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CUHTE3 U MOOENTMPOBAHUE CUCTEM
MAMHUTHOIO YMPABNEHUA NJIASMON B
TOKAMAKAX C MNOACTPOMNKON BEPTUKAITbBHOIO
NONOXEHUA MATHUTHOWU OCH

Kapues H. M.!
(Deodepanvroe cocyoapcmesennoe 6100xcemnoe
yupeosicoenue Hayku ncmumym npobiem ynpasieHus
um. B.A. Tpanesnuxosa PAH, Mockea)

Hannas paboma nocesujena cunmesy u MoOOEIUPOBAHUIO MHO2OCES3-
HbIX CUCMEM MACHUMHO20 YNPAGIEHUs. NIA3MOU 6 MOKAMAKAX C
UCNOTL30BAHUEM OPUSUHATIBHO20 N00X00a OISl pa3peuleHuss npomu-
sopeyuss mexncoy Popmou NaazMvl U NONOJNHCEHUEM ee MACHUMHOU
ocu. s uccinedosanuil 8blOPAHbL COOPYHCAEMBLI MOKAMAK-PEAKMOP
ITER (2. Kaoapaw, @panyust) u deticmeyrowuil cghepuyeckuti moxa-
max «lnooyc-My (OTH um. A.D. Hoggbe, e. C-Ilemepbype, Poccusi).
Lenvio pabomvl s615emMCsi U3yHeHUE B03MONCHOCMEL NPUMEHEHUS
NPeONoNCEHHO20 NOOX00A K CUHMESY CUCEM MACHUMHO20 YNpaeie-
HUsL NAA3MOU 8 MOKAMAKAX U AHATU3Y UX KA4ecmeda Memooom ma-
MEMAMULECcK020 MOOTUPOBAHUSL.

KaroueBble cioBa: TOKaMakK, I1jla3Ma, MAarHuTHOC YIPaBJICHHUEC,
MHOTI'OCBA3HBIC CUCTEMBI YIIPABJICHUS, o6paTHa51 CBs3b.

1. BeedeHue

VYrpasisieMblil TEPMOSAEPHBIN CUHTE3 — OJAUH U3 NEPCIECKTUB-
HBIX UCTOYHUKOB dHEpruu Oynayuiero. HeoOxomumble ycinoBust Juis
€ro OCYILIECTBJIEHUS] MOTYT OBITh JTOCTUTHYTHI ITOCPEICTBOM CIICIH-
aIBHBIX (PU3MYECKUX YCTAaHOBOK, TOKamakoB [19], mozBosrommx
YAEPKHUBATH BBICOKOTEMIICPATYPHYIO IIIa3My B MAarHUTHOM IIOJIE.
Tokamak npencTaBnsieT co00H TOPOHJATBHYIO KaMepy C pa3iuvHbI-

Y Hukonaii Muxaiinosuy Kapyes, cmapuuii mamemamux (n.kartsev@ya.ru).
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MU HCIIOJHUTEIIBHBIMU YCTPOHCTBAMH U CPEACTBAMH JUArHOCTUKH, B
KOTOpOi 00pa3yercs M yAep >KHUBaeTCsS NMOHU30BAHHBIN Ta3 — IIa3Ma.

Haunbonee 5KOHOMHYHBIMH SBJSIIOTCS COBPEMEHHBIC BEpTHU-
KaJbHO BBITSIHYTHIE TOKAMakKd, TaKk Kak OHM TpeOyroT MeHblee
TOPOUIAIFHOE MAarHUTHOE I0JI€ MPH TOM K€ JaBJICHUU IUIa3Mbl 110
CPAaBHCHHIO C MEPBBIMH TOKAaMaKaMU C KPYIJIBIM BEPTUKAIbHBIM
cedeHneM. OHaKO B YCTaHOBKax JAHHOTO TUIA CYLIECTBYIOT IpO-
OneMbl, CBSI3aHHBIE C BEPTHKAJIbHON HEYCTOMYMBOCTHIO IUIA3MBI U
HEOOXOIUMOCTBIO OJHOBPEMEHHOI'O MPELM3HMOHHOTO YIPaBJICHUS
MHOTUMH TapameTrpamu [17], B mepByr ouepeab, HapaMeTpaMu
0€30IacHOCTH — 3a30paMHU MEXKIY MEPBOI CTEHKON H CermapaTpHCOM.

2. Modenu o6bekma ynpaesneHusi — nia3msbl
mokamake

[Inasma B TOKaMake SABISETCSI MHOTOMEPHBIM, HEIHHEHHBIM
00BEKTOM C paclpe/ielieHHbIMU Mapamerpamu [6], moaBepeHHOro
BO3CHCTBHIO HEKOHTPOJHMPYEMBIX BO3MYILEHHHA. MaruuTHas KOH-
¢durypanms miazmMbl B TOKAMaKe ONMUCHIBAETCS IByMs YPaBHEHHAMU:
BEKTOpHBIM ypaBHeHHeM Kupxroda [11], u ypaBHEeHHEM paBHOBECUH
I'pana-llladpanosa [12] B yacTHBIX Mpou3BOIHBIX. [lepBoe BKiIOYA-
eT B cel0s pacrpeielieHne MOJIONJAILHOTO MarHUTHOTO MOTOKA OT
TOKOB B YIPABISIONIMX KaTyIIKaxX M MacCHBHBIX CTPYKTypax Kame-
pul. Bropoe cBsi3piBaeT pacnpeeneHns 1aBIeHUs IU1a3Mbl U [IOJIOU-
JATBHOTO TOKA C TMOJIOUJATbHBIM MarHUTHBIM ITIOTOKOM TaKUM 00pa-
30M, 4YTOOBI BBINOJHSJIOCH YCJIOBUE OajgaHca CWJI B IUIa3Me, U
OIPEAETSAET TEOMETPUIO CUCTEMBI BJIOKEHHBIX MarHUTHBIX MOBEPX-
HOCTEH.

