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MuTenekTyajapbHas CUCTEMA OIITUMAJIBHOTO
[apaMeTpUYECKOro CUHTE3a HCTOYHUKOB

MArHUTHBIX I0JIeH ¢ (heppOMarHUTHBIMU
3JIEMEHTaMU KOHCTPYKLMH

B paboTe npennoxeHa MHTEJUIEKTyallbHast CUCTEMA OTNITUMAJILHOTO MapaMeTPHUECKOTO CHHTE3a HCTOYHHKOB
MarHMTHBIX MOJIeH, coaepKailmx GeppOMarHATHBIE JIEMEHTBI KOHCTPYKLMH KakK B NMPEATNOJIONKEHHM O TTOCTOSHCTBE
HaMarHWYeHHOCTH TOJIFOCHBIX HAKOHEYHMKOB, TaK U AJId CiyYyas y4yeTa 3aBUCHUMOCTH HaMarHW4€HHOCTH OT
HAMNpPS)KEHHOCTH MarHuTHoro noss. [lpu npoBeaeHUM CHHTE3a MUCIMONB30BAICS pa3paboTaHHbIA aBTOpaMy
FUOPHJIHBIA aITOPUTM ONTUMH3ALUU POEM YacTHUL C 3BOJIHOLUHOHHBIM (POPMUPOBAHUEM COCTABA MOMYIISALNY,
MO3BOJIKIOLIMI HAXOAUTh IMO00AIbHOE PEIIEHHE 3a4a4u.

[Ipy mpoeKTUpPOBAHHUM MCTOYHMKOB MarHUTHBRIX Iojied (MIMII) B monmasistoniem
OOJILIIMHCTBE CIy4YaeB pelaeTcs 3ajadya aHaiu3a paclpelcsieHHs: MAarHUTHOTO IIOJH,
[IpHYEM 3aJaHHBIMU SBJISIOTCS KOHCTPYKTHUBHBIE ITapaMeTpbl MarHuTHOH cuctembl (MC).
OaHako 0OJBLIMK HHTEPEC INPEACTAB/IET PEHICHUE 3aJauyd NPOCKTUPOBAHHUS KaK 3aJauu
cuHTe3a, T.€. OOpaTHOM 3aJayM IOWCKA ONTUMAIBHOIO pa3sMEIIEeHHs B IPOCTPAHCTBE
TOKO3aJarolux Karyuek u reometpun MC, obecrieunBarOmyX anpuopy 3aJaHHYH KOH-
purypanuro MarHuTHOro nois B paboueit 3oHe. Ecmu MC npencrapngercs JULb COBO-
KYITHOCTBIO KaTYIIEK, TO 3a7adya MapaMeTpU4eCKOro CUHTE3a OOBIYHO CBOJMTCS K OTBICKA-
HUIO 3HAQUEHHN UX ONTHMAJIBHBIX pa3MEpPOB M B3aMMHOI'O PACIOJIOKECHHS, a TaKXKE BCJIMYMH
MPOTEKAIOIUX B HUX TOKOB [1]. 3amaya cuHTe3a 3HAYMTEIBHO YCJIOXKHACTCS MPH HATMYHHU
B koHCTpyKIMu MC ¢eppoMarHUTHBIX 351eMeHTOB (DP3), 0ocoOeHHO B clydae ydyera HX
HEJIMHEMHBIX MarHUWTHBIX CBOMCTB. llpu 3TOM aHaiu3 mojist Jaxe 1L OJHOI0 BapuaHTa
reomerpu MC TpeOyeT CYILIECTBEHHBIX 3aTpaT MAIMHHOIO BpEMEHH. PelcHue XKe 3a1aui
CUHTE3a PEIOoJiaraeT MHOTOKPATHBIA aHAIM3 Pa3IiuHbIX IIPOTOTUIIOB KOHCTPYKIUY. Ha 1aH-
HbIi MOMEHT VHHMBEpCAILHOTO mHporpammHoro odecneuenus (110), 1mo3BOJSIONIETO peniaTh
paccMaTpHUBAeMyIO 3aJady ONTHMaIsHOro napamerpudeckoro cuuteza MMII, conep-
xamux @5, HACKOJIBKO H3BECTHO aBTOpaM, HE CYIIECTBYET.

