auxiliary excitation in Model F

The effect of this auxiliary phase can be observed in Figure 31 for the time instants of the
previous cases 1, 2 and 3. The ‘positive’ flux and ‘negative’ flux at every time instant create
closed loops around the AC winding and only a small amount of flux crosses through the
entire sample in the cases where the current in phase C is not zero.

A (vi/nl
R i
o |
- n .
. | S
i3 < |
P——
s
«

(@)

112



<

LA Deinl

(b)

Y

(c)

Figure 31 : Flux Lines in Model F with Ipc =0 for the time instants: (a) t=1/300 s, (b) t=0.01 s
and (c) t=1/150 s

4.1.2.2 Final results due to the auxiliary winding

If the DC excitation is switched on in Model F, the current of the auxiliary phase should be
higher than the current of phase C in order to achieve constant amplitude of the traveling
wave of the magnetic induction in the middle of the air gap g, depending on the value of the
DC current. In the model with the properties mentioned in Table 2, the required current in the
auxiliary winding is:

2pi
lguy =151 = 351-sin(100-pi-time—Tp> A—t

This change in the amplitude of the required auxiliary excitation can be explained due to
the increase of the magnetic permeability of the test sample. As it is depicted in Table 3, the
increase due to the DC flux in the magnetic permeability is more significant in the test sample
(Point T — Figure 32) than in the magnetic core (Point M —Figure 32). Consequently, additional
flux needs to be produced by the auxiliary phase in order to render the magnetic core a more
preferable path for the AC flux and to prevent it from crossing through the entire test object.
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Figure 32 : Points of measurements in the magnetic core and the test object in Model F

lopc=0 Ipc = 22500 A-t
Magnetic .
Test sample g . Test sample Magnetic core
. core (Point . .

(Point T) M) (Point T) (Point M)
Mean Value of

Magnetic Induction, =40 mT = 30mT =740 mT =260 mT

B
Relative magnetic
. .g 2467 2467 7321 4218

permeability,

Table 3 : Relative magnetic permeability in Model F for different conditions of DC excitation

In conclusion, the resulting traveling wave of magnetic induction in the middle of the air
gap g (Line F — Figure 32) in Model F is shown in Figure 33. It is evident that the amplitude
of the wave is nearly constant for different time steps, apart from a small variation caused by
the winding distribution. Furthermore, the amplitude, the DC component and the leakages of
the traveling wave are similar with the respective values of the traveling waves produced by
the models with the toroid magnetic core. Nonetheless, the waveforms of the magnetic
induction are smoother in this case as the harmonic content is smaller. In addition, a
rectangular magnetic core is more optimizable and has more degrees of freedom. As a result,
the model with a rectangular magnetic core and the additional auxiliary excitation (Model F)
is selected to be used in the further investigation of the project.
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Figure 33 : (a) Highlighted time instant t = 6.4 ms of the traveling wave of magnetic flux

density B(x,t) and (b) its harmonic content in Line F in Model F

4.2 Final 2D model

4.2.1 Setup specifications

The final setup that is designed has a real salient pole synchronous machine as a
reference. Specifications derived from this machine are presented in Table 4.

Name Property Value
Aess Effective Wavelength 50 mm
ferr Effective Frequency 1350 Hz

DC value of Magnetic
Bpc Induction in the middle of the 11T
airgapg
Amplitude of Magnetic
B Induction in the middle of the 01T
airgap g

Table 4 : Specifications derived from the reference machine

In addition, certain requirements and restrictions are imposed on the design of the setup:

The width w of the test sample is selected to be equal with one Aes.

The setup should be able to provide an adjustable wavelength. Specifically,
the number of the poles of the AC winding should have the possibility to change
between two and four. In the simulations that are conducted, this is achieved
by two separate models of 2-pole and 4-pole AC windings. For the practical
implementation of an adjustable wavelength in the constructed setup, an
investigation should be conducted on pole changing winding configurations
such as the Dahlander pole-changing circuit [55].
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e The current density of both the AC and DC winding should not exceed the
respective values for natural air-cooling, preferably 5 A/mm?[38]. The AC and
DC fill factors are considered 0.4 and 0.7 respectively [48], [49].

e The saturation of the magnetic core should be avoided as that could lead to
extensive total iron losses of the setup.

e The overall size of the setup should be minimized as far as possible in order
to achieve a feasible and economical design.

4.2.2 Sensitivity Analysis
4.2.2.1 Design parameters

The final 2D model needs to be optimized to a certain extent in order to meet the setup
specifications and requirements that were mentioned in the section 4.2.1. As a result,
sensitivity analysis is employed for parameters of interest. The geometrical parameters of the
model that need to be considered in the optimization process are depicted in Figure 34, while
their description and initial values can be found in Table 5.
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Figure 34 : Geometrical parameters of Model F
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Name Property Initial Value
H Height of the Test Object 300 mm
d Width of the Magnetic Core 30 mm
L Length of the Magnetic Core 300 mm
g Air gap 2mm
g2 Lower Air gap 2mm
[1 Height of the AC Winding 6 mm
W2 Width of the DC Winding 49 mm
2 Height of the DC Winding 50 mm
depth Axial length of the Model 100 mm
Iac Amplitude of th_e c_urrent of the 100 At
AC winding
Ioc Value of the f:ur.rent of the DC 7500 Act
winding
Lo Amplitude of the current of the 154100 At

auxiliary winding

Table 5 : Initial values of the parameters of Model F

It should be noted that all windings are considered to be composed of one
conductor for simplicity. For this reason, the unit of the currents is defined as ampere-
turns (A-t) instead of amperes (A) in the above table. The choice of the initial values of the
parameters mentioned in Table 5 was made based on the following criteria:

The length L and the width d of the magnetic core as well as the height H of
the test sample were selected in accordance with the dimensions of the test
samples in the Epstein frame [35].