Jia cuHTe3a perynaTopoB B OOpAaTHOW CBS3M CHUCTEM yIIpaBie-
HUS (OpMOW M TOKOM TuIa3Mbl ycTaHOBOK «[1obyc-M» u UTOP
WCIIOJIb3YIOTCS TMHEHHBIE MHOTOMEPHBIE MOJIETH B OTKJIOHEHUSAX OT
CIIEHApHBIX 3HAYEHUI BXOJHBIX M BBIXOJIHBIX BEITUYMH:

dx d(ow
(D) E: Ax+ Bou + E%, 0y =Cx+Dou+Fow,
rac X — BCKTOpP COCTOSAHUA, COOTBCTCTByIOLLII/Iﬁ BapuanusaM TOKOB B
TTIACCUBHBIX M aKTUBHBIX CTPYKTYypax, oU — BEKTOp BapHaIlil HAIpPsI-

KEHUH Ha KaTyIIKaxX YIpaBlIeHUs, dw — IBYXKOMIIOHEHTHBIA BEKTOP
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BO3MYIIICHUS, XapaKTepU3YIONHA cOpPOCHl NaBJICHUS U BHYTpPEHHEH
WHIYKTHBHOCTH IUIa3Mbl TIPU «MaJbIX CpbiBax». K cranmapTHOMY
MaTpUYHOMY BHIy JHHEWHOrO JU(QepeHINATLHOIO ypaBHEHUS
nmanHas cuctema (1) CBOIUTHCS 3aMEHOM TTepeMeHHBIX P = X — Edw:

d u
@ d—szp+[AE B][sw ou]',

5y=Cp+[CE+F D][6w ou].

5625 c 180 mc

CHHMYNApHEIE YMcna (dB)
CHHMYRARHEIE YMCTE (dE)

100 ¢

CHHMYNApHEIE YKcnag (d8)
CHHMYNARHEIE YMCRa (48]

YacToTa (radis] YacToTa (radis]
a) 6)
Puc. 1. Yacmomusie xapakxmepucmuKu CUHSYIAPHBIX Yuces MoOerel
naazmul 8 yemanoske UTOP (a) na 56,25 ¢ u 100 ¢ paspsoa u 6
yemanoske «Inobyc-My (6) na 180 mc u 190 mc paspsoa.

B xauectBe monHON Momenu miasMmbl B UTOP umcnomsiyercs
miazMo-pusndeckuit koq JJMHA [6], co3maHHBIN crienuantncTaMu
TpouLKOro MHCTUTYTAa UHHOBAIIMOHHBIX U TEPMOSIAEPHBIX UCCIENO0-
Baamii (I'HL[ P® TPUHUTMU, r. Tpowurk). Jluneiinsie Momenu momy-
yanuch B ' HII PO TPUHUTHU na ocuose kona JUHA nocpenctsom
€ro YHCJICHHON nuHeapuzanuu [6], mpudyeM mapaMeTpbl CICHAPHS
OBLTH B3SITHI U3 0a3bl JaHHBIX npoekTa UTOP.
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J1d cuHTe3a M MOJIEIMPOBAHNSA CUCTEMBI YIIPABIICHUS MIa3MOU
B «['mobyc-M» wucnons3yercs MHOTOMEpHas JWHEHHas MOJENb
wia3Mbl, nonydeHHas B [16] mo skcnepuMeHTaIbHBIM JTaHHBIM
IJIa3MEHHBIX Pa3psIOB.

JMHaMHYECKHE XapaKTEpUCTUKH MOJENEH IUIa3Mbl B 3ajade
MarHMTHOIO YIIPABIICHUS H3MEHAIOTCA Ha NPOTSDKEHHUW DPas3pAna,
OJTHAKO Ha OMNpECICHHOM €ro y4acTKe — KBa3HCTallMOHAPHOW da3se,
OHH OCTAIOTCS MPAKTUYECKH HEM3MEHHBIMU C HEKOTOPOH Heompeze-
JIEHHOCTBIO B BHUJEC HEMOJEIHPyeMOW nuHamMuKH. [laHHBINH QakT
MIPOMJUTIOCTPUPOBAH Ha pUC. 1, TNie MOKa3aHbl YaCTOTHBIE XapakTe-
PUCTHUKH CHHTYJSAPHBIX YHCEN Uil MepeaaTouHbIX (YHKIUH JIMHEH-
HBIX MOJIEJEH IIa3Mbl B Pa3HbIX TOUKaX cleHapusi ycraHOBoK UTOP
u «['mobyc-M»y.

