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CoaoepkaHue

UT0 Takoe MHOYKUMOHHBLIN
HarpeB?

OM npoueccbl B UAYKLMNOHHbIX
cuctemax

[lornoweHmne MoLwHOCTU
HarpeBaeMbIMU Tenamu

OM adpdekTbl B MHOYKUNOHHbIX
cucTemax:

OdPeKT KOHLEHTpaTopa
Qb dekT 6rnmsoctn
KoHueBble adodeKkTbl B
LUUIMTMHAOPUNYECKNX CUCTEMAaX
KoHueBble N KpaeBble

adodpeKTbl Npu Harpese
NPAMOYIOnbHbLIX TEJS

[naBka ctekna B uHayktope 1500 Mmm gnameTtpom
EFD Induction

S7

FLUXTROL..

Centre for Induction Technology™

Confidential and Proprietary Information of Fluxtrol, Inc. Auburn Hills, Mi



Teopua MHOYKUUOHHOIO HarpeBa

M. Faraday (1791-1867) J.C. Maxwell (1831-1879) Oliver Heaviside (1850-1925)

NHOYKUNMOHHBIN Harpes, Kak U BCE 3/1eKmpo- N paduo-, OCHOBAHO Ha OTKPLITUAX U
paboTax Benunkux ydeHblx — M.®apapes, k. Makcsenna, X.®ypwe, O. XeBucanga, I.
[epua 1 MHOrMX Opyrux

HenocpencrteBeHHO Teopus 1 NpakTuka MHOYKUMOHHOIO Harpeea OCHOBaHa Ha paboTax
9. Hoptpyna, XK. Pnbo, B. BonorauHa, H. PoguruHa, A. Cnyxoukoro un gpyrmx

NcTopusa NHaykumoHHoro Harpesa u [Nnasku onncaHa B kHure A. Muhlbauer “History of
Induction Heating and Melting”, Vulkan Verlag, 2008

“HacywHoe oTxoauT BAaNb, a AABHOCTb, NPUONM3NBLUNCL, NpUobpeTaeT ABHOCTL”’, PaycT
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B.1l. Bonoroug

I_IOBerHOcmHG.SI
sakanka

UHOVRKIIMOHHBIM

cnocodoMm

Teopusi NOBEPXHOCTHOM 3aKanku Bnepsble Obina
paspaboTtana npod. B.l1. BonoranHbim B
COTPYOAHUYECTBE C TanaHTIMBbIM MaTeMaTMKOM
[A. PazopeHoBbIM 1 onybnukoBaHa B KHUre
1939 ropga

TeOpI/IFI BKJ1HOMalia Kak 3J1IeEKTPOMarHUTHbIE U
Tennosble, Tak N MeTaruJtyprm4eCkme AasreHund

METANNVPIUSHAT « 1939
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FJTABA II

TEOPHS HATPEBA IIOBEPXHOCTH TEJIA MO 3AKAJIKY C YYETOM
WU3MEHEHUH ¢ C TEMIIEPATYPOH. 3AKAJIKA HA »BBICOKOF1«,
»CPEIHEN“ U ,HHU3KOM“ 3BYKOBbHIX ‘{ACTDTA)\

o 1970-x ropos Teopus P 200 > %, 1/ >3

WHAYKLMOHHOTO HarpeBsa
OCHbIBarnacb Ha pe3yrbrartax 5. YerpepTas NMOATOTOBHTeNbHAR 3ajgaya (puc. 30)
9KCMEPUMEHTOB 1 HA TPYOOEMKUX U »
HEeO0CTaTO4YHO TOYHbIX |
dHaAJIMTUHEeCKNX MeTtogax

VicTounmkn Tensia 3agaHel Hemnpe-
puBEO#  yHKuued KOODOHUHATHL X H
BpeMeHH £

w=f(x,1). (62)

C Hayana 70-x rogoB Bcé bonbluee
3Ha4yeHue ctano npuobpertartb
ncnonb3osaHne 9BM, cHavyana B
OCHOBHOM Ar1d pacyeTa no
aHanMTU4ecknm popmynam, 3aTtem c

Pemenue:

£
A8 i S R e ki ]+
/) Vz—alex[)[ da(t—9Hl '

- BXT l‘—“/ ‘ 1 ))
MOMOLLIbIO PA3NUYHbIX YNCITEHHbIX § “»)[ 10— s)] rlst)e (68)
METO/I0B:
[TopanoK HHTErPUPOBAHUA MOXeT ObITh H3MEHEH, MOCJe Yero peuleHde

- MeToabl UHTErpanbHbIX ypasHeHuin o P

v = f vt ool — 25+
- MeToabl KOHEYHbIX PpasHOCTEN = V : ,,f__)o \ s =0
- MeTofibl KOHEYHbIX 3MEMEHTOB +exp[ L Ve an (64)
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*  VHAOYKUMOHHBLIM Harpes Nony4un LWMpoKoe pacnpocTpaHeHne B
NPOMBbILLUNEHHOCTU, HAyKe N aaxe B bbITy

*  /IHAOYKUMOHHBIN HarpeB OCHOBaH Ha crieayoLmnx duan4ecknx siBMeHNSX:

arIeKTpoOMarHeTm3m, Tennonepenayva, MetTannyprumieckme TpaHcdopmauumm,
MTI L] npouecchl (B XXnakom metansne) n ap.

« [lpakTuka pa3paboTkyM MHOYKLUMOHHbIX CUCTEM OCHOBaHa Ha 3HaHUM
MPUHLKUNOB UX paboTbl, NPUMEHEHUN ONpPeaENeHHbIX NpaBun, OpPMYyn K
3aBMCUMOCTEN, CO34aHHbIX SKCMEPUMEHTAalIbHO UIU Ha OCHOBE
TEOPETUYECKMX METOAOB (aHANNTUYECKUX N NO3KE YNCINOBbLIX)

« B HacToslLlee BpeMs Hanboree coBepLUEeHHO ABNAETCA pa3paboTka
VHOYKLUNOHHBIX CUCTEM Ha OCHOBE KOMMbIOTEPHOrO MOAENNPOBaHUSA

« 3HaHue pn3n4ecknx oCHOB 1 TEOPUN UHAYKLMOHHOIO HarpeBa HeobxoaMmo
Kak ans paspaboTkm nnu Bbibopa MHOYKLUNOHHBLIX CUCTEM, TaK U AN UX
onTUMarnbHOWN aKcnnyaTauum