The amplitude of the AC excitation Iac was chosen so that the current density
of the AC winding is 5 A/mm?,

The value of the DC excitation Ipc was calculated in order to produce a
magnetic field in the middle of the air gap with DC value Bpc of 1.1 T, as it is
required by the specifications (Table 4). Furthermore, the DC winding is placed
in the center of the test object in order to achieve a local saturation and hence
to prevent the AC flux from crossing through the entire sample. Consequently,
the goal was to concentrate the DC winding as far as possible in the middle of
the test sample without exceeding a reasonable width w.

The axial length of the model, depth, is selected long enough in comparison
with the effective air gap (sum of 11 and g) in order to limit the presence of end
effects. Sensitivity analysis for this length is conducted on the 3D model
(Chapter 5) where the impact of the end effects can be taken into account.

4.2.2.2 Simulation settings

The simulation settings of the FEM project used for the sensitivity analysis are presented

in Table 6:
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Project Properties

Analysis Setup

e Stoptime 0.74074 ms
e Time step 0.0148148 ms
Boundary condition Balloon

Table 6 : Project Properties of Model F

With the assignment of a balloon boundary condition around the model, the magnetic
solver considers the region outside of the balloon boundary to be infinitely large. This means
that the magnetic vector potential tends to zero at infinity.

The refined mesh for the regions of interest is depicted in Figure 35 while the respective
mesh operations are presented in Table 7.
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Figure 35 : Mesh of Model F during the sensitivity analysis

Maximum Length of

Region Elements (mm) Number of elements
Magnetic core — A 10 3005
Test sample - B 5 3057
Air close to the airgap g 2 1201
-C
AC winding - D 3 273

Table 7 : Mesh operations in Model F
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4.2.2.3 Process of sensitivity analysis
i. STEP1

The main objective is to achieve the intended traveling wave of magnetic induction
B(x,t) in the middle of the air gap g, defined by the model requirements mentioned in
Table 4. As a result, a one-at-a-time sensitivity analysis (OAT) is conducted firstly for
the parameter g and secondly for the parameter |1 with respect to their impact on the
shape of the traveling wave. During the process in step 1, the Ipc is always adjusted
so that the Bpc is approximately 1.1 T.

e Sensitivity analysis for the parameter g

The process was undertaken for the values 0.5, 1, 2 and 3 mm. The impact of the
different values of the parameter g on the amplitude of the traveling wave B are
depicted in Figure 36— (a), whereas the maximum value of the leakages on the two
sides of the traveling wave B;g,x in contrast with the DC requirements of the
system can be observed in Figure 36— (b).

(mir
g (mm) g (mm)

Figure 36 : The length of the air gap g versus (a) the amplitude of the traveling wave B and (b)
the maximum value of the leakages on the two sides of the traveling wave B g, and the DC
requirements

Itis clear in the above figures that as g decreases, the effect of the leakages becomes
more evident. However, the simultaneous increase in the value of Ipc in order to keep
the Bpc fixed at 1.1 T is quite significant. In addition, the amplitude of the traveling
wave is increasing in lower values of g. It is not considered valuable to examine
smaller values of air gaps as an air gap length of 0.5 mm is assumed to reach the
manufacturing tolerance [51]. Consequently, the value of 0.5 mm is selected for the
parameter g.

e Sensitivity analysis for the parameter 11

The values that were examined for the width of the AC winding I1 are 4, 5 and 6
mm. The amplitude IAC is adjusted in every step in order to maintain the current
density of the winding at 5 A/mmz2. The results of the analysis are presented in
Figure 37.
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I, (mm) I, (mm)

Figure 37 : The effect of the parameter 11 on (a) the amplitude of the traveling wave B and (b) the maximum
value of the leakages on the two sides of the traveling wave B pax

The sensitivity analysis depicts that an increase in the parameter |11 causes also an
increase in the amplitude B as well as in the leakages of the traveling wave. The value
that is selected for this parameter is the 5 mm, as it provides the best tradeoff.

In all the previous cases, however, the amplitude B deviates significantly from the
value of 0.1 T, which is the target in order to meet the setup specifications (Table 4).
As a result, the current density of the AC winding needs to be increased in higher
levels than 5 A/mm?. The current density that is selected is 20 A/mm?. Although the
respective B for this current density is still smaller than 0.1 T, as it is shown in Table
8, higher values of current densities are excluded in order to avoid possible damages
in the AC cables. A study should be made about techniques to achieve better fill
factors in the AC winding, in order to decrease the required lac and the respective AC
current density. An interesting idea would be the investigation of Litz wires with
rectangular shape, as it is estimated that they can achieve 0.65 fill factor [56].