HcnonuutenpHple yCTPOWCTBA CUCTEM MarHUTHOTO YIIPaBICHUS
TOKaMaKOB — 3TO KaTyIIKHA IMOJOUAAIBHOIO IMOJS M IEHTPAIbHBIN
COJICHOW], PacIoOJIOKEHHBIE Ha OJHON 0OIIel och ¢ Kamepoi, co
CBOMMH HCTOYHUKaMu 3JekTponuTanus. B UTOP — sto cBepxmpo-
BOSIIME KAaTyIIKH, KaXJas U3 KOTOPBIX MOJKIOYEHA K yIpaBisie-
MOMY THPHUCTOPHOMY BBIIPAMUTENO. I MOJaBIECHUS BEPTUKAJb-
HOM HEYCTOMUYMBOCTH IIIa3Mbl HCIIOJIB3YETCS JOIOJHUTEIBHOE
YCTPOWUCTBO — OBICTPHI BBIMPAMUTENH HAPSKEHHS, TOIKITIOYESHHBIH
MapajuIeIbHO K YETBIPEM IOJIOMJAJIbHBIM KaTylmikaM. B kauecTse
MOJEJIEH BBIIPSIMUTENEH JUIsl CUHTE3a UM YHUCIEHHOIO MOJEIUPOBa-
HUSl HUCTONB3YIOTCA 3BEHbS MEPBOTrO MOpPsSAKa C TPAHCHIOPTHBIM H
MHEPLHOHHBIM 3ala3bIBaHUEM:

Wee(s) = e 29%%/(0.015s + 1), Wys(s) = e *97%%/(0.0075s + 1).

Ha ycranoBke «I'1006yc-M» miist KaTyIeK MoJIONAaIbHOTO OIS
WCTIONB3YIOTCSl TUPHUCTOPHBIE BBIMPSIMHUTENH, AaNIpPOKCHMHPYEMBbIe
nepemarounoit  dymkumeit:  Wpe(s) = e *°%%/(0.0033s + 1).  Jlns
[IOAABJICHUS BEPTUKAIBHON HEYCTOMYMBOCTH HCIIOJIB3YETCS JOMOJI-
HUTENIbHAs MarHWTHas KaTyIlka, MOJKIIOYEHHAas K HMITYJIbCHOMY
yIpaBiIsieMOMY MCTOYHHKY NHTaHUS — HMHBEPTOPY TOKa, paboraro-
mIeMy B aBTOKOJEOAaTeIbHOM pEXHME, alNlpOKCUMHUPYEMOMY B
JTHHEHHOM TPHOTIKeHNH KodddurmenToM yeunenns 250 [5].
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3. lMocmaHoeka 3adayu

OCHOBHBIMM 3aZjayaMM MAarHUTHOT'O YIPAaBJICHHUS IJIa3MOl B
BBITSIHYTOM IO BEPTHKAJIM TOKAMAaKe SBJISIOTCS:

—  MOJABJIEHUE BEPTHUKAIBbHOI HEyCTONUMBOCTH,
—  ympasieHHe GOPMOI U TOKOM TIIa3MBI.

Brigenenue naHHBIX 3313y MPUBOAUT K pa3feiieHUIO KOHTYpOB
CHUCTEMBI TI0 CKOPOCTH IPOLIECCOB YIPABIEHUS: KOHTYP BEPTHKAIb-
HOW cTaOmnn3anuy SIBIASETCS OTHOCHUTENBHO OBICTPBIM, @ KOHTYD
ynpasiieHus (GOpMOil M TOKOM TuIa3Mbl — MeIUleHHbIM. Ha puc. 2
npuBeAcHa 00OOILICHHAs CXeMa CHUCTEMbl MarHUTHOTO YIPaBICHUS
IJ1a3MOM B TOKaMake ¢ AByMsl KoHTypamu B UTOP.

[Moaasneune

BCPTHEANBHON
HEVCTORMHBOCTH
[nasima B
TOKAMAKE
K |
¥ upanincme _51 4
fopmoil n roxom 4
11A3MB]

Puc. 2. Cxema 08yxxoumypHoti cucmemvl MAZHUMHO20 YAPAGLEHUSL
naasmou

B cxeme MmarautHOTrO yrpaBieHus, npemiokenHoi B UTOP
[10], nnst mogaBiIeHUsT BEPTUKAIBHON HEYCTOMYHMBOCTU UCIIONB3YET-
csl cTaOWIIM3alys OKOJIO HYJISI CKOPOCTH BEPTUKAIBHOTO MTOJIOKEHHUS
mrasmel [4], [7], [2], [8]. Onnako mpu TakoM MOAXOIE CHCTEMA C
3aMKHYTBIM KOHTYPOM BEPTHKAJIBbHOW CTAaOWIM3AIMM HE SBISETCS
CTPOT0 yCTOMYMBOH, M BEPTUKAJIBHOE MOJOKEHHE MOXKET HEyIpaB-
JISIEMO M3MEHSTHCS B MEPEXOJHOM Ipoliecce cTabMIN3aliu CKOpO-
cTH. 3a7jada yIpaBJIeHHUs HETIOCPEICTBEHHO BEPTHKAIBHBIM TTOJ0XKe-
HUEM IUIa3MBbl, B 3TOM CJIydYae, pEIIaeTcss COBMECTHO C 3ajadel
ynpasiaeHus (OpPMON U TOKOM IUIA3MEI PETYNIATOPOM B MHOTOMEp-
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HOM KOHType [3], KOTOpBIi SBISETCS MEIUIEHHBIM, OTHOCHTEIHFHO
KOHTYpa BepTUKAJIbHOI cTaOMIn3aum.

B ycranoBke «['moOyc-M», nmeromell CpaBHUTEIBHO Majble
pa3Mepsl U MPOJOKUTENBHOCTD MIa3MEHHOT0 pa3psaza, Ui MoJIaB-
JICHHUS BEPTUKAJIbHON HEYCTOHYMBOCTH HCIIOJIB3YETCSl CTaOMIN3aLus
HETOCPEACTBEHHO BEPTHKAJIBHOIO IONOXKEHHs IJIa3Mbl 0€3 ymnpas-
neHus GopMoH.