*  Mcnonb3oBaHWe KOMNLIOTEPHOIO MOAENMPOBAHUS CYLLECTBEHHO obneryaer
pa3paboTKy N UCMONbL30BaHNUE UHAOYKLUMOHbIX CUCTEM, HO MPU 3TOM 3HaAHME
Teopumn ocTaéTcsa HeobxoamMmMbIM
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MHAOYKUMOHHBLIN HarpeB — 3TO MeTo OECKOHTAKTHOro HarpeBsa
Ten, OCHOBAHHbLIW Ha NOrnoLleHnn aHeprun u3 lNepemeHHoro
MarHutHoro [ons, reHepmupyemoro MHOyKTopom™

CyLlecTByeT ABa MexaHn3ma NnornoLleHus:

- HarpeB BUXPEBbIMU TOKaMW, UHAYLMPYEMBIMU MarHUTHbIM
nonem BHYTPW HarpesaemMoro Tena

- TMCTEPE3NCHBIN HarpeB (TONbKO ANst MarHUTHbIX
MaTepuanos!) - HarpeB BCeaCTBUE TPEHUS MarHUTHbIX
MUKPOODOBLEMOB (OOMEHOB), KOTOPbLIE MOBOPAYMBAKOTCA Mo
BO3ENCTBMEM BHELLUHENO MarHUTHOMO MOJSIA

* CyluecTByeT Takxe ocobbln Bug VIHOYKUMOHHOro Harpesa, rnpu KOTOpom
Harpesaemoe Terno ObICTPO ABMXKETCA/BpaLWaeTcs B CUITbHOM NOCTOSAHHOM
MarHMTHOM none. ATOT BMA Harpesa (Harpes NHaykumen [BmkeHns )B
OaHHOM Kypce He paccMaTpuBaeTCs.
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FLUXTROL..

HarpeB BUXpPeBbIM TOKOM MPoOnNCxoanT BO BCEX NpoBOoAALLUX

MaTepuanax (MarHUTHbIX U HEMArHUTHLIX CTanax, Mmeau,
antoMnHnK, rpadunTe, XUOKOM CTEKIe UK OKUCnax v T.4.) Koraa
OHU pacnosoXeHbl B Nnosie nepemMeHHoro Toka. Buxpesoun Tok
BCera TeyeT Mo 3aMKHYTOMY KOHTYPY (3aKoH npupoabl!) u Ans
ahheKTNBHOIO HarpeBa AOMmKeH bbITb NEerkMn NyTb Ans
NpoTeKaHUda 3TOro Toka. Hanpumep, nerko HarpeTb NPOBONOYHYHO
NeTnto, HO TPYAHO HarpeTb HE3aMKHYTbIN KOHTYP M3 TOHKOW
NPOBONOKU

fMcTepe3nCHbIN HarpeB paBeH HYMNO B HEMArHUTHbIX
MaTtepuanax (antoMmMHUn, Medb, HarpeTas ctasnb) Unu cnocobeH
Bbl3BaTb CPaBHUTENLHO HEDOMbLUON HarpeB B KOMMNAKTHbIX
MarHUTHbIX Tenax (B OCHOBHOM CTann npu HU3KUX N CPEOHUX
Temnepatypax). OgHako, B NOPOLLKOBLIX MeTannax (BKro4vas
MarHUTHbIE KOHLIEHTPATOPbI) TMCTEPE3NC MOXET ObiTb OCHOBHbLIM
NCTOYHMKOM Tenna. Kaxpaasi Yactuua unm MUKpooObLEM rpetoTes
NHAMBUAOYaNbLHO; TENIO MOXET UMETL NOBYI0 doopMy 1 pasmep
(MaccuBHble Tena, NMUCTLI, NIEHKU, NPOBOSIOKA).

Centre for Induction Technology
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NocneaoBaTenbLHOCTb ABNEHUMN:

P

NcTouHnK reHepupyeT Tok (11) B HOYKTOpPE

Tok nHgykTopa (amnep-BUTKN) co3gaeT
MarHuTHoe none. JInHum nons Bcerga
3aMKHYThI ( ) n
pacrnonaralTcsa BOKPYr NPOBOAHUKA B
MNOCKOCTU, NEPNEHANKYNSPHOM K
HanpaBneHuo Toka

Bo3HuMKLWEE MarHUTHOE none MHOYUNNPYET B
nonepe4vHomMm ce4eHunu HaneBaeMOIZ aetann
ANEKTPNYECKOe rorJsie (HanmeeHme)

HanpsxeHne Bbi3biBaeT Buxpesble Tokul (12)
B Harpesaemou getanu, TekyLine B
HanpasieHNUU MPOTUBOMOMOXHOM TOKY
NHOYKTOpa

BuxpeBble TOKM HarpeeatoT AeTarnb

FLUXTROL..

Centre for Induction Technology™

JTnHun
\‘MaFHI/ITHOI'O e
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\

[MNnTatowas
Lenb
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* B kaxxgom MHOYKUMOHHOM YCTPOUCTBE
CYLLEeCTBYET TPU 3aMKHYTbIX LLEMNMU:

Llenb Toka nHayktopa (11)
Llenb marHuTHOro notoka ()

Llenb Buxpesoro Toka (12) Harpesaemas
4— ‘ netanb

* Llenb MarHUTHOro NOToka MOXET ObITb B *

BUAE MarHUTHOIO cepaevHuKa, Kak y o / * e |1

NHAOYKTOpa TpaHcdopMaTopHOro Tuna - +

(puc. cnpasa) unn MoXxeT ObITb ) o T

HeBMaMMON (B BO3gyxe UM MHOM o +

HenpoBoAsiLLEM MaTepunane) * ‘

‘ ObmoTKa
. MHAOYKTOpPA

* Llenb MarHUTHOro NOToKa ABMSAETCSH

Ype3Bbl4alHO BaXXHbIM 351IEMEHTOM f

NHAOYKLMOHHOWN CUCTEMBI, YNPaBnATb MartuThHas uenb

KOTOPbIM MOXXHO C MOMOLLbK MarHUTHbIX
KOHTPONNEpPOB, yry4llasi Ka4ecTBO
Harpesa n/unvm napameTpbl CUCTEMBI
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JINHUKM MarHMTHOro NonNga NpeacTaBnsalT cobon NUHUK
MNAOTHOCTM MarHUTHOro notoka B. OHKW no3sonsatoT
«BU3yanuampoBaTtb» pacnpegernieHne MmarHMTHoro nosns. bo’
NblUAsA KOHUEHTpauMa MarHUTHbIX JIMHUA COOTBETCTBYET
BonbLwen NAOTHOCTU MarHUTHOMO NOTOKA