11 -
(mm) |AC (A't) B (T) IDC (A't) BLEAK (T)
5 332 0.073 10500 1.87
Table 8 : Current excitations and air gap magnetic field characteristics for AC
current density= 20 A/mm?

i. STEP2

As a next step, the impact of the parameters L and d on the characteristics of the
traveling wave B(x,t) as well as on the core loss of the magnetic core is investigated.
For the initial values of L and d and the values of g, I1 and Iac that resulted from step
1, the magnetic core is saturated. Consequently, the sensitivity analysis of L and d is
conducted for higher values than the initials. The results of the investigation are
presented in Figure 38.
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Figure 38 : The amplitude of the traveling wave B versus the length L and the width d
of the magnetic core

The previous analysis shows that the amplitude B of the traveling wave is directly
proportional to the length L and inversely proportional to the width d. The values that
are selected for the final model are: L=450mm and d=35mm, as a compromise
between the maximization of the amplitude B and the saturation of the magnetic core,
(something that happens in the cases where d=30mm).

STEP 3

Finally, the analysis is focused on the height H of the test object and the length of the
lower air gap g2. During this step, the Ipc is adjusted so that the Bpc is approximately
1.1 T. The impact of the afore-mentioned parameters on amplitude B of the traveling
wave B(x,t) in the middle of the air gap g can be observed in Figure 39. It is evident
that for a constant value of the variable H, B is not affected considerably by the
parameter g».

074
0 » gf?_mm
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0.0735 |
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0.073 |

BT

200 300 400
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Figure 39 : The amplitude of the traveling wave B versus the height of the test object H and

the length g2 of the lower air gap
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In addition, the AC flux that is passing through the sample is affected by these two
parameters. As it is already mentioned, this flux should be decreasing at greater
depths of the test object and theoretically becomes zero in the middle of it (Point M —
Figure 40). The values of the AC variation of the magnetic field in different points
across the test sample for different combinations of H and g. are shown in Table 9. It
is clear in this table that for values of H bigger than 200 mm, the AC flux is gradually
decreasing until the middle of the test object, as it is actually happening in the rotor of

a SPSM.
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Figure 40 : Points in Model F for measuring the AC flux crossing the test object

Point F Point M
iddle of iddle of
(mld(.j o Point A Point B Point C Point D (middle o
the air gap the test
g) object)
H 92 - _
AC variation - By (T)
(mm) | (mm)
2 0.0670 0.0352 0.0214 0.0193 0.0178 0.0184
200 3 0.0678 0.0353 0.0203 0.0181 0.0166 0.0174
4 0.0694 0.0360 0.0181 0.0157 0.0142 0.0143
2 0.0734 0.0407 0.0156 0.0131 0.0104 0.0093
300 3 0.0727 0.0402 0.0152 0.0127 0.0100 0.0090
4 0.0730 0.0397 0.0148 0.0122 0.0096 0.0086
2 0.0734 0.0437 0.0147 0.0122 0.0097 0.0066
400 3 0.0735 0.0432 0.0145 0.0120 0.0095 0.0065
4 0.0737 0.0425 0.0142 0.0117 0.0091 0.0063

Table 9: AC variation across the test object in Model F
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The values that are chosen for the final model are: H = 300mm and g, = 3mm, taking into
consideration the general attempt for minimizing the overall dimensions of the setup. For
these values, the components of B (t) and By (t) are recorded in Point A in the test sample
for one period T=0.74074ms. It can be observed in Figure 41 that the magnetic field in the
test sample is rotating as in the pole shoe of a SPSM.

1 1 L " - N -
-0.3 0.2 -0.1 0 0.1 0.2 0.3

B, (T)
Figure 41 : Rotating magnetic field in the point A of the test sample
4.2.3 Results

The values of the parameters of the final model that resulted from the sensitivity
analysis are presented in the following table:

Name Property Final Value
H Height of the Test Object 300 mm
d Width of the Magnetic Core 35 mm
L Length of the Magnetic Core 450 mm
g Air gap 0.5 mm
g2 Lower Air gap 3 mm
[1 Height of the AC Winding 5 mm
W2 Width of the DC Winding 49 mm
2 Height of the DC Winding 50 mm
Iac Amplitude of th_e c_urrent of the 332 Act

AC winding
Ioc Value of the -cur.rent of the DC 10500 At
winding

Amplitude of the current of the
AC winding
Table 10 : Final values of the parameters in Model F

1.5*332 A-t

|aux
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It should be noted that all windings are considered to be composed of one
conductor for simplicity. For this reason, the unit of the currents is defined as ampere-
turns (A-t) instead of amperes (A) in the above table.

Consequently, the traveling wave of magnetic induction in the middle of the air gap g in
Model F after the process of the sensitivity analysis is shown in Figure 42. In addition, its
characteristics are mentioned in Table 11.