[Ipu BBeneHnn ympasieHust GOPMON W TOKOM IUIA3MBI, Y TOH
3aJjauyd BO3HHUKAaeT MPOTHUBOpEYHE C 3aJaueil cTaOuim3aluu BEpTH-
KaJbHOTO ToNoskeHus [15] kak mnst ycraHoBok tumna MTOP, tak u
JUISL MaJTBIX TOKaMakoB Thma «[ mobyc-My. 3HaueHus 3a30pOB MEKIY
BHYTPEHHEW CTEHKOW KaMepbl M IOBEPXHOCTBIO IIIAa3MBbI, OIpeme-
nsiome ee popMy, CBSI3aHBI C BEPTHKAJIBHBIM MOJOKEHUEM IUIA3-
MEHHOTro MmHypa. JlaHHbI (DAaKT WUIFOCTPUPYETCS Ha pUC. 3, U3
KOTOpOTO BHUIHO, YTO BEPTUKAIBHOE MOJIOKEHUE MIa3MBbl ONpEAes-
eTcs MOJIOKEHUEM €€ MarHUTHOM ocu Z, CB3aHHOTO CO 3HAYECHUSIMU
3a30poB J1, ..., Js.

’ i
PF2

PF3

PF4

)
[csaL [ cszL | cs1L [ cs1u | cs2u | csau |

¥

o f 2 3 4 5 6 7 8 9 f07f 72793
Rm

Puc. 3. Ilonouoanvuas macrumuasn kougueypayus moxamaxa UTOP
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CuenapHble apaMeTpsl pa3psiia: TOK IIa3MBbl, 3a30PbI, BEPTH-
KaJlbHOE TMIOJIOKEHWE M T.J. PACCUMUTHIBAIOTCA II0 OMPEIEIEHHON
MOJIETH TUIa3Mbl, UCXOASI U3 YCIOBUS €€ PaBHOBECHOTO COCTOSHHUS.
OnHako BO BpeMsl peaslbHOTO pa3psiia, 0coOeHHO B (as3ax BBOJAA U
BBIBOJIA TTA3MEHHOTO TOKA, IJIa3Ma HEe MOXET HaXOIUThCS B PaBHO-
BECHOM COCTOSIHHH, €€ TapaMeTphl M3MEHSIOTCS, MPOSBIISIOTCS €€
JUHAMWYECKUE CBOWMCTBA, HE YYTEHHBIE MpPH pacyeTe CIEeHapus.
Taxxe BBUAY OTJIMYMI MOJEIM IJIA3Mbl, UCIOJIb3YEMOM I CUHTE-
3a, OT peabHOTO (PHU3MUECKOT0 00BEKTa MPosABIsieTCs dPPEeKT HeCco-
OTBETCTBUS PACCUMTAHHBIX CIIEHAPHBIX IapaMeTpoB ApPYyr APYTY.
CucremMa MarHUTHOTO YITPaBJIEHUS IJIa3MON ¢ HE3aBUCHUMBIM KOHTY-
pOM CTaOWIHM3alMA BEPTUKAIHHOTO TIOJIOKEHHUS W MHOTOMEPHBIM
KOHTYpOM YIIpaBJieHUsI GOPMOI M TOKOM IJIa3Mbl B TAKOM cllydae
ABTOMATHYECKH HAXOIUT KOMIIPOMHMCC JUIS YKa3aHHOTO MPOTHBOpE-
4y, HO C 3aMETHOW TOTepei KadecTBa YIpaBIICHUS sl 00enx
3aad.

Hnst  ynydmieHuss KadecTBa pPa0OTBl CHUCTEMBI MarHUTHOTO
YIpaBIeHUs IJ1a3MOM MOXKHO BOCIOJIB30BaThCS TeM (haKTOM, UTO
OCHOBHBIMHU TIapaMeTpaMHu O€30ITaCHOCTH SIBIISIFOTCSI 3a30PBI MEXKIY
BHYTpEHHEHW CTEHKOM Kamephl W MOBEPXHOCTHIO IIa3Mbl (cemapar-
pucoii). [Ima3ma He AOKHA KacaTbcs KaMepbl, HHa4Ye 3TO MPUBEIET
K €€ pa3pylIeHUIo, 3TOMY, B IEPBYIO OdYepeib, CIY)XHT 3agada
ynpasneHus popmoii mia3mel. Eciin nanHoe TpeOoBaHHE BBIMOJHS-
€Tcs, TO KOHTYp CTabWIM3aliii BEPTUKAJIBHOTO TOJIOKEHHUS MOXKHO
WCTIONIE30BATh JIJIs1 O0ECTIeUeHHsI TOJIBKO YCTOHYHBOCTH, HEB3HUpas Ha
KauecTBO ympaBieHMs. Takke B 3TOM Cllydyae HE MMEET 3HAYCHMS
BEJIMYMHA OTKJIOHEHHS BEPTUKAJIBHOTO TIOJIOXKEHHS OT CIIeHapHs,
MHOTOMEpHBIA KOHTYp, MOJIepKUBasi TpeOyeMble mapameTpsl ¢op-
MBI, OOECIeYUT HEOOXOAMMYI0 MAarHMTHYIO KOH(UIYpaLuio, IO-
CKOJIBKY OHU CBSI3aHBI.