[lenblo naHHOI paloThI ABISETCS CO3JaHUE HMHTEIIEKTyalpHOW cucteMbl (MC)
ONTUMAaIBHOrO napamerpudeckoro cuureza UMII ¢ @D, obecneunBarouieii Tpedyemyto
Tonorpaduto mnosst B padbouem ooreme MC.

3aj1aua mapaMeTpU4ecKOro CHHTE3a CTABUTCS W PEINaeTCs Kak 3ajavya ONTHMHU3aAIUH
HEKOTOPOH 1e)1eBOM (DYHKIMY, 3HAYEHHE KOTOPOH IO3BOJIAECT OLEHUTD CTEIICHDL COOTBETCTBUA
[OJIYYEHHOTO paclpe/ieIeHus HoJisi B 00beMe alprHopH 3a7aHHOMY 3aKoHy. Paspadorannas MC
[peANoJaraeT MpeacTaBjIeHue MOMOCHBIX HakoHeuHukoB MC B BuIe HabOpoB (eppo-
MArHUTHBIX IIOJIFOCHBIX 3JIEMEHTOB. IIpM 3TOM B KayecTBE BapbHPYEMBIX IIapaMETPOB
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CI0IB3YIOTCST FEOMETPUYCCKUE PasMEPBl KaTyIUEK, IMOJIOCHBIX HAKOHEUHMKOB, a TAKKe
§d0apHTbI CAMOI'0 MAarHMTOIIPOBO/IA, KOTOPBIE ONPENENAIOT CTPYKTYPY U F€OMETPHIO BCei
MC B nenom, u, xax creactsue, npohHIb MOTFOCHBIX HAKOHEYHHKOR JIEKTPOMArHUTA.

B Takod rocraHoBKe pemeHue 3anauu cuHTesa MC mpemmonaraer MHOT'OKpaTHOE
[elICHIC 3aia4M aHaIn3a, a 3((PEKTUBHOCTH MPOBEACHUSA CHHTE3A 3aBUCHT KaK OT 0COOEH-
HOCTEH MPUMEHAEMOI'0 AIrOPHTMA ONITHMHU3ALHH, TAK U OT HCIIOJIb3yEMBIX METOJIOB pacyera
fons. Knaccuyeckre MeTOIbl ONTHMU3ALMH, TPAANIIHOHHO HCIIOIB3YeMBIE JUIS STHX [eJIeH,
OpHCHTHPOBAHBI HA OIIPEIEJICHNE JIOKATbHOTO pELICHHMS 33/1a4d ITOMCKA 9JKCTPEMYMA.
CymecTBeHHO OOMNBILINIT WHTEPEC MPENCTABISAET MOMCK IIIOOAIBHOTO peinenus. [loaromy
IMECT CMBICJT IIPUMEHEHHUE AJITOPHTMOB OITTUMHU3ALMU, 00/IAJAIOMINX JAHHBIMHU ITOMCKOBBIMHU
(BOMCTBAMU. B Ka4yecTBe Takoro MHCTPYMEHTa HCIIOIb30BAICS pa3paboTaHHbIN ABTOpaMHu
MOPUIHBIA AITOPUTM ONTHMH3ALUK POEM YaCTHII C HBOJIOIMOHHBIM (opmupoBanuem
(ocTaBa MOMYISAIMHK [2], [3], OCHOBaHHBIA Ha ITAapag¥IMe POEBOTO MHTEIUIEKTA ¢ HCIIOJIB30-
BAHUEM SBOJIFOLIMOHHBIX OTIEPATOPOB, 3aMMCTBOBAHHBIX U3 T€HETUYECKUX aJITOPUTMOB. J[aHHBII
OHOHMYECKHM MYJTbTHAN€HTHBIN AJITOPUTM 00J1a7aeT BBICOKOM CKOPOCTbH) CXOJHUMOCTH, HE
IpeOyeT BBIYMCICHHS HPOU3BOAHBIX ONTHMH3HPYEMOMH (YHKIHMH, MO3BOJSET JIETKO Y4eCTh
(rpaHMYCHHUS, HAKJIAbIBACMBIC Ha MPOCTPAHCTBO IIOMCKA, B OOECIIEUMBACT HAXOMXKIEHHUE IJI0-
0&TLHOTO ONTHMYMa.