Bix,0nLine F

Figure 42 : Final traveling wave B(x,t) in Line Fin Model F

Name Property Value

DC value of Magnetic
Bpc Induction in the middle of the 1.093T

air gap g

Amplitude of Magnetic
Induction in the middle of the 0.0727 T

air gap g

)

Maximum value of leakages
on two sides of the traveling
wave of magnetic induction in
the middle of the air gap g
Table 11 : Characteristics of traveling wave in Line F in Model F

Bk 1.8577 T

The prior analysis corresponds to the scenario with a 2-pole AC winding. A close up of the
respective model with 4-pole AC winding is depicted in Figure 43, labeled Model F». In this
case, the only parameter that should change is the amplitude of the AC phase current Iac.
Specifically, it should be half (166 A-t) in order to maintain the AC current density constant
(20 A/mm?). Therefore, the traveling wave B(x,t) has also half amplitude compared to the
traveling wave in Model F (Figure 44). However, for the further theoretical investigation of
this project the Iac will be considered constant in the two winding configurations and equal to
332 A-t, in order to have comparable results between the models with 2-pole and 4-pole AC
winding.
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Figure 43 : Close up of the 2-pole-pair AC winding of the Model F»
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Figure 44: Traveling wave B(x,t) in Line F2 in Model F»
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5 FEM simulations in 3D

In the previous chapter, the 2D model of a setup designed to emulate eddy currents losses
in conditions equivalent to the ones of a rotor in a SPSM was presented. The goal of
conducting simulations in FEM models of the setup is to accurately predict the eddy current
losses in the test sample before the stage of the experimental validation. However, the
conventional core loss models that are incorporated in the 2D FEM software do not provide
accurate predictions of eddy current losses, especially in the case of high frequencies that is
examined in this project. Therefore, a 3D FEM model is developed and the direct eddy current
simulation method is employed. In this chapter, the 3D model of the designed setup is
presented and an eddy currents loss analysis is made for different materials (M400 50A and
a construction steel) as well as lamination thickness (2mm and 0.5mm) of the test sample for
the two configurations of the setup with 2-pole and 4-pole AC winding.

5.1 3D model description

The simulations are conducted using the FEM software ANSYS 3D Maxwell (Ansys
Electromagnetics Suite version 17.1.0). All the materials that are used in the 3D model are
from the built-in SysLibrary except for a construction steel and the steel M400-50A that were
imported into the material library of the software. The properties of these steels can be found
in Chapter 8 - Enclosures.

|

Additional
Sheets

Test sample

Figure 45 : Geometry of the 3D model

The 3D model that is designed has the same dimensions as the 2D model resulting from
the sensitivity analysis and setup specifications (see tables 4 and 10). The geometry with the
2-pole AC winding and a 2mm thick test sample is depicted in Figure 45. It can be observed
that at the top and bottom of the test sample two additional sheets are modelled. These
domains have the same material assigned as the tested lamination. They are modelled to
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avoid the end effects of the test setup influencing the field distribution in the middle lamination
(test sample).

It was concluded from the investigation in the 2D model that the main part of the AC flux
is concentrated in the front half of the test sample that is closer to the AC excitation (see
Section 4.4.2.3 —Table 9). As a result, the analysis of the eddy currents loss is focused only
on this area and the generated eddy currents in the rest of the test sample are considered
negligible. In order to model with high accuracy, the front half of the test object is divided into
thin layers of 0.1 mm width in the z direction. This length is equal to the skin depth, J, that
was calculated in the 2D model from estimated values of the B(t) in the area of the test sample
that is closer to the AC winding. In addition, the test sample is divided into 7 regions in the y
direction, as it is presented in Table 12 in order to improve the mesh in the area closer to the
AC winding where the eddy currents mainly arise. In Figure 46, the different regions in which
the test object is divided for the case of 2mm lamination thickness are depicted.

Region 4
Region 5
Region 6
Region 7

Figure 46 : Close up of the geometry of the test object in the case of 0.2mm lamination
thickness

Region 1 Region2 Region3 Region4 Region5 Region6 Region?7

Width

70 55 24.7 0.1 0.1 0.05 0.05
(mm)

Table 12 : Widths of the regions in the front half of the test object

In order to determine the appropriate depth of the setup, a sensitivity analysis is conducted
in the model with 1-pole-pair AC winding and 2mm thick test sample. A small area in the air
gap between the test object and the AC winding with depth equal to the thickness of the
lamination is defined as air-gap g, as shown in Figure 47. In a line in the air-gap g between
the test object and the AC winding, the produced traveling wave of magnetic induction B(x,t)
is recorded. As it is shown in Table 13 there is a discrepancy between the results of the 3D
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and the 2D model for the depth of 100mm, especially in the DC value Bj.. This phenomenon
is believed to be caused by the end effects in the model and especially due to the leakages
at the top and the bottom surfaces of the geometry. In order to justify this claim, two odd
symmetry boundaries are imposed on top and on bottom of the setup while the depth of the
model is selected to be 100mm (Figure 48). The flux is considered to be entirely tangential
on the surfaces that these boundaries are placed and as a result the depth of the model is
assumed infinite. The elimination of the end effects in this case is indicated by the smaller
deviation of the resulting By, from the respective value of the 2D model compared to the
previous cases and by the lower value of B;g4x-

Airgapg

o

Figure 47 : Close up of the airgap g

Model  Depth (mm) Marisa?grfgf(s;;'ve Bpc (T) B (T) Bipak (T)
2D 100 64,64 1.0930 0.0727 1.8577
3D 100 64,64 0.8741 0.0732 1.7561
3D 200 122,28 0.9738 0.0748 1.7307
3D 300 179,91 1.0128 0.0760 1.7177
3D 500 293,23 1.0290 0.0630 1.7086

100 with
3D Symmetry - 1.0663 0.0743 1.5947
boundaries

Table 13 : Characteristics of the traveling wave of magnetic induction in the middle of the air
gap g for the 2D model and different axial lengths of the 3D model

\ Symmetry boundaries

(odd —flux tangential)

Figure 48 : Symmetry boundaries in the 3D model
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To sum up, it is challenging to specify the optimal depth of the 3D model due to the strong
presence of fringing fields that cause significant leakages. For higher depths (e.g. 300mm,
500mm), the resulting magnetic fields produced by the setup can be considered in
accordance with the results of the 2D model (variance = 10%). However, the mass of the
active material (copper and steel) in these cases exceeds reasonable limits, as shown in
Table 13. An additional analysis needs to be made in order to determine a way of decreasing
the leakages by adjusting the parameters of the model adequately. As a result, the idealized
model with the symmetry boundaries will be used for the further 3D investigation in this project
(Figure 48).