Ha ocHOBaHMM BBIIEU3NIOKEHHOTO TPEIJIaraeTcsl CIeayromas
CX€Ma CHHTE3a CUCTEMBI MarHUTHOT'O YIIPABJICHUS TJIa3MOI:

1) CuHTe3upoBaTh CKAIAPHBIA PETyJSATOp ISl CUCTEMbI CTaOWIIHU-
3alliyd BEPTUKAJIBHOTO TOJOXKEHHUS IUIa3Mbl OKOJIO 3aJaHHOTO
3HaueHus. Takoi moaxon [1] obecmeuuT CTPOro yCTOMUMBYIO
3aMKHYTYIO CHUCTEMY C OJHHM JIMIIb KOHTYpPOM BEPTHUKAJIbHOU
cTaOuI3aIim.

XI BCEPOCCUMCKA S LIIKOJIA-KOH®EPEHIIUS MOJIOJIBIX YUEHBIX
“YIIPABJIEHME BOJIbIIMMU CUCTEMAMMW”



1061

2) s cTaOunIM3HpOBAaHHOM IO BEPTHKAIM IUIA3MBI CHHTE3UPO-
BaTh MHOT'OMEPHYIO CUCTEMY YHPABIECHUSI (OPMOI U TOKOM IS
MUHUMM3AIUN OTKJIOHEHUsS] pealbHbIX BBIXOJHBIX MapaMeTpoB
OT UX CLEHapHBIX 3HAYECHHUH.

3) B nonyueHHOW IBYXKOHTYPHOH CHCTEME yIPaBJICHHs CHHTE3H-
pOBaTh AJITOPUTM BBIYMCICHHUS 3HAYEHUs] TPeOyeMOro BEpTH-
KaJIbHOTO IMOJIOXKEHUS 110 mapaMeTpam (HOpMBbI M TOKA TIA3MBI.

4. Cucmema Ma2HUMHOR20 yripaeJsieHus nia3mMoul e
UTIP

4.1. CUHTE3 JlJIA UTOP

st obnerueHus 3a1auy CHHTE3a MMPOU3BOUTCS €€ JeKOMIIO3HU-
nus Ha nBe 3amauu. CHauyana BBHUIY HQJIMYMS B MOJAETH OOBEKTa
WHTETPUPYIOIINX 3BEHBEB, COOTBETCTBYIOIIUX CBEPXIPOBOASIIIM
KaTylIKaM yIpaBlieHHs, HCXOJAHAs MHOTOMEpHasi MOJIEb KOPPEKTH-
pyeTcst myTeM BBEICHUS B MEAJICHHOM KOHTYpEe OTPHLATEIbHON
MHOI'OMEpPHOW OOpaTHOM CBsI3M MO TOKaM B KaTymkax. i cuHTes3a
MaTpHUIBl OOpaTHOW CBS3M HCHONB3YETCS METOJ JWHAMUYECKOM
pa3BsA3KM KaHaIOB ynpasieHus [9]. MHoromepHas MOAEb, OT BXO-
noB Bempsimuteneil dUycrer € RY 5o BBIXOMOB — BapHanuil 3Haue-
HUH TOKOB B KaTymkax ole € R™ pexymmpyercst 1o 11°° mopsixa.
Kemaemas marpuma A; 3aMKHYTOHl CHUCTEMBI C pPeIyLHPOBAHHON

MOJIENIBIO ToNaraercs auaroHansuoit A, = A =diag(-1, ..., —1). U3
ypaBHEHHsI 3AMKHYTOM CUCTEMBI CIIEYET:
dx ~ PO
@ la P B(r—Kpdlau), _ A =A-BKC=A,
__B-IA L AVARAL
Sy = Cx, K =-B7(A=A)C,

r7e I' — 3ajaromiee BO3IEHCTBHIE 110 TOKaM B 0OMOTKax yrpasJie-
Husa. s momydeHHOW cucTeMbl (3) CHHTE3UPYETCS PErysaTop
CKaJSIPHOTO KOHTypa CTaOWIM3allud BEPTHKAILHOTO ITOJIOKEHUS
IJ1a3Mbl OKOJIO 33/JaHHOTO 3HAYEHHUS METOJIOM POOACTHOTO CHHTE3a
Ha OCHOBE HOPMaJIM30BaHHOW B3aMMHO MPOCTOo (hakTopusanuu [13],
[14]. 13BecTHO, YTO pa3MEpHOCTh POOACTHOTO PETYNISATOPA 3aBHCUT
OT Pa3MEPHOCTH MCXOJHOW MOJETU OOBEKTa YIPaBJICHUS, TOITOMY
mozenb 127°° mopsiaka ot Bxoma ObicTporo Beipsmurelisi oUysper
JI0 BBIXOJ/Ia — BapHallMd BEPTUKAIBLHOTO IMOJIOKEHUS 0Z, UCIIOIb3ye-
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Mast JUIsl CHHTE3a, peaynupyercs 1o 4°° mopsiaka. Perymstop Kys(s),
cuHTe3npoBaHHbli ¢ Becamu Wy(S) = 2-107/s, W, = 1 B paciuupenHoii
moenn 00bekTa G(S) = W1(S)Go(S)W2(S), tme Go(S) — mepenarounast
(GYHKIMS HCXOHOM MOJEH, obecrieunBaeT TpebyeMoe Bpemst mepe-
XOgHOTO Tporecca 1 ¢ u pobacTHBIA 3amac yCTONYMBOCTH
& =0,1033, yT0 MO’>KHO CUHTATH MMPUEMIICMBIM.

