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PA3SPABOTKA N MOOENIMPOBAHUE POBACTHOM
H. CACTEMBbI YINPABJIEHUA MONOXEHUEM
MNIA3Mbl B TOKAMAKE NobyC-M

1
ITaBJsioBa E.A.
(Mockosckuti cocyoapemeentulil yHugepcumen
um. M.B. Jlomonocosa, gpuzuueckuii paxynvmem)

Paccmompen éonpoc paszpabomku u MoOe1upo8anusi MAZHUMHOT
cucmemvl YpaeieHus 8ePMUKAIbHbIM U 20PU3OHMAIbHLIM NOJLO-
gicenuem naasmol ¢ moxamare I nooyc-M (OTH um. A.@. Hogge, e.
Canxm-Ilemepoype) ¢ H_ -pecynsmopamu. Ilpoananuzuposana

MEMOOOM MAMEMAMUYECKO20 MOOTUPOSAHUSL CUCeMA Ynpagie-
HUS NOJIOJICEHUEM NAA3MbL OISl IUHEUHOU U NOJIHOU MOOEU HeluHell-
HO20 UCHOJIHUMENbHO20 YCMPOUCMEA — UHBEPMOPA MOKA 6 A8MO-
KOJIebamebHOM pedicume.

KitoueBsie crmoBa: mia3ma, TOKamak, oOpaTHas cBsi3b, H_ -

©

poOacTHas cucTemMa yIpaBJICHHsI, HHBEPTOP TOKa.
1. BeedeHue

Jus obecnieuenust pabotocnocobHocTn TokaMaka [1mobyc-M B
TEYCHUE TUIA3MEHHOTO pa3psia HeoOXOAMMa CHCTEMBI YIPaBICHUS
JUISL TIOJIABJICHUS] BEPTHUKAIBHON HEYCTOMYMBOCTH TUIa3Mbl U CcTabu-
JHM3aliK €€ TOPU30HTAIBHOTO TOJIokKeHus. [loaBeHne BepTHKAIb-
HOW HEYCTOHYMBOCTH OCYIIECTBIISIETCS C MOMOIIBIO KaTyIIeK TOpH-
sonTtanbHoro nojst — HFC (Horizontal Field Coil), a crabunu3zanus
TOPH30HTAJIBHOTO TIOJOKEHHS C MMOMOIIBIO KaTylIeK BEPTUKAIBHOTO
noins — VFC (Vertical Field Coil). Tok B oOmMoTkax ynpasienust HFC
u VFC perynupyercsi ¢ MOMOIIBIO CUCTEMBI CTaOMIIN3aLUH TTOJI0XKe-
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HUS TDTa3MBI ¢ 00paTHOM CBsI3bI0, pa3paboTaHHON ¢ oMomipio H -

TEOPUHU CHHTE3a pOOACTHBIX PEryIsAaTOpoB. Pa3zpaboTaHHbIE CHCTEMBI
yIOpaBjieHus  IUIa3MOHM  MOJEIMPOBAINCH B MPOTPAMMHO-
BeIuncIuTensHOM cpene MATLAB/Simulink.

2. O6Bexkm ynpaesieHus!

OOBexTOM ympaBieHHs B JaHHOW paboTe CIYXHT Iia3Ma B TO-
kamake [nmobyc-M (puc.l) [3]. Tmobyc-M mnpencrasiser coboi
cepryeckuii TOKaMak, AMEIOIUI CIIeIyIole OCHOBHBIE TTapaMeT-
pbl: 6onbiioi pagnyc R=0,36 M, mansiii pagunyc a=0,24 M, acnekt-
Hoe oTHomenne A=R/a=1,5, makcumanbuslil Tok mw1aszmsl 1,=0,5 MA.