JlnHuun Bcerga 3aMKHYTbl BOKPYr co3garoero X NCTOYHMKa

B MHOYKUMOHHBIX CUCTEMax TOK MHAYKTOpa B TEYEeHme
LIMKITa U3MEHSIETCA OT MakCMMyMa [0 Hyns, 3aTemM [0
MakCMMyma B NPOTUBOMOSIOXHOM HanpasfeHumn, CHoBa A0
HYNst U 3aTeM MakcMMyma. PUCYHOK MarHUTHbIX IMHWIA
CYLLECTBEHHO M3MEHSIETCS B TEYEHMe neproaa
3NEeKTPOMarHUTHbIX KonebaHun

[Mpumep: HarpeB KOHLA HEMArHUTHOM TPYyObl UHAYKTOPOM C
KOHLEHTpaToOpOM.

BepXHUI PUCYHOK — PUCYHOK NTMHWUIA MarHUTHOTO Mons npwu
MaKCMarnbHOM MIHOBEHHOM 3Ha4YeHUWN Toka MHAYKTopa.
[ony6ble NMHMK NoKa3biBaOT HanpasneHue NIMHWIA Mo YacoBOM
CTpernke, KpacHble-NpoTmB

HWXHNM PUCYHOK — MITHOBEHHOE 3HAaYeHMe ToKa MHAYKTopa
GrIM3KO K HYM0 U MarHUTHoe nomne obpasyeTcsi B OCHOBHOM
BUXPEBbIMM TOKaMU, CyLLECTBYHOLWMMMK B Tpyde

PUCYHOK MarHUTHbIX FIMHWUMA OYEeHb CYLLLECTBEHEH 1A aHann3a
pes3ynsTaToB KOMMbIOTEPHONO MOAENUPOBaHUA; BU3yanu3auus
NMUHWN B HENPAaBUSIbHLIN MOMEHT MOXET CTaTb NPUYNHON
HEeBEPHOU NHTepnpeTaunmn pesynsraTtoB

PFLUXTROL..

Centre for Induction Technology”
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JnHamMmunka marHUTHbIX NUHUIA
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f1/f2 — npeobpasoBaTenb YacToThl

Ew
(Vl CTOYHU K) * Wyt
U, I [ Be
Bc — NMOTHOCTb MarHUTHOTO MOTOKA, < Tok po
o [/f — —jpp-| 11051 NH g BaHHOE
co3gaHHasi MHOYKTOPOM (none 1'72 HHIYK — a
BO30OY>XOeHuUs) > i T;” T HpyC
c
Ew — HanpsixxeHue, nHAyuMpoBaHHOE Ynpaenenne |«
BHYTpW paboyero obpasua, kotopoe — npoyeccom: '
BbI3bIBAET BUXPEBOM TOK Iw P, f, Bpems HBr : =
one [ Harpes
Br — NNOTHOCTb NOTOKa NONA peakuuu, peaKiIm X
KoTopoe “0b6paTHO cBsA3aHO” C BUTKaMu

NHOYKTOpAa
¥ 30Ha KOHTPONS MarHUTHOrO NOTOKa

BT BbI3bIBaeT UBMEHEHE NapamMeTpoB
VIHAYKTOPA B NMPOLIecce Harpesa, koraa ¥ Touyku curHanoB obpaTHOW CBA3Y
CBOWCTBa Matepunana Harpesaemoro KOTOpble MOryT BbITb UCMOSIb30BaHbI

M3AENnst MEHSIIOTCS C TEMNepaTypoil B 3aMKHYTOW Lienu yrpasreHus 1
ANt MOHUTOPUHIa
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CurHanbl TOKa U HanpsiKeHUs! LMPOKO
MCNONb3YyTCA ANsi NpoLecca MOHUTOPMHIa U
KOHTpONS

COBpeMeHHbIe reHeparopbl MOT'YyT pa6OTaTb B < TpchcpopmaTop KOHLleHTpaTOp

pexmnMe NOCTOAHHOIO HarnpaxXeHnd, Toka nUin N
MOLLHOCTH

CurHan Uy, nponopuyoHarsibHbIi NOTHOCTM ‘
NOTOKa B ONpeaeneHHoM TOYKe NHOYKTOopa,
MOXeET ObITb MCNOMb30BaH AJ11 MOHUTOPUHTA 1
MHTEHCUBHOCTW HarpeBa 1 npaBuIibHON l Ui
YyCTaHOBKW HarpeBaemon getanu.

]

<
c
c

Hanpumep, ¢ NOMOLLIbIO 3TOrO cUrHana MoXHo
onpeaenuTb YTO HarpeBaemas getarnb Ui — CurHan Toka
HeLueHTpOoBaHa Ui MMeEeT TpEeLLUNHbI Uu — CurHan HanpshkeHus

CeHCOpr MarHMTHOro NnOToKa MOryT ObITb UB — CwurHan nnoTHOCTM noToka
YCTaHOBJ1€HbI B KOHLUEHTPATope
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[MepeMeHHbIN TOK N3MEHSET HanpaBrieHne

ABaXObl B TeYEHME Kaxkgoro nepuoda. Ecnu | ,

yacToTa 1 KL, TOK MeHsIeT HanpaBneHne f/f, 1 % g » @
2000 pa3 B cekyHay LT '
I'IpOI/I3Be,£|,eH|/|e TOKa V!, Harpa>xeHunA ﬂ,a?T [eHepaTop Harg_reaBl_lanngaﬂ NHaykTop
BENNYMHY MFTHOBEHHOW MOLLHOCTU (p = iXu), TPaHChOpPMATOPO

KOoTopasi nepeMeLllaeTcs oT reHeparopa K M U

NHAOYKTOPY. Mbl MOXEM cKasaTb, YTO €MKOCTAMM

MOLLHOCTb YaCTUYHO norsiowaetcs (AKTnBHas

MOLLHOCTE) N YaCTU4YHO OTpaXkaeTcs

NHOykTopom (PeakTMBHaa MOLLHOCTb). :’ £/, || : E
EMKOCTHbIE BaTapen crnyxaTt ans pasrpysku —_ -

reHepaTopa OT peakTUBHOMN MOLLHOCTW.