JInst cpaBHEHHsI TOJYYEHHON CHCTEMbI CTaOMIIM3AIMH BEPTH-
KaJIbHOTO MOJIOKEHHUS TUIA3Mbl C CHCTEMOM CTAOWITH3AIUK €€ CKOPO-
CTH Ha pHC. 4 MOKa3aHbl HX MOJIIOCA B OKPECTHOCTH MHUMOM OCH.

a0

Im 0O

MM K

a0

Re
a)

50l

Re
6)

Puc. 4. Hynu u nontoca cucmem cmabuiuzayuu 6epmuKaibHO20
nonoscenust (@) u cmabunuzayuu eepmukaibHou ckopocmu (6)
naasmot 8 UTOP. B ciyuae (6) Ha ocu ecmb 00uH MHUMBbLI HOTIOC

W3 puc. 4 BuaHO, 4TO B cUCTEME CTAOMIHM3AINH BEPTUKAIHLHOTO
TIOJIO’KEHUS TIa3MBbl HET TMOJIIOCOB B MPABOW IMOMYIJIOCKOCTH KOM-
IJICKCHOW IUIOCKOCTH M, B OTJIMYME OT CHUCTEMbI CTaOMIH3AI[UH
BEPTUKAJIILHON CKOPOCTH, HET MOJIOCOB HA MHUMOM OCH — IOJyY€H-
Hasl CCTeMa cmpo20 yCTONINBaA.

st cuHTEe3a pPerynaTopa B MHOTOMEPHOM CHCTEME YITPaBICHIS
¢dopmoit u TokoM mmasMel Kyvo(S) Takxke HMCIIOIB3YeTCST METO.
HOPMaJIM30BaHHOW B3aMMHO TIpOCTON (hakropuszanuu. Mojenb
oObekTa yrnpasiaenus 193°° mopsiaka ot Bxoja 3aMKHYTOrO KOHTypa
xoppekmmn TokoB ' € R™ 10 BBIX0/10B — Bapmammii 3a30pos dg € R® u
BapUalMK TOKA ILIa3Msl dly pexymupyercs 1o 50°° mopsiaka. Beixon
BapHAIMK TOKA TUIAa3MbI Maciirabupyercst ¢ kosddummentom 10°,
Perynsitop MHOrOMEpHOTO KOHTYpPa, CHHTE3UPOBAHHBINA C BECOBBIMH
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dysxmmamu Wi(s) = 10%s-1”7, W, = 1™, obecneunsaer 3amac poba-
cTHOM yctoiunBocty ¢ = 0,2575.
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Puc. 5. Bapuayuu 3a30po8 npu «Maiom cpvigey u cmaduiu3ayuu
B8EPMUKATILHO20 NOJIONCEHUST 0K0N0 HYAs 6 UTOP

Kak BusHO U3 mpencTaBIeHHBIX HA pHUC. S5 TpaduKoB BapHaluii
3a30pOB NPU BO3MYIICHHH THIIA «MaJblii CPBIB» Ha KBa3HCTALMO-
HapHOU (ase pa3psia, cucTeMa yrnpasiieHHss OPMOI ¥ TOKOM TLIa3-
MBI HE YAOBJIETBOPSET TPEOOBAHHUSAM KauecTBa — BapHallMU 3a30pOB
JOCTATOYHO BEJHKH (6 €M), N HAOIFOAFOTCS CUIIBHBIE OCIIMILISIINY.
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Puc. 6. Cxema cunmeszuposanHoii cucmemvbl MAZHUMHO20 YNpaesiie-
Hus naasmou 6 UTOP
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Jns ymydieHus KadecTBa pabOThl CHCTEMBI yIIpaBieHus ¢Gop-
MOW M TOKOM IUIa3Mbl B KOHTYpP CTaOMIM3allMM BEPTUKAIHHOTO
MOJIOKEHHUS TIIa3Mbl BBOJMTHCS YCTaBKa O0Zggr, BBIYHMCISIEMasl JAWC-
KPETHBIM DPETYJIATOPOM C MporHozupytouieir moaensio (PIIM) [18]
110 HGOpMaNHH 00 OTKIIOHCHHSIX 3a30POB:

(4) AZgee (n) =K% (N) + K 6Zger (N-1),

rae N — Homep Tekyiero Takta, AZger(N) = 0Zger(n) — 0Zger(n — 1) —
HW3MEHEHUE YCTaBKM Ha TEKYIIEM TakTe, Xy — BEKTOpP COCTOSHHS
JTUHEWHON MosienH 00beKTa.

Ha puc. 6 mpuBeneHa cxema CHHTE3MPOBAHHON CHUCTEMBI Mar-
HUTHOTO yrpaBieHus miazmoit B UTOP.

4.2. PE3VJIBTATH] YUCJIEHHOI'O MOIEJIUPOBAHUA JJIA
HUTOP

Ha puc. 7 — 9 nmpuBeneHbI pe3yabTaThl YUCICHHOTO MOAEIUPO-
BaHMsI CHHTE3UPOBAHHOM CHUCTEMBl MArHUTHOTO YIIPABJICHUS ILIa3-
Mot B UTOP mpu nelicTBUM BO3MYIIEHHUS THUIA «MaJIbIi CPBIB» Ha
JIMHEHHON MOJICIH TIa3MBI.

Ha puc. 10 — 13 npuBeneHsl pe3yabTaThl YUCICHHOTO MOJIEITH-
pOBaHUS CHUHTE3MPOBAHHON CHCTEMBI MAarHUTHOTO YIPaBICHUS
miazmoir B UTOP nHa mmasmo-pusnueckom xome JMHA ¢ Touknm
paspana 56,25 ¢ no 107 c.