5.2 Eddy current analysis

5.2.1 Simulation settings

The simulations settings of the 3D FEM project used for the eddy currents analysis
are presented in Table 14:

Project Properties

Analysis Setup

e Stop time 2.22222 ms

e Time step 0.0148148 ms

Mesh operations
(Maximum length of
elements)

e Test Object

v Region 1 3 mm
v' Region 2 0.8 mm
v Region 3 0.5 mm
v/ Region 4 0.18 mm
v Region 5 0.18 mm
v"  Region 6 0.18 mm
v' Region 7 0.18 mm
e Airgapg 0.5 mm

Table 14 : Project properties of the 3D model

The duration of the simulations was selected to be 3 periods T (T = ﬁ s = 0.74074 ms)
in order for the eddy current losses to reach steady-state.

5.2.2 Eddy current analysis within the volume of the test object

In the designed setup, the time-varying magnetic field B, which is created by the AC
winding, is inducing voltages inside the volume of the test sample. As the material of the test
sample is conductive, these voltages result in the creation of eddy currents which flow in
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closed loops in planes perpendicular to the magnetic field B [52]. According to the Maxwell -
Faraday equation:

VXE=—— 22
X ot (22)

where V X is the curl operator and E is the spatially-varying, non-conservative electric field
of the eddy currents induced by the time-varying magnetic field B of the AC excitation [53]. If
E is defined by the Ohm’s Law, the above equation becomes:

Vx]= o5 (53)
J=-o Ot

where J is the density of the eddy currents induced within the test sample and ¢ is the
electrical conductivity of the material of the test sample. Therefore, the magnitude of the eddy
currents density is proportional to the rate of change of the magnetic field, B /dt, and to the
conductivity, o, of the material of the test sample.

An investigation of these resulting eddy currents is made in the case of the setup with 1-
pole-pair AC winding and test sample of 2 mm lamination thickness and of the material
properties equivalent to SiFe steel grade M400-50 A. The examination takes place during the
3" period T (t=1.48148 ms - 2.22222 ms), where the initial transients have passed.

5.2.2.1 Investigation of eddy currents in regions 1, 2 and 3 of the test sample

For the time instant t=1.48148 ms, the vectors of the eddy currents density J on the external
surface of the top layer in Regions 1,2 and 3 of the test sample are depicted in Figure 49. It
is evident that in Regions 1, 2 and in approximately half the Region 3, a main loop of eddy
currents is created due to the linear AC magnetic field in the test sample. As it is shown in the
2D investigation in Section 4.4.2.3, the amplitude of this alternating magnetic field is gradually
decreasing towards the middle of the test sample, resulting in a proportional reduction in the
magnitude of the eddy currents density.
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Region 1

Region 2
Region 3

Figure 49 : Direction of eddy currents on the external face of the top layer in Regions 1, 2 and
3 of the test sample for t=1.48148 ms

Moreover, the direction of the eddy current density vectors is based on the polarity of the
alternating magnetic flux in these areas. Upon closer examination, it can be observed that the
direction of the eddy current density vectors in Regions 1, 2 and half of 3 changes 3 times
during the 3" period at the time instants that are shown in Figure 50. In this figure, the direction
of the current in each phase of the inner part of the AC winding is depicted as (+) if it pointes
in the positive direction of axis z or (-) if it pointes in the negative one. In addition, the direction
of the main loop of eddy currents is marked with a red arrow on top of the time instant.
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Figure 50 : The vectors of the eddy current density J in Regions 1, 2 and 3 on the external face
of the top layer of the test sample

From the prior investigation, it can be concluded that the AC flux that crosses through the
test sample until the Region 1 and determines the direction of the eddy currents is related to
the current in the phase on the sides of the AC winding. Specifically, as the traveling wave is
moving with time in the positive direction of axis x, the change in the polarity of the phase —B
(negative for t=1.48148ms, 1.999998ms, 2.22222ms and positive for t=1.16148132ms) is in
accordance with the respective change in the direction of the loop of the eddy currents in
Regions 1, 2 and some part of Region 3.