B paspaboranHoit MC napamMeTpuyecKoro CHHTE3a BXOJHBIMM MapaMeTpaMH ABJISIOTCS:
mn MC, KOMH4ecTBO TOK03a/Iar0MI|X KaTyIleK, YUCII0 NOMOCHBEX DD, a Taioke OrpaHUYCHHUS
i PESICTIbl M3MCHEHUM KOHCTPYKTHBHBIX NapameTpoB MC, MarHuTtHbie CBOMcTBa (eppo-
MarHeTHKa. BBIXOJIHBIMHU [apamMeTpaMy CIIY)KAaT ONTHMAIbHBIE 3HAUEHHS FeOMETPUYECKUX
pasmepoB MC u HaiiieHHbIe 3HAYEHUST KOHCTPYKTHBHBIX [IAPAMETPOB MOMFOCHBIX DIEMEHTOB.

PacueT MarHUTHOro 1107151 B paboueM o6beme MC mpeznonaraer nocTpoeHHe MaTeMaTH-
HECKOM MOJICJIH TIPOSKTUPYEMOMR CUCTEMBL. B mpocTeiiineM cilydyae, KOrna HaMarHi4eHHOCTh
IOFOCHBIX HAKOHCYHMKOB MOXHO CYHMTaTh IOCTOSHHONW M HE 3aBHCAIIECH OT HaIpPAKEH-
HOCTH BHCIIHCTO MarHHTHOIO IIOJISI, YTO XapaKTEPHO JUIsi MarHUTOTBEP/IbIX MAaTEPUAIIOB,

00Ma7AIOIMUX BBICOKMM 3HA4YEHHEM KOIPIATHBHON CHIIBL, pacyer mosisd, CO34aBaeMoro
SNEKTPOMArHMTOM, MOXET IIPOBOJIUTHECS B COOTBETCTBUHU € (POPMYIION

. 1 N FP
AQ)=-Y o [[52dSp, (1)
4T i) S. TPO

rae H(Q) — HaNpsLKEHHOCTh MAarHUTHOT'O IOJISsI, CO3/IaBAEMOro B TOUKE HAGIIIONCHUS 0,

—
—

N - KOJM4YECTBO (pepPOMArHUTHBIX MOIOCHBIX JIEMEHTOB; G; = M -/i; — IIOBEPXHOCTHAs

[NIOTHOCTH MarHUTHBIX 3aps/IOB, pa3sMEIAEMbIX Ha 7 -M MOJIOCHOM djieMeHTe; M = const —

—

HAMArHH9CHHOCTDL IIOJIFOCHBIX HAKOHEYHHKOB; n; — BHCHIHAS HOPMAaJIb K IIOBEPXHOCTH

MOJFOCHOTO 3jIEMEHTa S ; FPQ — BEKTOp, MPOBEACHHBIA M3 TOYKH UCTOKA P B TOUKY

HabmoneHus Q.

[pu Takux AOMyIIEeHHAX ONTUMAIBHBIA 1APaAMETPUYECKUH CHHTE3 MPOBOIMICS IS
ciydaes, Korja B padbodem oobeme MC TpebyeTcst co3manue BEICOKOOAHOPOIHOTO MATHHT-
HOTO II0J14, @ IMOTIOCHBIE HAKOHEUHUKH IIPEICTaBISUINCh HA0OpaMu IUTHHIPHYECKIX, KOHU-
eCKIX WM ITPH3MATHYECKUX MOMFOCHBIX 3/1eMeHTOB [4-8]. Bepuduxanus pazpaborannoro [10
AL CTydas IBYX IMIJIMHAPWYECKHUX IIOFOCHBIX 3JIEMEHTOB OCYIIECTBISUIACH TIYTEM CpPABHEHHSI
[IOTy4YCHHBIX IIPH CUHTE3€ ONTHMAJIBHBIX 3HAYCHUH UX MapaMeTPOB C M3BECTHBIMU COOT-
HomenusamMu i mwuM Poysa (0,02%). B ciydae cuHTe3a akcHaibHO-cuMMeTprUaHO MC
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IPH HCIOJIL30BAHUM LWIMHAPHUYECKUX IOJIIOCHBIX DJJIEMEHTOB YJal0Ch 00ECHeYnTh
OJHOPOAHOCTH 10Jig Ha ypoBHE 20 — 30 ppm (MHJUIMOHHBIX JOJIEM OTHOCHUTEIBHOIO OT-
kionenus). IIpumeHeHue B cocrtaBe MOMOCOB MC KOHMYECKUX MOJIFOCHBIX 3JIEMEHTOB
[MO3BOJIHJIO TIOBBICUTH OJIHOPOAHOCTH moJis 10 3HavyeHus 10 — 20 ppm. A npu cunrese C-
0Opa3HOIo AMEKTPOMATHUTA C NPUMATUUECKUMH [TOJIFOCHBIMU 3JIEMEHTAMHM IIPAMOYTOJIBHOI0
[MONEPEYHOTO CEYEHUS OIHOPOAHOCTb MArHUTHOTO Imojsg cocrasuia 50 — 130 ppm.
JlocTUrHYTBIE XapaKTepPUCTUKH paclipeneiieHus mnois B pabodem odObveme MC Brosne
yI0BJIETBOPSIOT TPEOOBAHUSAM, MTPENBABISEMBIM KO MHOTUM TEXHUYECKUM YCTPOUCTBAM.