EMKoCTK nony4yatoT peakTUBHY MOLHOCTb

OT MHAOYKTOPa 1 NoCblJ1akoT ee O6paTHO K —) AKTUBHasA MOLLHOCTb, KBT
MHOYKTOPY, ocyLllecTBndaa konebaHmsa

MOLLIHOCTHU ‘ PeakTtnBHas MowHOCTL, KBap

Llenb “nHaykTOp-TpaHchopmaTtop-eMKoCcTn”
Ha3blBAE€TCA pPe30HaHCHON
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Fny6vu-|a NMPOHUKHOBEHUA — OCHOBHas BEJINYNHA B TEOPUUN N NPaKTUKe MHOYKUMOHHOIO Harpesa

OB6bIYHO 3TO Ha3BaHWE CBA3bIBAIOT C yTBEPXKOAEHNEM, HTO MarHATHOE NnoJse NPoHMKaeT Ha YKa3aHHYHO
FJ'Iy6I/IHy OT NOBEPXHOCTU N BECb HArpes NMponcxoaunT BHYTPU 3TOIo CIroA. 9T0 yTBEPXOEHNE HE COBCEM
npasuribHoO

PeanbHO MarHMTHOE none, TOK 1 MOLLHOCTb pacrnpeaensatoTcs BHYTPU HarpeBaemoro Tena pasnmyHbiM
obpa3om B 3aBUCUMOCTM OT POPMbI TeNna (Mrnockoe, UMIMHAPUYECKoe, CNoXxHasa gopma), pasmepa,
MaTepuana n YacTtoTbl. PacnpegeneHune 3aBUCUT Takke OT U3MEHEHUSI CBOMCTB Matepuana no rnybuHe
B CBA3W C MAarHUTHbIM HacCbILWEHNeM, TemnepaTypHbIM BIIMSIHUEM UM KOMMNO3ULUMEN MaTepuana
(MHOrocrnowHble Tena u 1.4.)

[MyBnHa NPOHNKHOBEHUS O - 3TO OTHOCUTENbHAA BeNMMUYUHA, MMEIOLLLAa Pa3MepPHOCTb ASIUHbI, HO
3aBucsLLas TOMMbKO OT CBOMCTB MaTepuana u 4acTtoThl, T. €. He 3aBucsAWwas ot opMbl Tena n pasmepa.
[Ans HeogHopogHoro matepuarna © cymTaeTca obbl4HO AS11 CBOMCTB Ha NOBEPXHOCTU Tena. MybunHa
NPOHMKHOBEHNSA NPONOpLUMOHaribHa KOPHIO KBaapaTHOMY U3 YOENbHOrO CONPOTUBIIEHNA MaTtepuana p u
obpaTHO nponopLmMoHarbHa KOPHKO KBaapaTHOMY M3 OTHOCUTENbHOW MarHUTHOM NPOHULIAEMOCTU | U

yacToTbl. MOXHO ckasaTb, 4To O — 310 TOT cTaHAapT ANWHbI, KOTOPbLIM “‘onpeaensaercs” noBeaeHue
3MIEKTPOMAarHUTHOroO Nnons B matepuane

Cucrtema P f o) k
0= k\/(p/fp) Metpu- MKOMCM kL MM 1.6
Yeckas

KoaddpuumeHT k 3aBUCUT OT BbIBpaHHOM
CUCTEMbI €ANHULY

@ FI-UXI- ROL Inc. Confidential and Proprietary Information of Fluxtrol, Inc. Auburn Hills, Mi 15

Centre for Induction Technology”




B TONCTbIX NIOCKMX nnacTuHax NiOTHOCTb

s A p
BYXPEBOro ToKa NagaeT 3KCMOHEHLMArbHO 1 Ha 5o —pv—vo
rmybuHe © NNOTHOCTL ToKa cocTasnsgeT 37% ot 1.0} S — NNOTHOCTL BUXPEBOTO ToKa, AlcM?

ero 3Ha4yeHnd Ha NoBepxHOCTU 3
Pv — nnotHocTb MowHoOCTH, BT/cm

[MNOTHOCTb MOLLHOCTM NadaeT Kak ksagpar
NNIOTHOCTU TOKa U Ha rmybuHe & coctaenseTt 13.5%
ero 3Ha4yeHusi Ha NOBEPXHOCTH

310 no3BonseT yTBEPXKAATb, YTO NMOYTU BCH 0.135 ///
MOLLLHOCTb reHepupyeTcsl BHyTpu crnos O

0.37
Pv

Ecnu TonwwmHa Tena vnv pagnyc MHoro 6onbLue,
4em O MOXHO CUMTaTb, YTO MOBEPXHOCTHBIN 500 HewSouseeDindty

9do(PEKT XOPOLLO BbIpaXXeH N TENO MOXHO CYUTaTb Mpumep —

MAOCKUM | pacnpegene _|
| HuA B

[Mpun HarpeBe MarHUTHbIX AeTanen pacnpeanenexHne rﬂ’;‘ﬂ:ggm =

MOLLHOCTN MOXXET CUIbHO OTNMNYaTbCs OT 400 | \ | R ]

9KCMOHEeHUManbLHoro. 300 3aKanku |

o 200

B Tenax ¢ nepeMeHHbIMM cBOMCTBaMK rnybuHa . \

NMPOHNKHOBEHNSA paccynTbiBaeTCs Ans 0 N -

NoBEPXHOCTU 5= i " 74 “ :

© x=0

(S
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Cyl.l.l,eCTByPOT CNoOXHble aHarnmTn4eckmne qupmynbl Ona pacnpeaneneHna Toka n MOLLHOCTU B UUINMHAPax,
OQHAaKO OHU AOCTATOYHO TOYHbI TOJ1bKO AJ1A OOHOPOAHbIX TErl. B HacTosLwee BpeMA UCNOJb3YHTCA METOObI
KOMI'IbI-OTepHOG mMoaennpoBsaHue OAET TOUHbIE pesynbraTtbl NMpun NPpon3BOJIbHbIX cBoMCTBax Ten

PacnpepneneHne nNOTHOCTU MOLLHOCTU (KpacHble NUHUN) U D
NMOTHOCTM NOTOKa B (3erneHbie cTperiku) B CNSIOWHOM UMNnHOpe: L/
CneBa — HeMmarHuTHble Tena; ® — rnybuHa NPOHUKHOBEHUS

CnpaBa — MarHuTHas ctarb B KOHLE 3aKariku, Koraa BHELUHUIA Crow

noTepsinn MarHUTHble CBOMCTBA; h — ayCcTeHn3npoBaHHbIN CIon,
KOTOpbIN OydeT 3akaneH nocne oxnaxgeHus

IR
o1
-
I .