HFC1

HEC2

2650

Puc. 1. Ilonepeunoe ceuenue moxamaxa I nooyc-M

MarnuTtHas cucTemMa MoJIonAaIbHOro 1Mol B Tokamake [ oGyc-
M cocrout u3 JieBATH Tap 0OMOTOK. Bece oHM MOTYT OBITH pa3OHTHI
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Ha TPHU TPYMIBI: KATYIIKH KOMIICHCAIIMH PACCESHHOTO IOJs IIeH-
tpamsHOro conenonga (CC), «vemmennsie» (PF) oOMoTkM momon-
JanbHOrO MAarHUTHOTO TOJA, NMpeJHa3HAaYCHHBIC Ui YIpaBICHUS
bopmoii mnasmMeHHoro mHypa, u «osictpeiey (VFC, HFC) oOmMoTkH
YIpaBJICHHUS TOPH30HTAIBHBIM U BEPTUKAJIBHBIM MOJOKEHUEM TLIA3-
MBI COOTBETCTBEHHO [3].

st nmutanns 0OMOTOK TOKaMaka MCIOIb3YIOTCS HiecTU(a3HbIe
TUPUCTOPHBIC BBHIIPSIMUTEIH W OBICTPbIC MHBEPTOPHI TOKA C 4aCTO-
toii 10 3 kI'1t [1]. icnonHUTENbHBIC YCTPOMCTBA B BUIE HHBEPTOPOB
TOKa BMECTE C IJIa3MOH B TOKaMaKe W PErylsiTOPaMH OXBauCHBI
00paTHOHM CBsI3bIO, YTO TO3BOJISIET MOANCPIKUBATH 3aJaHHOE IIOJIO-
KCHHUE TIa3MBbl.

3. MazHumHas AuacHocmukKa nosIoXKeHus nia3mbi

st u3MepeHns UCIOJIb3yEMBIX IIPU IPOEKTHPOBAHUU CHCTEMBL
YIpaBIeHUS BBIXOAOB OOBEKTa WCIIONB3YETCSl MarHUTHAs JIHArHO-
ctuka. [lig pemieHWs 3amadyd yNpaBICHHUS IOJOKEHHUEM IIIa3MBbI
HEO00X0IUMO M3MEPATh BEPTUKAIBHOE W TOPU30HTAILHOE CMEIICHHE
IJ1a3MbI OTHOCHTEIHHO 33JaHHBIX 3HAYCHUH.

BeprukanpHOoe cMelieHre ITUTa3MEHHOTO ITHYpa OTHOCHUTEIEHO
MOJIOKEHUSI MarHUTHOH OCH B TOokamake I7100yc-M, ompenensercs
creayromuM obpasom [2]:

A, Ay + Ay - AB,
AZ = I ,

p
rac Al// - H3MepﬂeMBIﬁ MAaravuTHbBIMHA IICTIISAMUA pa,[[HaJ'ILHLIfI Mmar-

HUTHBIN NOTOK, AB, — pa3HOCTb 3Ha4YE€HUI paJUaIbHOIO MATHUTHO-
ro nossi, A, u Ag— pasMEpHbIE YUCIICHHBIE KOO(QUIMEHTBI, Onpe-

JieJIieMble C TIOMOIIBIO PEKOHCTPYKIIMH PAaBHOBECHS TIIa3MBl.
I'opuzoHTaBHOE MOJIOXKEHNE — OOJIBIION pagnyc reoMeTpuye-
CKOT0 LIEHTpa TMOCJEeIHEH 3aMKHYTOM MarHWTHOH IOBEPXHOCTU