5.2.2.2 Investigation of eddy currents in Regions 3, 4, 5, 6 and 7 of the test sample

As a next step, the eddy current loops created in Regions 3, 4, 5, 6 and 7 are examined.
In these regions, the majority of the AC flux crossing the air gap is not crossing the whole test
sample but turns around within these regions and crosses back the air gap. The resulting
eddy currents loops that are created within the volume of the test sample can be observed in
Figure 51. These loops, that are parallel to the xz plane, are shown for 3 random time instants,
together with the magnitude of their current density on the external surface of the top layer
and the front surface along the lamination thickness of the test sample that is exposed to the

airgap g.
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Figure 51 : Eddy currents in Regions 3, 4, 5, 6 and 7 for different time instants

In Figure 52, the eddy currents are depicted for the same time instants in the top and
middle layer of the test sample. If the traveling wave of the magnetic induction B(x) in the
middle of the air gap g for these time instants is observed in this figure, it can be seen that,
the magnitude of the eddy currents is based on the time derivative dB/dt, as was previously
shown. Also, the circulating eddy currents are significantly more on the top surface than on
the middle due to the phenomenon of the skin effect that pushes the flux and the currents on
the outer layer of the test sample.
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Figure 52 : Eddy Currents in Regions 3,4,5,6 and 7 for different time instants on the faces of
the top and middle layer of the test sample
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(mW)

Eddy Current Losses

5.3 Comparison of eddy currents

5.3.1 Model with 2-pole AC winding

5.3.1.1 Comparison of different estimation techniques and lamination thicknesses

Initially, the eddy current losses are examined in the setup with 1-pole-pair AC winding for
test samples of the material M400-50 A with 2 mm lamination thickness and 0.5 mm
lamination thickness. For these two cases, the characteristics of the traveling waves of
magnetic induction B in the middle of the air gap g for the same AC and DC excitations (see
current excitations in Chapter 4- Table 8) are presented in Table 15. As expected, the
leakages in the test sample with the 0.5mm test sample are smaller.

Lamination
Thickness Bpc (T) B (T) Bipak (T)
(mm)
2 1.0663 0.0743 1.5947
0.5 1.0754 0.0754 1.5988

Table 15 : Comparison of traveling waves of magnetic induction in the middle of the air gap g
for different lamination thicknesses in the 3D model with the 1-pole-pair AC winding

The method that is used for the eddy current loss estimation is based on the direct
calculation of the eddy currents inside the volume of the half test sample. The resulting eddy
current losses for the two different lamination thicknesses are shown in Figure 53 for the total
simulation time (t=0-2.22222 ms) and for only the 3™ period T (t=1.48148-2.22222 ms).
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Figure 53 : Eddy current losses during the total simulation time and in the last period for test
samples of (a) 2 mm lamination thickness and (b) 0.5 mm lamination thickness in the setup
with 1-pole-pair AC winding

The average value of the losses is calculated at the 3" period T of the simulations, using
the formula:

1 T
PrE = T.]; pre(t) (24)

where the method of the trapezoidal numerical integration is employed for the calculation
of the integral fOT pre(t). The results of this method for the two different lamination thicknesses
are presented in table 16.

Direct eddy current simulation method

Lamination Average eddy current
thickness (mm) losses (MW)
2 55.69
0.5 2.53

Table 16 : Comparison of the average eddy current losses for different lamination thicknesses
in the 3D model with the 2-pole AC winding

In the method of the direct eddy current analysis, the eddy current losses in the case of
the 2 mm test sample are approximately 22 times bigger than the respective losses in the
case of the 0.5 mm lamination. This estimation differs significantly that the expected factor
16, based on the common assumption that the eddy current losses are directly proportional
to the square of the lamination thickness [54].

Moreover, the iron loss in the test sample are estimated in the case of the 0.5mm
lamination thickness with the use of a time-domain core loss model that is available in the
software Maxwell Ansys and is based on the statistical model of loss separation (see section
2.2.4). The results of this method are compared in Table 17 to the respective results of the
direct eddy current simulation method.
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Direct Eddy
Time-Domain Core Loss Model Current Simulation
L Method
Lam|nat|on Average Total
Thickness Eddy Average_ Average Average Eddy
(mm) Hysteresis
Current Losses Iron Current Losses
Losses (mW) Losses (mW)
(mMW) (mW)
0.5 6.71 1.77 8.48 2.53

Table 17: Comparison of the average iron losses for different estimation methods in the 3D
model with the 2-pole AC winding

The comparison of the two methods depicts the inability of the classical model to take into
account the impact of the skin effect, which is quite evident in the high frequency of 1350 Hz.
The assumption of uniform flux distribution inside the volume of the test sample that is made
in the case of the time-domain model leads to the estimation of higher values of eddy current
losses compared to the direct simulation method. Nonetheless, it should be observed that the
estimated hysteresis loss component of the model in both cases is low compared to the eddy
current loss component. This result reinforces the assumption that the hysteresis losses can
be considered insignificant in the investigated cases of this project (the basis of this
assumption is further discussed in subchapter 2.4).

5.3.1.2 Comparison of different materials

As a next step, a comparison is made in cases where the test sample is made from different
materials and has lamination thickness 0.5mm. Apart from the steel M400-50 A, the material
that is investigated is a construction steel, whose properties are presented in Chapter 8 —
Enclosures. For these cases, the characteristics of the traveling waves of magnetic induction
B in the middle of the air gap g are presented in Table 18. It is evident in this table that the
construction steel has less leakages compared to the steel M400-50 A, as it has larger
conductivity o.