PacnpegeneHne nnoTHOCTU MOLLHOCTU U MarHUTHOIO NOTOKa B
Tpyoe:

CrneBa — HM3Kas YyacTtoTa (TosilMHa CTEHOK MHOIO MEHbLUE, YeM
rnybunHa NpoHUKHOBEHUSA &). MarHMTHOE none NPOHUKaEeT BHYTPb
Tpy6bI

CnpaBa — BbicOKasi YacTtoTa (cTeHka Tpybbl Tonwe, Yem rnybuHa
NPOHUKHOBEHNSA). PacnpeneneHne Takoe e Kak B CNioLHOM
uunmnHgpe

R .
-
R .

My
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mMybnHa npoHNKHOBEHUA ANA
pa3fiM4yHbIX MaTepnuanoB U YacToT

[MyGuHa NPOHMKHOBEHMSA —eAuHNLIA
ANUHBI, KOTOPas MOXET ObITb 100 [
ncnonb3oBaHa And OLEHKN
SMNEeKTPOMarHUTHbIX NPOLIECCOB B
aNeKTponpoBoaHOM Tene (Meab
WHAYKTOpa, HarpeBaemMoe Teno,
CTPYKTYPHbIE KOMMOHEHTbI U T.4.)

‘| Reference Depth |

;| Steel Steel Steel |
-: 20°C | 20°C | 800°C
o] =40 | 1=100 | u=1

—
o

~

[Mpn CKBO3HOM HarpeBe HY>XHO
CpaBHUTb AnameTp getanu n d. Ecnu
AnameTp Terna MeHbLue, Yem rnybunHa
NPOHUKHOBEHWS, NOrnoLeHne
MOLLHOCTM HMU3KOE N Harpes He

......

Reference Depth (mm)
o
£

Reference Depth (in)

apeKkTUBHbBIN (TENO “Nnpo3padHo” ans 2 & Tt .004

MarHUTHOro nons) Gr;g!ncite -

Mpwn 3aKkanke Hy>XHO CPaBHUTb | e [ e | e | e [T Y

Tpebyemyto rnybuHy 3akaneHHOro cros R e il L i Ll N 0004
1 1 10 100 1000 kHz

1 O AN OLEHKM NPaBUIIbHOCTU
BblGpaHHOM YacToTbl

O6bI4HO Mcnonb3yeTcsa norapngmmyeckas Wwkana gnsg
yacToTbl 1 O B LUMPOKOM AManasoHe

@ FLUM- ROL Inc. Confidential and Proprietary Information of Fluxtrol, Inc. Auburn Hills, Mi
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[lns HarpeBaeMbIx geTanemn npocTomn
dopmbl (MNOCKUX UK
LUUIUHOPUYECKUX), NOMELLEHHbIX B p 9
O[HOPOAHOE MarHUTHOE norie, PW — AKH
NOrfoLweHHas MOLWHOCTb MOXET ObITb

paccyMTaHa aHanMTUYeCKu 5

Bo MHorux cnyyasix, kak, Hanpumep,

CKBO3HOM HarpeB ASMHHbIX geTarneu, PW — MOLLHOCTb, NOMIOLaEMast ETANbIO

TakoW noaxoA ABndaeTca 4oCTaTo4HO 0 — yAenbHoe 3MeKTpUYeckoe ConpoTUBIeHne MaTepuana
To4HbIM. OH gaeT sicHoe O — rny6uHa NPOHMKHOBEHUS

npeAcTaBieHne 0 COOTHOLLEHUM A — NOBEPXHOCTb HarpeBaeMo AeTanu, HaxoaaLLascsa nos
MOLLHOCTHU, YaCTOTbI U CBO|7|CTB BO3gencrBmemMm MmarHUTHOro nossd

H — Hanpsi>XeHHOCTb MarHUTHOro NMons
K — koapdmumeHT nornoLweHns MoLHOCTH, 3aBUCSLLUA OT
B cnyyae HeoaHOPO4HOroO MarHUTHOIO KOHdourypaumm getanu, CBOUCTB Matepmarna n 4acTtoThbl

MNons N CNOXHbIX OOpM HarpeBaemomn
OeTanu agekBaTHble pe3ynbTaThbl
MO>HO MOMYyYUTb TOMNbKO C MOMOLLIbIO
KOMMbIOTEPHOIrO MOAENNPOBAHUS

HarpesaemMoro Tera

@ FI-UXI- ROL Inc. Confidential and Proprietary Information of Fluxtrol, Inc. Auburn Hills, Mi 19
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Korga TonwwuHa unn gnameTtp getanu

MEHbLUE rMyOnHbI MPOHUKHOBEHUS, TO K 4,

kKoadppmumet K Toxke man. B Takmx cny4vaax 1 TN

FOBOPSAT, YTO TENO NPO3paYvYHO AN MarHNTHOro / o _
nonsi AaHHoW YyacTtoTbl. KOMMOHEHTLI 0.8 -

NHOYKUNMOHHOW CUCTEMBI, KOTOPbIE HE OOSMKHbI 0.6 z

HarpeBaTbCs Nonem (Takme Kak KpensieHus u 0.4 / /

np.), OOMKHbI ObITb NPO3PaYHbLIMN UNN UMETb 09 / /

OYeHb HU3KOoE P )

Ecnu pasamepbl HarpeBaemoro Tena mnu 0 2 4 6 8 10 4/5
yacToTa 6onbwme (d/d>10), To KO3adDULMEHT