0012

0014 i I i i I i i i I
o

Puc. 7. Bapuayus sepmuxanibH020 NOIONCEHUS NAAZMbL
Ha auneunou mooenu UTOP
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Puc. 10. Bepmuxanvhoe nonodcenue niaszmvl U €20 CYeHapuil
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Puc. 12. Bapuayuu 3a30pog
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5. Cucmema MacHUMHOR20 yripaeJsieHusi njiasmol e
mokamake «lnobyc-M»

5.1. CHHTE3 JlVIA «I 7IOBY C-M»

JluneliHble MOJIENH TUIa3MBI B ycTaHoBKe «l700yc-M» aHaio-
rudbl (2) [16], HO B HHX OTCYTCTBYET COCTABISIOIIAS MOJICIH
BO3MYIIIEHUS THIIA «MaJIbIi CPBIBY.

Perynsarop B KoHType cTaOMIM3aluy BEPTUKAIBHOTO ITOJIOXKE-
Hus mnasMbl B «[moOyc-M» Takke CHHTE3UpyeTcs METOIOM Ha
OCHOBE HOPMAIHM30BaHHOW B3aWMHO TPOCTOH (hakropmzamuu. Mo-
nenb 00bekTa 75°° mopsaKa Uil BEPTHKAIBLHOTO TOJOXKEHHUS I1J1a3-
MBI, OT BXojAa UHBEpTOpa ToKa Uprcrer /0 BBIXOJA — BapHallUH
BEPTUKAIBHOTO TOJIOKEHUs 6Z, MacmTabupyeTcst ¢ Kodpuimenra-
mu 2 1o Bxoay u 0,01 mo Beixoay. Perynstop BepTukansHoi cTabu-
muzain Kys(S) momyuen peaykimeit 1o 3°° mopsijika U3 peryisropa
MTOJTHOW pa3MEpPHOCTH, CHHTE3UPOBAHHOTO C BECOBBIMH (DYHKIIHSAMHU
Wi(s) = (0.250s + 250)/s, W, = 1. On obecrieunBaeT BpeMsi IIEpeXo/i-
HOTO TIporiecca 5 Mc B poOacTHBII 3anac ycroiunBoctu ¢ = 0,2788.

o cunTtesa perynstopa ynpasieHus (HOpPMOI U TOKOM TUIa3Mbl
O00BEKT, ¢ 3aMKHYTHIMH KOHTYPaMH BEPTHUKAIbHOW M TOPH3OHTANIb-
HOM CTaOMIM3alMK, OXBaThIBACTCA 6 KOHTYpaMH YIpaBICHHS
BapHalMsSIMHA TOKOB B KaTYIIKaX MOJOUAAIBLHOIO OIS dlprgcs € RS,
s xaxxnmoro koHTypa HactpauBaercs [1/[-perynarop cormacoBaHHO
C PEerynsiTopaMH COCEIHHX KOHTYpOB. J[is 3TOrO uCHOIB3yeTcs
npoueaypa UTEpPaTUBHOW TMOcCieAoBaTeNbHOM HacTtpoiku. [IJ1-
PETYISATOPHI MOIKIIOYAIOTCA K BXOAaM BbINPAMUTE/EN, TUTAOIUX
KaTYLIKU M0JIOUANbHbIX MOJIEH.

Perynsitop ynpasienust popmoit U TokoM tiazmbl Kyvo(S) Tak
e BBIMOJHACT (PYHKIIUIO pacyeTa YCTaBKH BapUalliy BEpTHKAIHHO-
ro nojoxeHus. [yig ero cuHTe3a HMCHOJB3YETCSI MOJENb OT BXOJa
YCTaBKM BapHaLMM BEPTUKAIBHOTO TIOJNOXKEHHSI OZggr U BXOJ0B
KOHTYPOB yIpaBJieHUsI TOKAMH B KaTyIIKax /0 BbIXOJOB — Ba-
pHanui 3a30poB dg € R® u Bapuamuu ToKa IUIa3MBbI Olpia. JanHas
MOJIeJIb MacIITabUpyeTcs MO BXOAY YCTaBKH C KO3(PQHIMECHTOM
0,01, mo BXogaM KOHTYPOB yIpaBjiICHHUS TOKaMHU ¢ KOG HUIIMCHTaAMU
10 xaxmpIi, IO BBIXOMY BapHamuu Toka 1ura3mel — 500 ¥ 10 BBIXO-
naM Bapuanuii 3a3opoB — 0,001 kaxxapIi.
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[ns cuHTE3a METOIOM Ha OCHOBE HOPMAJIM30BAHHOM B3aUMHO
MPOCTOW  (paKTOPHU3AIMK  HCIONB3YIOTCA  BECOBble  (DYHKIIHH
WlZREF(S) = 1/(0055 + 1), W1|RE|:(S) = (015 + 100)/5, Wz = 1, obecrre-
YHBAIOIIKE 3amac podacTHOW ycroitumBocTH € = 0,522 u oTpaboTKy
BO3MYLIEHUS 110 BEPTUKAIIBHOMY ITOJIOXKEHUIO B 1 cM 3a 5 Mc.

Ha puc. 14 npuBenena cxemMa CHHTE3HMPOBAHHOW CHCTEMBI Mar-
HUTHOTO yIPaBJICHUS TUIa3MOl B TokaMake «['1modyc-My.