Material o (MS/m) Bpc (T) B (T) Birak (T)
M400-50A 2,38 1.0724 0.0721 1.6010
Construction steel 7,85 1.1072 0.0746 1.6630

Table 18: Comparison of traveling waves of magnetic induction in the middle of the air gap g
for different materials in the 3D model with the 2-pole AC winding

The eddy current losses for the case where the test sample is made from the construction
steel are shown in Figure 54 for the total simulation time (t=0-2.22222 ms) and for only the
3" period T (t=1.48148-2.22222 ms). Moreover, the average values of the losses (calculated
during the 3" period T) are compared to the losses of the M400-50A in Table 19.
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Figure 54 : Eddy Current Losses in (a) the total simulation time and in (b) the last period for
test samples made of the construction steel and of 0.5 mm lamination thickness in the setup
with 1-pole-pair AC winding

. Average Eddy Current
Material Losses (mW)
M400-50 A 2.53
construction
nem 186.4

Table 19 : Comparison of the average eddy current losses for different test sample materials
in the 3D model with the 2-pole AC winding

Consequently, the eddy current losses in the construction steel are significantly
higher compared to the steel M400-50A. A reason for this result is the dependence of
the eddy current losses on the square of the conductivity of the material. In addition, the
eddy current losses are proportional to the volume within which the eddy currents
develop and circulate. This volume depends on the skin depth of each material locally
in the different regions of the test object (equation 1). In Figure 55, it can be observed
that, in the case of the construction material, the circulation of eddy current takes place
in a larger part of the volume of the test object due to the higher flux penetration.

(@)
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(b)

Figure 55 : Eddy current density in Regions 3,4,5,6 and 7 of (a) the M400 50A steel and (b) the
construction steel for 0.5 mm lamination thickness

5.3.2 Model with 4-pole AC winding

From the specifications, the designed setup should have the possibility of having both 2-
pole and 4-pole AC windings. As a result, an additional model with a 4-pole winding is
designed. This model should normally have half the amplitude of the AC excitation (166 A-
turns) in order to have the same current density in both the setups. However, the current
amplitude is selected 332 A-turns, as this case is more convenient for the comparison
between the two setups.

5.3.2.1 Comparison of different lamination thicknesses

As in the setup with the 2-pole AC winding, the eddy current losses are estimated with the
direct eddy current analysis method for test samples of the material M400-50 A with 2 mm
lamination thickness and 0.5 mm lamination thickness. For these two cases, the
characteristics of the traveling waves of magnetic induction B in the middle of the air gap g
are presented in Table 20.

Lamination
Thickness Bpc (T) B (T) Bigax (T)
(mm)
2 1.0709 0.0710 1.5914
0.5 1.0724 0.0721 1.6010

Table 20 : Comparison of the traveling waves of magnetic induction in the middle of the air
gap g for different lamination thicknesses in the 3D model with the 4-pole AC winding

The eddy current losses for the two different lamination thicknesses are shown in Figure
56 for the total simulation time (t=0-2.22222 ms) and for only the 3™ period T (t=1.48148-
2.22222 ms). Moreover, their average values (calculated during the 3™ period T) are
presented in Table 21.
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Figure 56 : Eddy Current Losses during the total simulation time and in the last period for test
samples of (a) 2 mm lamination thickness and (b) 0.5 mm lamination thickness in the setup
with the 4-pole AC winding

Lamination Average Eddy Current
Thickness (mm) Losses (mW)
2 50.48
0.5 1.92

Table 21 : Comparison of the average eddy current losses for different lamination thicknesses
of the test sample in the 3D model with the 4-pole AC winding

In conclusion, the losses in the setup with the 4-pole AC winding are slightly smaller
compared to the losses in the setup with the 2-pole AC winding (Table 16). This discrepancy
results from the small deviation in the amplitude of the traveling magnetic waves of the two
setups (Table 15 and 20). This deviation, which is approximately 4%, is caused by a local
current saturation around the conductors in the case of the 4-pole AC winding due to the
higher current density. As it can be observed in Figure 57, the eddy current loops in the setup
with the 4-pole winding are more due to the smaller wavelength of the traveling wave and the
more frequent changes in the gradient of the waveform. However, the total resulting eddy
current density and the total respective losses can be considered in accordance with the
respective results of the setup with the 2-pole AC winding.

140



t=1_.4814_8 s
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Figure 57 : Magnitude of eddy current density J in the Regions 3, 4, 5, 6 and 7 of the test
sample with 2 mm lamination thickness for both the setups with the 2-pole and 4-pole AC
windings
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6 Conclusions

6.1 Most important conclusions

In this project, the design of a simplified setup that can subject laminated iron steels to field
conditions similar to the ones of the rotor in a SPSM is investigated. In Chapter 2, a review of
the most frequently used iron loss measurement methods is presented. From this found it
was found that all the existing devices impose homogeneous and unidirectional magnetic
fields on the test samples. This type of pulsating magnetic field can be found in the main parts
of the stator inside an electrical machine. However, it differs significantly from the field
conditions in the rotor, which is exposed to rotating magnetic fields. This discrepancy
motivated research into the development of a new supplementary setup.

In Chapter 4, simple 2D models are presented in which any kind of motion is excluded. In
these models, the feasibility of creating a traveling wave of magnetic induction in an air gap
in front of stationary test samples is examined. In section 4.1.1, it is proven that in models
with a toroid magnetic core and an AC winding along the entire circumference of the core, it
is possible to create magnetic traveling waves of constant amplitude in space. In addition, it
is shown in section 4.1.2 that in models with a rectangular magnetic core where the AC
winding is placed only in a part of the core in front of the test samples, the produced traveling
wave in the airgap has a variable amplitude in space. In this case, the usage of an auxiliary
winding can contribute towards achieving a constant amplitude traveling wave of magnetic
induction.