K Bcerga ctpemnTca K 1
d — TonwmHa NNacTUHbl UNKU guameTp LunuHapa

Ona umnnHapoB He cyllecTByeT Makcumyma K 5 — ry6UHA NPOHNKHOBEHMS

n anexktpuyveckum KI4 pacrert c “HacToTou. d/5 - “aneKTpuuecKkuil pasmep’ Tena; oH
Ans nnacTuH cyllecTsyeT HEOOMbLLOW NponopLUM1oHarneH KOpHI0 KBagpaTHOMY 13
MaKCMMYyM, Korga TosilmnHa paBHa 3 O 4acToThl

(6oree ToYHO TT O)
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Ona Tpy6 makcumym kKoadpdmumeHTa K
MOXET BbITb APKO BblpaxeH. OH BbiLLE OS5 K s
TOHKOCTEHHbIX TPyO (CooTHoLweHwue t/d 2
. S
Mano) ’\ i
XKenaTenbHo BbIOMpaTb Takne 4acToThl, 3 —3
NpKn KOTOPbIX KO3 MUMEHT K Brin3ok K [\\ =
MaKCUMyMYy 2 / \ 1
ONEeKTpUYeckui pasmep Tpybbl MOXET ObITb 1 1 / 1 _
XapaktepusoBaH npoussegeHmnem t/d n d/d. ////
Makcnmym adoPeKTUBHOCTN MHOYKTOPA Npw B et
M3MEHEHUN YacTOoTbl cooTBeTcTBYyeT td/&? = 0 04 08 12 16 2 24
3,5 t/d
Y4eT KOHeYHOM ONUHbI MHOYKTOpa U KoadhduumeHT npoBognMmocTu ans Tpy6
HarpeBaemMoun Tpybbl HECKOMbKO NMoBbILLAET t — TonwwmHa cTeHku TpyobI
ONTUMasbHYI0 YacToTy d — BHeLWwHM anameTp TpyObl
Kpuasa | 1 2 4 6
t/d 0.5 (0.2 0.05 0.01

21
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[NornoweHne MOLHOCTM 3aBUCUT TakKe OT opueHTaunn HarpeBaeMOVl
aertarniv B MarHUTHOM norJie. MaKCI/IMyM nornoLieHnsa npomncxoanT, Koraa
NOBEPXHOCTb AeTalnn nepneHankyndapHa MmarHUTHbIM JIMHUAM

H — nuHunn HaNpPAXeHHOCTU MarHMTHOIrro Non4d
H H

am |

d Lt

[TonepeyHbIn Harpes [TpogonbHbIN Harpes

d >> 0 — Xopowwun Harpee t <O — lNnoxoun Harpes
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AreKTpoMarHnTHble 3adhdeKkTbl B
MHAOYKUMWOHHbIX CUCTEMaX

CnoXHble pacripeaneneHna MmarHMTHoOro non4d, nNioTHOCTU

TOKa U MOLLHOCTUN, KOTOPbIE ONpeaensoT pacnpegeneHue
Temnepartypbl B HarpeBaeMoMm Tesfie, MoryT ObITb ONUCaHbI
C NOMOLLbIO “ONEeKTPOMarHUTHbIX 3eKTOB”:

* [loBepxHOCTHbIN 3adhdeKT (onncaH paHee)

«  OddekT KoHueHTpauun nonsa (adpdekt Punbaa)
o JOddekT GnmsocTun

» KoHueBon apdoekT

* Kpaesoun adppeKkT anga nnacTtuH 1 NeHT
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P

KoHLueHTpauus MarHUTHOro nons siBNsieTcs
4aCTHbIM Cly4YaemM MarHUTHOFO KOHTPOIS,
KOTOPbIA BKNIOYAET TakKe SKpaHUpOBaHUE n
nepepacnpeneneHne nons

YcTaHOBKa NoAKoBOOBpa3HOro KoOHLEeHTpaTopa Ha
TOKOMNPOBOA, UHAYKTOPa NPUBOAUT K:

3Haq|/|Teanomy YMEHbLUEHNO BHELLHETO Mnon4d

YBennyeHno MOLWHOCTU AeTanu Npu TOM Xe
TOKE UHAOYKTOPA UIN K CHUXEHUIO Tpebyemoro
TOKa Npu TOW e MOLLHOCTH

YMeHbLLEHMIO MOLLHOCTU, pacceunBatoLLencs 3a
npenenamMm 30Hbl NoA UHAYKTOPOM

C opyron cTOpOHbI, UCNOSb30BaHne
KOHLIEHTpaTopa BbITECHAET TOK MHOYKTOPA K
NOBEPXHOCTU, CHUXKAsi MONEpPeYHoe cevyenmne, no
KOTOpPOMY OH npoTekaert. [loTepun B HOQyKTOpE
Bo3pacTatoT. Koraa KoHueHTpaTop BbibpaH
NpaBUNbHO, BbIroAbl 3HAYNTENBHO NPEBANMPYIOT
Had 9TUM HeJOoCTaTKoOM

0 25 50 75 100 125 150

Pacnpeﬂ,eneHme MOLLHOCTUN Ha NOBEPXHOCTUN AeTanun

FLUXTROL..

Centre for Induction Technology™
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[MepeMeHHble TOKM NPOTUBOMOSOXKHbLIX HarnpasieHnn
CTpeMATCA Tedb No cocegHNUM CTOpOHaM NPOBOAHUKOB.
OTOT a(pdeKT HasbiBaeTcs SdhdekTom brinsocTu.
Hanbonee sipko OH NposIBASIETCA NPU BbICOKUX YacTOTax U
ManbIX 3a3opax.

B oByxnpoBogHOM TOKOMNPOBOAE TOKM NPOTUBOMOSTOXKHbIX
HanpaBneHNn TEKYT N0 CTOpOHaM, obpalleHHbIM OPYr K
apyry (CMOTpu KapTUHY pacnpeaeneHnsa ninoTHOCTU ToKa U
NUHUIA MarHUTHoro nons, nporpamma Flux 2D)

I ekt 6MmM3ocTn B cucteme

“UHOYKTOP-NJTIOCKOE Teno”

NHOyKTOp, pacnonoXeHHbIM Hag NOBEPXHOCTbIO
HarpeBaemMou [eTanun, CO34aeT B HEN BUXPEBOM
TOK, KOTOPbIN TedeT nog nHaykropom. dopma
NHAOYKTOpa onpeaendeT KOHuUrypauuto
HarpeBaemoun obnactu

KoHueHTpaTopbl 3Ha4YNTENBHO YCUNUBAIOT
apdekT BrM30CTN N NOMOraroT KOHTPONMPOBAaTb
KOHTYp Harpesa

Tok nHaykTOpa

- ’/ i
= -~
~~ BuxpeBble
TOKM

S7

FLUXTROL..