OHaKo Takas HaeaM3alis MarHUTHBIX CBOMCTB SIBJISIETCS ITPUEMIIEMON B OI'paHHMYEH=
HOM KOJIMYECTBE MpuIokeHHUH. [loaToMy marematndeckass MOJENb JOJDKHA YYUTHIBATh
3aBUCHMOCTh HAMAarHHMYEHHOCTH (PEppOMarHeTuka OT HAIpsHKEHHOCTH MArHUTHOTO MO,
B cnyyae npearnosioxkeHust 0 JIMHEHHON 3aBUCMMOCTH HaMarHU4eHHOCTH (peppOMarHuTHONO
MaTepHaia OT HaIpsHKEeHHOCTH T10JIsI, KOTOpasi UMEET MECTO IS Cl1a0bIX MarHUTHBIX MOJIEH,
OIpeJeNICHUE pacIpee/ICHUs! MOBEPXHOCTHOM IUIOTHOCTH MAarHUTHBIX 3apsi/ioB ¢ Ha ©3 MC
BO3MOJKHO C NPHMEHEHHWEM arapara IpaHUYHbIX HHTerpasibHbiX ypaBHeHud (I'UY) [9].
[Ipu 3ToM JuUIst akcraibHO-cUMMETpHYHBIX MC nipeanonaraercs, 4To OBEPXHOCTh, OrpaHH-
yuBarouiasgs 00beM, 3aHUMAEMbBIN (eppPOMArHeTUKOM, pa30MBAETCS HA KOJIbLIEBBIE DIIEMEHTHI
B IIPENNONOKEHUH KYCOYHO-TIOCTOSSHHOI'O paclpeieieHus] IMTOBEPXHOCTHONU IUIOTHOCTH
MAarHMTHBIX 3apsi0B Ha HUX, a aHalu3 Tornorpad@uu MarHutHoro noiss MC ynobHO mpo-
BOJAUTH B I[MJIMHAPUYECKON CHUCTEME KOOpAMHAT. B 3TOM ciiy4yae pacrpelereHue moBep-
XHOCTHOH IJOTHOCTH MArHUTHBIX 3apsSA0B ONUCHIBACTCS WHTErPaJbHBEIM YpPaBHEHUEM
®penronbma Il pona

6(Q) = A [K(Q, P)o(P)dlp +21hiipH(0Q), 0)
[

u-1_ X
p+l 24y
Hasi IPOHUL@EMOCTh W MArHUTHasl BOCIPUUMYHUBOCTE PEPPOMArHUTHOrO Marepuaia; [ -

riae A= , K(Q,P) — aap0 HHTErpaJibHOr0 YpaBHEHUS, |L, Y — MarHUT-

KpUBasi, 3aJarolas KOHTYp akcuainbHO-cuMMeTpuuHOU MC; Hy(()) — HaupsKeHHOCTh

BHELIHET0 IO0Js, co3/aBaeMasl TOKO3aJaloluMy KaTtymkaMu. [locne HaxoxaeHus pacipe-