In Chapter 5, the development of a 3D Model of the setup is investigated. The high
accuracy of this 3D model enables the detailed illustration of the induced eddy currents within
the volume of the test samples as well as the estimation of their losses via direct computation.
In section 5.3, a comparison of the estimated eddy current losses is made for different
lamination thicknesses and materials of the test object. An outcome of this investigation is
that the approximation of the eddy current losses being proportional to the square of the
lamination thickness is not valid for the cases considered in this investigation. Additionally, it
was found that the number of pole pairs of the AC winding in the setup has minor impact on
the resulting eddy current losses.

6.2 Scientific contribution of this project

In the present project, a simplified setup was designed that emulates the magnetic field
conditions of the rotor of a SPSM. The production of traveling waves of magnetic induction in
the air gap in front of the test samples makes possible the creation of the wanted magnetic
field conditions locally in the test samples. As a result, the magnetic field conditions are not
uniform, as in the existent iron loss measurement systems.

Furthermore, the 3D model of the setup enables the detailed examination of the induced
eddy currents in the test sample and the analytical study of the phenomenon of skin effect.
Moreover, the use of the direct eddy current simulation method makes possible the calculation
of the eddy current losses and their comparison for different widths and materials of the test
samples.

6.3 Future work

Interesting topics that could be further investigated are:
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Analytical model of the nature of eddy currents: The 3D model that is
designed enables the detailed observation of the eddy currents inside the
volume of the material. Therefore, an analytical model can be derived.

Comparison of eddy current losses for different lamination thicknesses
and materials: The further investigation of test samples with different
lamination thicknesses could help to reach a conclusion about the relationship
between the lamination thickness and the losses. In addition, the investigation
of different materials could determine to what extent the properties of the
material affect the eddy current losses.

Experimental validation: An important goal of this overall investigation is the
construction of the setup. For the measurement of the total losses inside the
volume of the test samples, the usage of a thermal calorimetric method is
suggested. A comparison between measurements and the FEM results would
lead to the validation of the 3D model and of the direct eddy current simulation
method.
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8 Enclosures

8.1 Material data of the steel M400-50A

The material that is mainly used in the simulations for the iron parts of the setups is the
electrical steel M400-50A. Its properties are presented in Table 22:

Name Type Value Unit

Relative Permeability Non linear Determined by B(H) curve
Bulk Conductivity Simple 108/42 S/m
Magnetic Coercivity Vector

e Magnitude 0 A/m

e X component 1

e Y component 0

e Zcomponent 0
Core Loss Model Electrical Steel w/m3

e Kh Simple 0

o Kc Simple 1.899380741514

o Ke Simple 0

o Kdc Simple 0
Mass Density Simple 7700 kg/m3
Composition Lamination

e Stacking Factor Simple 0.97

e Stacking Direction V(3)

Table 22 : Properties of the steel M400-50A

The relative permeability of the material is determined by the values of the magnetic flux
density B and the magnetic field intensity H mentioned in Table 23. Also, the respective B(H)
curve is shown in Figure 58.

H (A/m) B (T)
0 0
32.6 0.1
43.5 0.2
50.8 0.3
57.2 0.4
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63.4 0.5

69.9 0.6
77.3 0.7
86 0.8
97.2 0.9
113.2 1
137.8 1.1
180.2 1.2
269.5 1.3
516.8 1.4
1307 1.5
2500 1.59
3180 1.6
5000 1.68
6361 1.7
10000 1.79
10890 1.8
Table 23 : Measurements of B and H for the steel M400-50A
B (H) curve M400-50A
2,00
1,80
1,60 ——
120
£ 100
“ 0,80
0,60
0,40
0,20
0,00
0,0 2000,0 4000,0 6000,0 8000,0 10000,0 12000,0
H (A/m)

Figure 58 : B (H) Curve of the steel M400-50A

8.2 Material data of the construction steel

In Chapter 5, a construction steel is used as the material of the test sample in a simulation.
Its properties are presented in Table 24:
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Name Type Value Unit

Relative Permeability Non linear Determined by B(H) curve
Bulk Conductivity Simple 7850000 S/m
Magnetic Coercivity Vector

e Magnitude 0 A/m

e Xcomponent 1

e Y component 0

e Zcomponent 0
Mass Density Simple 7850 kg/m3
Composition Lamination

e Stacking Factor Simple 0.97

e Stacking Direction V(3)

Table 24 : Properties of the construction steel

The relative permeability of the material is determined by the values of the magnetic flux
density B and the magnetic field intensity H mentioned in Table 25. Also, the respective B(H)
curve is shown in Figure 59.

H (A/m) B (T)
0 0
170 0.1
214 0.2
245 0.3
279 0.4
313 0.5
352 0.6
397 0.7
445 0.8
505 0.9
577 1.0
667 1.1
778 1.2
942 1.3
1215 1.4
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B (T)

2,2
2,0
1,8
1,6
1,4
1,2
1,0
0,8
0,6
0,4
0,2
0,0

1838 15
3668 1.6
7067 1.7
12320 1.8
19740 1.9
31857 2.0

Table 25 : Measurements of B and H for the construction steel

B (H) curve of the construction steel

0 5000 10000

Figure 59 : B (H) Curve of the construction steel
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