BEIUYUCIIIETCA TaK.
Ay
=R, + ,
° 61//% _ 8!///
oR oR
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rae R, — paamyc nieHTpa BaKyyMHOM KaMepbl, Ay — IOJIONJAIbHBIA
MAaTrHUTHBINA NOTOK, MU3MEPSAEMbIN CEJIOBUIHON MeTIeH,

a%R =—-27RB, — rpaaiMeHT MarHUTHOrO IOTOKA, H3MepseMbIi

MarHUTHBIMH 30HIamMH [2].
4. JluHeliHasst Modesib nia3mMbl 8 MOKaMaKe

JluneliHass Monenb Tuia3Mbl [5], MACCHBHBIX W YNPABISIOUIMX
CTPYKTYp B Tokamake ['7100yc-M mMeeT B JTHHEHHOW cTaluoHap-
HOH CUCTEMBI YPaBHEHUI B IPOCTPAHCTBE COCTOSHUMN:

X=Ax+Bu, y=Cx+Du,
rae Azss, Brsg, Cags, D=048¢ — MaTpunbl Momenu. BekTop
BBIXOJHBIX CUTHAJIOB!
y=[6Z 6R 61, Sl Slye Sles Sl Slee 89 SF 1,

rae 6Z, R — cMelleHus IuIasMbl 10 TOPU3OHTAIM U 110 BEp-
THKaIH, &, — MpUpaIIeHHe TOKA MIa3Mbl, Slyec, Olyec, Ol

Sloe, Ol — mpupamenus tokos B HFC, VFC, CS, PF, CC
COOTBETCTBEHHO, & — CMEIIEHHsS LIECTH 3a30pPOB MEXKIY

cernapaTpHUCOi U NepBOH CTEHKOH, OF — MPHUpAIICHHS TOTOKOB
HAa METJISIX U B JICCATH TOYKaX. BEKTOp BXOHBIX BO3CHCTBUI:
U=[6Uye Uye Ug 0Upe Ug ]Tv rae oUgyec, OUyec,
0U., O0U,., OU.. npupamenus nHanpspkennii 8 HFC, VFC,
CS, PF, CC cooTBeTCTBEHHO.

KoMMOHEHTHI BEKTOpa COCTOSHUSL X MPEACTaBISIOT cOOO0M
MpUpAIICHUs] TOKOB B IMACCHUBHBIX CTPYKTypaX M aKTHBHBIX
00MOTKaX.

5. Cmpykmypa cucmembl yrnpaesieHusi

st perenust 3a1a9u CTaOMIM3alUN TTOJIOKEHHSI TITIa3MBI B TO-
kamake [moOyc-M Oblla CHHTE3MpOBaHA JBYXKOHTYpHas CHCTEMa
VIPaBICHUS BEPTHUKAIBHBIM Z U TOPU30HTAIBHBIM R MMOJI0KEHUEM
m1a3mel (puc.2).
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Ee Z- 1 Current
s controller invertor
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i.

Puc. 2. Cmpyxkmypuas cxema 08yXKOHMYPHOU CUCMeEMbl YAPABIEHUSA
nosnodiceHuem niazmul 8 moxamaxe I’ nooyc-M

IIpu cuHTE3€E PErysaTOpOoB MpUMeEHsUIcs MeTon H_ -Teopuu om-

tumusaiui  [4]. JlaHHBIH METOX OCHOBaH Ha B3aMMHO-IIPOCTOMN
¢dakTopu3alMu  TepeAaTOYHON  QYHKUMM  Mojend  00BeKTa
G=M"N. Jlns cuHTe3a ONTUMAIBLHOTO PETYJIATOPA HEOOXOIHMO
onpenenuts BecoBsie GyHkiuu W, , W, , mo3Bossonme 00ecrnednTsb

YCTOWYMBOCTh 3aMKHYTOW CHCTEMBI yrpaBieHus. llpu cuHTe3e
PETYNATOPOB OBUIM JOCTUTHYTHI CIEQYIONIME 3amackl poOacTHOM
YCTONYUBOCTH:

e perymatop K, A1 Mozenu B MOMeHT paspsana 180 mc: pery-

asTop 1o Z (mopsnok peryisitopa 3) &, = 0,197; perymsitop mno
R (mopsimok perymsitopa 3) &, =0,243;

e perymsatop K, 21 Momenu B MOMeHT paspsiga 190 mc: pery-
asTop 1o Z (mopsok peryinsitopa 5) g,, = 0,226; perymstop 1o
R (nmopsnok perymsitopa 3) &5,=0,243.
3nech ||AN AM”C,; <& sBujgerca H_ -HOopMoOll mapel Heompene-