Centre for Induction Technology™
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KoHueBble adhdeKTbl BO3HUKAIOT BCeACTBNE

NCKaXXeHUS1 NUHUIA MarHUTHOIO NMOnsi B 30HaX

HapyLweHnsa perynsapHocTu cuctembl. OHu

MOTYT ObITb Bbl3BaHbl KOHEYHOWN ANTMHOM | e e ]
nuaykTopa (KoHuesom adhekT nHaykTopa) nnm — ——
netanu (KoHuesoi adpdekt aetanm). _/a,/ N
Bcnencrteume koHUEBOro acpdekra MOLLHOCTL B
HarpeBaemMoM obpasLe NOCTENEHHO NagaeT K
KOHLIaM MHAYKTOpAa. )

MoXHO nokasaTb, Y4TO NAOTHOCTb MOLLHOCTU Y
KOHLOB MHOYKTOpa (ToYkM a u b) B YeTbipe pa3a
MeHbLLE, YeM B PeryrsipHoOn yacTu.
Acnonb3oBaHWe KOHLIEHTPATOPOB MOXET
caenartb pacnpegerneHue MoLwHocTu 6onee
BM3KMM K NPSIMOYTONbHOMY, YBENUYMBASA 30HY
paBHOMEPHOro Harpesa.

MNpumep pacnpeaeneHns MOLLHOCTU NMpu
Harpeee ANUHHOIO HEMarHUTHOrO UMNnHApa

CryLieHne BUTKOB MHAOYKTOPA Y €ro KOHLOB
Takke U3MeHseT pacnpeneneHne MOoLHOCTH,
KOMMNEHCUPYA KOHLEBOW 3P (eKT.
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KoHueBon achdekt getann obycnosneH
NCKaXXeEHNEM MarHMTHOro nosnga Ha ee KoHuax. Y Pl Sag]
KOHLa HeMarHMTHOro Tena fiIMHUN MarHUTHOIo
Nnons cpesaroT yrosi, CTPEMACH MPOXOANTb Mo
BonbLUEMY CEYEHUIO

Bcreactere 3Toro yBenuunMBaeTcsl MarHUTHbI e =
MOTOK, MepeceKaoLwnii TOPLEBYHO MITOCKOCTb, YTO
NPVMBOOMUT K FTOKaNbHOMY YBENUYEHUIO MOLLHOCTU

— —N
(nonoXxuTenbHbI KOHUEBOW adpdpekT). [Ana %ﬁtmﬁ
a

HEMarHUTHbIX Ten KoHUeBOW adoeKkT Bcerga
NONOXUTENbHLIN. CTeneHb yBennyeHnsa MOLHOCTH
BO3pacTaeT C YaCTOTOW, HO Npu 3TOM YMeHbLLAEeTCA
OnnHa 30HblI KOHLEBOro adpdpekTta

Part | o . _— Coil end
ard Regulgrwi_, =
-Zone

effect
effect {

b
[MonoxumTenbHbI KOHLEBON 3PPEKT AeTanu MOXET .0 \ioc oo oo NS MHAYKTOPa G

BbITb KOMMEHCUPOBAH KOHLIEBLIM 3PdeKTOM HeMarHUTHOI HarpeBaeMolt AeTanbio (BBepxy)
NHAOyKTopa (BbIOOpPOM 3arnybrneHus getanu B

NHOYKTOP)
Korga aTo HEBO3MOXHO, HanpMmep Npu Harpese

aeTtanen pasHon OSfMHbI B O4HOM MHOYKTOpE, MOryT
MCNonb30BaTbCA HAacaakM N3 Mmegm nnun antoMmMHNSA
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b — 30Ha KOHLEBOro apdekrTa nHaykTopa
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JINHUM MarHUTHOW NMHOYKUNWN NMPU Harpese e By ~
MarHMTHOro Tera Ha HNU3KOW YacToTe nokasaHbl Ha [/ I _W\\\_
PUCYHKe. YacTb MarHUTHbIX NIMHWUIA HE OOXOANT OO0 | lr“ / /f’;— TG

KOHLa AeTanu (oTpuuaTenbHbIi KOHLEBON 3dpdeKT). e L y /—”’___“‘-\\\\ ol
[nnHa HepgorpeTon KOHLEBOW 30HbI MPUMEPHO '\\_gééa%ﬂ‘//
paBHa AnameTpy HarpeBaemon gpetarm | e — == |
C noBbilEeHME YacToTbl CTENEHb OTPULATENBHOMO e %"
KOHLIEBOro apdreKkTa yMeHbLLUAETCA U OH gaxe /o meoTe ) |
MOXET CTaTb NONOXuTeNbHbIM. OTpuUaTENbHbIN \Part ol ehd
KOHLIEBOW 3D EKT HE MOXKET KOMMNEHCMPOBATLCS “Jend S:I?:'ar effect
3arnybneHnem n TpebyeTtcs cryweHne BUTKOB UMn . [effect

NHblE CpeaCcTBa NPOCTPAHCTBEHHOIO YNpaBneHns g —
PacnpeneneHne MOLLHOCTU U TeMMepaTypbl MOXET f — Nonagnelc
MEHSATbCA B NpoLlecce Harpesa. Hanpumep, 1.0 —————
Temnepartypa KoHua AeTann MOXET ObITb HUXE, YEM

B pPErynsipHomn 30He, Koraa getanb MarHuTHas

[Mpu TemnepaType Bbiwe To4kn Kiopu getarnb 0

CTaHOBUTCSH HEMArHUTHOW N Temneparypa KOHLEBOW

PacnpegeneHne MOLLIHOCTY BCNeacTBMe KOHLIEBOIO

30HblI MOXET ObICTPO AOCTUYb UIK AaXe NPEeB30NTU
Temneparypy perynsipHom 30Hbl

PFLUXTROL..