IeJIEHUs IOBEPXHOCTHOM IJIOTHOCTA MAarHUTHBIX 3apsiioB G , 11oJe B pabouem o0peme MC
MOJKET OBITH pacCYMTaHO 10 popMmyIie

) (P)F )
Q)= — [[——5—2dSp + Hy(Q)

4 S Tpo

)

Pelenre MHTErpaibHOTO ypaBHEHHUS (2) C y4eTOM BBEACHHBIX IONYLICHUW CBOIUTCA K
PELICHUIO COOTBETCTBYIOIIEH CHUCTEMBI JHMHEHHBIX anrcOpanyeckux ypaBHeHuil (CJIAY)
OOJILLIOTO IOPSAAKA, B KOTOPOM YHCIIO HEU3BECTHBIX JOCTUTAET AECSATKOB THICSY U JUIA
peieHnust kotopor npumensuics Metol GMRES ¢ npoenupoBanueM Ha 1oanpocTpaHCcTsa
Kpel1oBa. 3HAYUTENBHOTO COKPAIIEHUS BPEMEHH, 3aTPaudBAEMOr0 Ha pacyeT Koddduim-
euToB CJIAY, yaanock JOCTUYG IIyTEM y4deTa TPAHCIALUMOHHON CHMMETPHH IS KOJIBLIEBBIX
3JIEMEHTOB pPa30OMEHHUs, YTO KPOME BBIMIPHIIIA BO BPEMEHU CYETa ITO3BOJIAET TAKKe
5KOHOMHTB UCTIOJIB3YEMYEO IIPH IIPOBEACHUH BBIMHCICHUNW ONEPATUBHYIO ITaMSATh KOMIIBIOTEPA.
PaspaboranHoe Ha 06a3ze MY u rubpunsoro anroputma ontumusanuu 110 ycnemno ue-
[0JIb30BAJIOCh JUISI CHHTE3a aKCHAIbHO-CUMMETpUYHOM MC ¢ IUIMHIPUYECKUMHU MOJHOC-
HBIMH 3JIEMEHTAMHM, TPEeAHA3HAYECHHOMN I FeHEpaluyd BBICOKOOJHOPOJHOIO MarHUTHOLO
nojs [9]. Ilpn HalieHHBIX 3HAQYEHUSIX OITUMAIBHBIX [1apaMETPOB ITOJIFOCHBIX 3JIEMEHTOB
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OAHOPOZTHOCTD MarHMTHOTO IIOJIS, KOTOPYIO YIaJIoCh JOCTHYE B paboueM o0beMe, COCTABISET
okono 80 — 90 ppm. IlpoBepka kKoppekTHOCTH pacdeTra 1o IpHu 3TOM IIPOBOIMIIACK IS
- Cnyyas OECKOHEYHOH TIIACTHHBI, HAMAarHHYUBAEMOL OTHOPOJHBIM MArHUTHBIM I10JIEM, JUIS
KOTOPOH M3BECTHA AaHAITMTHYECKAs 3aBUCHUMOCTE MEXY HANPSHKEHHOCTHIO BHELIHErO OIS
11 BETMYMHOM 110JIs1 BHYTpH Hee. [Torpeurnocts pacuera B 31oM ciy4dae He rnpesbimana 0,5%.
Y, nakoHer1, yyer HeMHENHOM 3aBUCHMOCTH MCXITy HAMarHM4e€HHOCTBIO (DEPPOMArHUT-
HbIX JNCMCHTOB KOHCTPYKIMH U HATPSKEHHOCTHIO MArHUTHOTO ITOJIS, YTO XapakTepHO 14
00MBIIMHCTBA TEXHUYECKHX MPHIOKEHHI U, OCOOEHHO, IS CIIYYaeB BBICOKOM HaIpsi-
KEHHOCTH I[10JICH, MOXXHO BBIIOJHHUTH C HCIIOIL30BAHUEM ITPOCTPAHCTBEHHOI'0 HHTEIPAJIb-
Horo ypaBueHus [10]

) , I 5 1 -
H(Q)+ M(Q)= yace [[|M(P)xgradp —— avp + Hy(0), 7
T % I’PQ

PEIIACMOr0 COBMECTHO € ypaBHeHHeM M =y (H)H , onmuchBaronmMm HCJIMHEUHYIO 3aBHCH-