':";'l.'-'rr
f .
1 Kisls) [ e
. . r i
Uiwcmis Hueeprop | L i
TiFKdl
IInaswma ¢
Ll ECHTYDOM
TOpPHICHTANEHOI
1T . CTA0HITHIAMHH
[ e H-IJII'PH WETE gy
¥ 'l PETYARTOPS ET
#fpracs
s
KA s) | s

Puc. 14. Cxema cucmemvl MacHumHo20 ynpasneHus niasmou
6 moxamaxe «I nooyc-My

5.2. PE3VJIBTATbI YUCJIIEHHOI'O MO/EJIMPOBAHUA JIJIA
«IJIOBYC-M»

Ha puc. 15 — 17 npuBeneHs! pe3yabTaThl YUCIEHHOTO MOJIENH-
pOBaHUS CHUHTE3MPOBAHHON CUCTEMBI MArHUTHOTO YIPaBICHUS
mia3Moi B Tokamake «I'moOyc-M» mpu AefcTBUH BO3MYIIEHHS IO
BEPTUKAJIBHOMY MOJOKEHUIO TUIa3Mbl B | CM € yd4eTOM MOJHOHN
HEJIMHEHHOW MOJENH HWHBEPTOpPa TOKA B KOHTYypEe CTaOMIM3aluu
BEPTHUKAJIBHOTO MOJI0XKeHus [5].
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Puc. 17. Bapuayus moka niazmvl moxkamaxe 6 «I nooyc-My
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6. 3aknroyeHue

Hua TokamakoB «I'mobGyc-M» m UTOP cunTe3npoBaHbI cucTe-
MBI MarHUTHOTO YTIPaBJIEHUS IJIa3MOH C MPUMEHEHHEM MOACTPONKH
BEPTUKAIBHOIO TOJIOKEHUSI MarHUTHOM ocu Iia3Mbl. s cuHTE3a
PEryiasTOpOB IAaHHBIX CHCTEM HCIIOJIB30BaH METOJ pPoOacTHOTrO
CHHTE€3a Ha OCHOBE HOPMAJIM30BAaHHOI B3aMMHO NPOCTOH (haKTOpH-
3anuu [13], [14].

UuncieHHBIM MOJEIUPOBAHUEM CHHTE3WPOBAHHBIX CHUCTEM IIO-
KazaHa WX PabOTOCIIOCOOHOCTh, YTO MOATBEPKIAET BO3MOXKHOCTH
WCTIONIb30BAHUS ISl CHHTE3a MPeI0KEHHOTO MOAX0/1a C MOJICTPOM-
KOW BEPTUKAIILHOT'O NIOJIOKEHHUSI MATHUTHOM OCH.

[Ipu monenupoBanuu mnasmeHHoro paspsga B UTOP Ha koge
JUHA napameTrpsl QOpMbI M TOKa IUIa3Mbl IMOJAECPKUBAIOTCSA C
JIOCTaTOYHOW TOYHOCTBIO TPU TOM, YTO CHTHAl BEPTUKAJIBHOTO
MOJIOXKEHHUS IUIa3Mbl 3aMETHO OTKJIOHEH OT CLEHApPHOIO 3HAYCHHS
13-3a BBEIEHHS JOIOJHHUTEIBHOW aBTOMATHYECKH HAacTpanBaeMOM
ycraBku. M3 cpaBHeHus puc. 5 u 8 BWAHO, YTO HCIOJIBH30BAHUE
MOJICTPOUKH BEPTHKAJIBHOIO IOJIOKEHMS IUIa3Mbl YMEHBILIAET Mak-
CUMaJbHOE OTKJIOHEHHE Bapuauuil 3a30poB ¢ 6 ¢cM 10 3,5 cM, U
WCKITIOYAeT OCUMIIIALINH.

UncneHHBIM MOJIEIMPOBAHNEM CHUCTEMBI MarHUTHOTO yIpaBJe-
HUS T1a3MOH B TokaMake «['mo0yc-My, ¢ y4eToM IMOHOW HelnnHeH-
HOM MOJIeNT MCTIOTHUTEIBHOI'O YCTPOMCTBAa UMITYJIBCHOTO IEHCTBUS,
MOKa3aHo, YTO OHa oOecreuynBaeT TpedyeMoe KauyecTBO YIPaBICHUS.
[Ipu oTpaboTKe BO3ZMYIIEHHUS IO BEPTUKATEHOMY MOJIOXKEHHUIO B 1 cM
JUINTENBHOCTh MPOIIECcCa COCTaBIsIET 5 MC, 1 MaKCHUMaJbHOE 3Haye-
HHE OTKJIOHEHHUH Bapualuii 3a30pOB COCTABISAET 5 CM.
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SYNTHESIS AND MODELING OF PLASMA MAGNETIC
CONTROL SYSTEMS WITH TUNING OF MAGNETIC AXIS
VERTICAL POSITION

Nikolay Kartsev, V.A. Trapeznikov Institute of Control Sciences of
RAS, Moscow, senior mathematician (n.kartsev@ya.ru).

Abstract: The paper reports the results of synthesis and modeling of
tokamak plasma magnetic control systems. The original approach
for solving internal contradictions in these systems is used. The
ITER (Cadarache, France) and “Globus-M” (loffe Physical-
Technical Institute of RAS, St. Petersburg, Russia) tokamaks are
considered. The goal of this study is to research capabilities to use
our approach for magnetic control systems synthesis for tokamaks of
different kinds.
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