JIEHHBIX YCTOMYMBBIX IEPENaTOYHbIX QYHKIMHA A, , A,, B COMHO-
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KUTENAX  (aKTOPHM3AalUH  BO3MYIIECHHOM  Momenn  0OBeKTa
-1
G, =(M+A,) (N+Ay) [4]
Cunres PEryjsaiTopa OCYICCTBIIAICA IJIA ﬂHHeapH3OBaHHOﬁ MO-

JIeNTU TUIa3Mbl B TOUYKE BHIOPAHHOTO paspsaa, cooTBeTcTBYyIommel 180
Mc u 190 mc. Ilockompky H_ -Teopuss ONTHUMH3AIMH TO3BOJSET

CUHTE3UPOBATh PETYJISATOPHI ¢ OOJBIINM 3aI1acoM POOACTHOM yCTOM-
YUBOCTH, B Touke 180 MC OBUI CHHTE3MpOBAH PETYISITOpP, KOTOPBIHA
COXpaHsIET CBOIO pabOTOCIIOCOOHOCTE B TOuke 190 Mc, aHaJOTHIHO B
Touke 190 MC OBLI CHHTE3UPOBaH PEryJISATOP, KOTOPBIA COXpaHSET
CBOIO pabOTOCIIOCOOHOCTH B Touke 180 Mc.

6. Pe3ynbmamsbl YUC/IeHHO20 3KCriepuMeHma

[Ipu yKMcIeHHOM BKCIIEPUMEHTE Ha BXOJ MOJIEJIN CHCTEMBI T10-
JaBAINCh 3aJarollie BO3ACHCTBUSA I TOPU3OHTAIBHOTO U BEpPTU-
KanpHOro cMmentenus mwiasmel Zref = 5 mm, Rref = 5 mm. Bruto npo-
BEJIEHO MOJENMpOBaHHEe PabOThl CHCTEMBI C JIMHEWHOW M IMOIHOW
HEJIMHEHHON MOJIENbI0 MHBEPTOpPA TOKA. Pe3ynpTaThl MOJENMpPOBa-
HUS MO3BOJISAIOT CIENaTh BBIBOJ O XOPOIIEM COOTBETCTBUHU IpOLIEC-
COB YIPABJICHUS C JIMHEWHONM U MOJHON MOZENISMH BBIIPSIMUTEIS
(puc. 3-6). Taxxe pe3yabTaThbl YHCICHHOTO MOJICIHPOBAHUS CBHUJIC-
TENBCTBYIOT O BBICOKOH CTEMEeHU poOACTHOCTH PEryNSATOPOB CHUHTE-
3UPOBAaHHBIX B TOUYKax cueHapus cooTBeTcTByommx 180 n 190 mc.
Ilocne BO3MyILIEHHS CHUTHAJIbl BEPTUKAIBHOTO M TOPU30HTAIBHOTO
CMEIIIEHHUS COLUTUCH K COOTBETCTBYIOIINM 33al0IIMM BO3AEHCTBUAM
C IPAaKTUYECKU PABHOM HYJIIO CTATHCTUUECKON OMMOKOM. DTO cTaio
BO3MOXHBIM Ojarojaps TOMYy, YTO CHHTE3MpOBaHHBIA H_ -