Centre for Induction Technology

adpdpekTa MHOYKTOpPa N HarpeBaemou getarnu:
MarHuTHou Npun 60 'y, — 1 HemarHuTHOW nNpu 3 KMy, —
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KoHueBble n KpaeBble 3adhdeKTbl Nnpn
HarpeBe Ten NPAMOYrosibHOro ce4yeHus

HarpeB npsimoyronbHbIx Ten (cnséos,

Nonoc) ABNAeTcs TpeEXMEPHOM Npobremon

3D yron
Ecnu TonwurHa cnaba aHavynTenbHO

MEHbLUE, YEM LLUNPUHA N ONTNHA, HarpeB
LEeHTparbHOW 30Hbl MOXXHO CYUTaTb
OAHOMEPHOW 3agadven

Ha DOoKoBbIX CTOpOHaX Tena BUXPEBOW TOK
nosopaudneaetcs Ha 180 rpagycos,
doopMUpys 30HbI KpaeBoro adpdekTa

Ha koHuax cnsiba Bo3HukaeT gedopmaums
MarHMTHOrO Monsl, KOTOPOEe CTPEMUTCS
“cpes3aTtb” yromn. OTO 30Ha KOHLEBOIro
adpdekTa, NogoOHOro KOHLEBOMY 3pdekTy
umMnmHapa

HarpeB cnssba B MHOrOBUTKOBOM
oBaJiIbHOM UHAOYKTOpE

3D yrnbl ABNAKTCA 3X MEPHBLIMU 30HaMMU,
rae KOHLEeBOM U KpaeBoWn adopeKTbl
HaKnagbiBalTCA OPYr Ha apyra

— ®
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PacnpegeneHne MoLHOCTKU No AfnHe cnsaba n3 HepXxaBetoLwen ctanu,
yacTtota 9,5 kl'u

NN AN A A s N e N B B A

ﬁ MarHMTHoe none

—» —P

N A I I N Y AN Y By B

KoHueBon apdekT B HEMarHUTHOM Tesie NONOXUTESNEH, TO ECTb B KOHLIAX Tena
BCerga MMeeTca OOoMoSIHUTENbLHas MOLLHOCTD.

Pacnpegenenne MOWHOCTU N TemnepaTypbl BAONb crissba MoXeT
KOHTPONMPOBATLCA €ro NoNOXXeHUEM BHYTPU NHAYKTOPA, UIBMEHEHUEM
NSIOTHOCTU HAMOTKU MHAOYKTOPA UK C MOMOLLBbIO MarHUTHbIX KOHLLEHTPAaTOpPOB
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KpaeBoin agodeKT B NPAMOYrofibHbIX
Ternax MOXeT Bbl3BaTb Kak HEQOrpes,
Tak N neperpes B KPOMKax

HeporpeB nponcxoauT, Koraa
TonwmHa cnsba meHbLue, 4yem 3
rMyOuHbLI MPOHNKHOBEHMUS

[Meperpes — korga TonuwmHa bonbLue,
yeM 3 (TovHee TT) rMyouH
NPOHUKHOBEHUSA, YTO TUMUYHO ANd
MarHUTHbIX UK antOMUHMNEBBIX
cnados |

npaBV'”bHPW' BbIOOp YacTOTh! PacnpegeneHne MOWHOCTM B NonepevyHoMm
HPEe3BbI4anNHO BaXeH ATA ceyeHun cnsiba 3 HepkaBeroLLen cTanu.
paBHOMepPHOro Harpesa cnsba no YacToTa 9,5 kI'Ly

LUIMPUHE

Mporpamma Flux 3D
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PacnpeaneneHne mMowHOCTHU B
HeMarHUTHOM cnsbe (TpexMepHbIN yron)

Yactote 9.5 kl'y,
B yrnosoun 3o0He npouncxoaut
HanoxeHne KoHueBoro n Kpaesoro
adodpekToB

JINHMKM MarHMTHOro nons

[okasaHa npuGnmantensHo 1/8 Bcero . Buxpesoii Tok
cnsaba

3D adhdekT Ha yrnax cnsaba aenseTcs
CNOXHbIM NPOLIECCOM

[1na paBHOMEpPHOro Harpesa BCEro
cnsiba HeobXxoaMMO YyUUTbIBATb Kak
KpaeBble U KOHUeBble 3addeKThl, TaK
N YCIoBUSA TENSI00TAauUN, KOTOpbIe
MOrYT ObITb Pa3HbIMU Ha Pa3fINYHbIX
yyYacTKax noBepxXHOCTU

Mporpamma Flux 3D
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HarpeB umnuHpgpa c nepeMeHHbIM
anameTpom — [leTtneBon MHAYKTOP

i —

[leTneBble MHOYKTOPbI HaCTo
NCMNOJIb3YKOTCA NMPU
OoAHOBpPEMEHHOM HarpeBe TeJl
nepemMeHHOro ce4veHn4d

NHOYKTUPOBAHHbLIN TOK TEYET
BOOMNb OCU AeTanu, 4To
obecnevynBaeT UHTEHCUBHbLIN
Harpes 30HA BHYTPEHHEero yrna

MOLLHOCTb HA BHELLUHEM yrne
NMOHUWXEHAa

Takoe pacnpegeneHue
MOLLHOCTM BnaronpuaTHO Ang

obecneyeHusa Harpesa
PaBHOMEPHOTO CIIOS LiBeToBas kapTa yaenbHOW MOLLHOCTH
Npwu Harpeee NeTneBbIM UHAYKTOPOM
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HarpeB unnuHgpa ¢ nepeMeHHbIM AUaMeTPOM
— LUnnuupgpnyeckun nHAYKTOp

Linnnnapuyeckue MHAYKTOpS
4acTO UCMONb3YHTCS NpU
rnoKanbHOM 0gHOBPEMEHHOM
Harpese Ten NepeMeHHOoro
CEYEHNS NN NPU CKaHUPOBaHUK

Magnetic Flux Concentrator

MarHutHoe none cusbHee
«CLEenSIeHO» C BHELLUHUM YIIoM,
4YTO NPMBOAUT K ero neperpesy

30Ha BHYTPEHHErO yrna
HegorpeBaeTcs 1U3-3a
NOHMXEHHOW MOLLHOCTU 1 bonee
CUITbHOrO TennooTeoaa

CunbHoe npocunmpoBaHve NMnHMM maruuTHOro nona u LiBetoBas kapta
NHOYKTOpa HeobxoamMmMo Ass yOenbHOW MOLLIHOCTU MpWU Harpese
paBHOMEPHOro Harpesa NPOUIMPOBAHHBLIM KPYrOBbIM MHOYKTOPOM
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