MOCTb MEXTY BETHINHOH HAMAarHHYEHHOCTH M HAIPSDKEHHOCTBEO MArHUTHOTO moys. B cily4ae,
korra MC obGnamaer axcuanbHOI CHMMETpHUEH, OOBEM MOIIOCHBIX HAKOHEYHUKOB W
MarHUTOIIPOBOJAA V' ynoOHO pa3OMBaTh HAa KOJBIEBBIC 3EMEHTE H, B IPEANOJI0KEHUHN
HOCTOAHCTBA HAMAHMYCHHOCTH B MpeJesiax KakIoro sjeMeHTa pa3OueHnus, pelIeHHe
YPaBHEHHUS (4) CBOAUTH K PELICHUIO CHCTEMBI HETHHEHHEIX YPaBHEHHH OOJIBIIOrO MOpsi/Ka.
Beprudukanus pazpaboranHoro momays pacyeTa 1moJisl B 3TOM Clly4yae IIPOBOIMIIACE TAKIKE
IS citydasi OECKOHEUHON IUIACTHHEI, KOTOpas MOACIUPOBAIACh TOHKHM JUCKOM, H JUIS
lapa, HaXOIAIIMXCsI B ONHOPOJHOM MarHWTHOM moJie. [lorpemHocTs pacdera B mepBoM
cryqae coctaBisna 0,2%, a Bo BropoM — 1,3%. Cozmammas MC INPUMEHSIACh i
HPOCKTHPOBAHNA KOSPLUUTUMETPA ¢ YaCTHYHO 3aMKHyToit MC [10-12]. B »Tux paboTax
i onucanus reomeTpur MC ucmome3oBanace texnonoruss On/Off, s YCKOPEHHUS
Ipoliccca CHHTE3a yHMTHIBATIACH TPAHCIIALMOHHAA CHUMMETPHUS 3JIEMEHTOR pa3Ouenus, a
PELICHHE HEJIMHCUMHOM CHCTEMBI YpaBHEHUH 0OJIBIIONO MOpsAKa NPOBOJIUIIOCH C ITOMOLLBIO
merona Herorona-GMRES. Paspa6oranusiii B [10] kospuuTHMeTp n03BONSET IPH HaiIeH-
HbIX SHAYCHHAX KOHCTPYKTHBHBIX IIapAMETPOB F'€HEPUPOBATH MATHUTHOE [10JIE C OJTHOPOI-
HOCTBIO Ha ypoBHE 0,3%. IlpuBenexusie mpuMeps CBHICTEIBCTBYIOT O BBICOKOH (-
GexTuBHOCTH paspaboranuoii UC. Crexyer 3ameTuTh, 4To cosmanHoe I10 1O3BONSET
I0JlyHaTh HE TOJIPKO TIOJIA C BBICOKOH CTEIEHBIO OZHOPOIHOCTH, HO H ITOJIA, UMEIOIIHE

0oJIee CIOMHYIO TPOCTPAHCTBEHHYIO KOH(Urypauuio, Hanpumep, grad H , =const [12].

BEIBO 1B1

Pa3paboTaHHBIl MPOrpaMMHBIH KOMILIEKC MO3BOJISET [IPOBOJIUTE ONTUMAJIbLHBIN
CHHTE3 MCTOYHHKOB IO/ ¢ (DEPPOMATHUTHBIMH 3JEMEHTAMHU JUIs Pa3JIMYHbIX CJIyYaeB
3ABUCMMOCTH HAMarHU4€HHOCTH (PEpPOMarHeTHKa OT HAMPDKEHHOCTH TIONIS B 0BeCHeYHTE

TpeOyeMyr0 KOH(QUIYpalHMI0O MArHUTHOIO MONS B paboyeM oOBeME MPOEKTHPYEMBIX
JICKTPOTEXHUYECKUX YCTPOHCTB.
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ligent System for Optimal-Parametric Synthesis of Magnetic

ents of Construction
. article designing of intelligent system of optimal-paramentic synthesis of magnetic field sources, containing

nagnetic elements, in assumption of permanent magnetization and for cases accounting of dependence between
etization and magnetic intensity, have been considered. During synthesis process hybrid algorithm developed by

sthors was used. It allowed to find global solution of the problem.
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