pEerynaTop MUMeeT acTaTU3M IEepBOro mnopsaka. Bpems mepexonHoro
npolecca Npu cTabUIN3alul BEPTUKAIBHOTO MOJIOKEHHSI COCTaBHIIO
1 Mc, mpu cTabWIM3alMU TOPU3OHTAIBHOIO TOJIOXKEHUS — 5 MKC.
[Ipu 3TOM MakcHMaiabHOE OTKJIOHEHHE BEPTUKAJIHHOIO M TOPU3OH-
TAJILHOT'O TOJIOKEHHUS IUIa3Mbl COCTaBHIO 5 ¢M M 4 MM COOTBETCT-
BEHHO. MaKCHUMaJIbHBIH TOK B OOMOTKE TOPH30OHTAJIBHOTO MOJIS
cocraBmwi 150 A, MakcuMallbHOE ylpaBjisitolee Hanpsbkenue — 630
B. MakcumanbHblii TOK B OOMOTKE BEPTHKAJIBHOIO IOJISI COCTABMII
450 A, makcuManbHOE yrpasistoniee HanpsokeHue — 1150 B.
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lopu3oHTanbHOe cMelyeHme

te

Mpupauyerue HanpsxeHua Ha HFC Mpupawexue HanpaxeHua Ha VFC

' te ' ' te

Tox 8 HFC Tox 8 VFC

_r/V\/\\l\/M\AMN\ANW\AN\NWVW\
R e - il

Puc. 3. Ilepexoonvle npoyeccol 6 cucmeme ¢ HeyCmMoUHUGbIM NOI0-
-1
com 795 ¢~. Momenm paspaoa 180 mc. Pecynamop K, .

BepTukansHoe cmeweHine TOPU3OHTaNLHOE CMeleHe

Zw
R

tc te

MNpupawexme Hanpsxexna Ha HFC : Npwpawenme Hanpaxerna Ha VFC

Puc. 4. Ilepexoonvle npoyeccol 6 cucmeme ¢ HeyCmMoUUUGbLIM NOI0-
com 1828 ¢*. Momenm paspsda 190 mc. Pezyismop Kigo -
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BeprukansHoe cmewenne

— noman mogens
- - nmeives wogens

te

Mpupauenme Hanproxexna va HFC

us

te

Tox 8 HFC

A
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FopusonTansHoe cumewenne

te

Mpupawerne HanpsxeHua Ha VFC

Tox s VFC

> M\z JWMWVWA/WVWM

te

A

Puc. 5. Ilepexoonvle npoyeccol 6 cucmeme ¢ HeyCmoUuUgbLM No0-
-1
com 795 ¢. Momenm paspaoa 180 mc. Pecynamop Ky, .

BepruxkansHoe cMeweHmne

—nomas wogens
- - neian woaens

te

Mpupawerme Hanpsoxerna va HFC

i

Tox 8 HFC

te

Topu3oHTansHOE CMeweHne

tec

MNpupawetne Hanpsxerna Ha VFC

Puc. 6. I[lepexoonvie npoyeccwvl 6 cucmeme ¢ HeyCmouyusbIM noJio-
com 1828 ¢*. Momenm paspsoa 190 mc. Pezyramop Ko -

7. 3aknroyeHue

CuHTe3npoBaHa JBYXKOHTYpHas poOacTHas cucTeMa yrpaslie-

HUS MTOJIOKEHUEM ITUIa3Mbl B Tokamake ['mooyc-M. [Ipumenenne H

0

-T€OpUH ONTHMH3AINK TTO3BOJIUIIO TONYYHUTH PETYIATOPHI C OOJb-
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UM 3aI1acoM POOACTHOW yCTOHYMBOCTH, YTO OBLIO ITOKa3aHO IPH
YHCIICHHOM MOJICTTUPOBaHUH.
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Abstract: The paper is devoted to design and modeling of vertical
and horizontal plasma position H_ magnetic control system in a
Globus-M tokamak (loffe Physical-Technical Institute, St. Peters-
burg). Control system of plasma for linear and full model of nonlin-
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ear actuator — current inverter in a free-running operation, was
analyzed.

Keywords: plasma, tokamak, feedback, H_ -robust control
system, current inverter.
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