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BOCCTAHOBJIEHUE PABHOBECHWS MNJTA3MbI B
TOKAMAKE METOOOM NMNoAaBWU>XHbIX
PUITAMEHTOB
IIpoxopos A. Al
(Mockosckuil 2ocyoapcmeennbiil ynugepcumem
um. M.B.Jlomonocosa, ¢pusuueckuil paxyromem, Mocksa)

Ilpeocmasnen memoo occmanosieHus pacnpeoenerus noiouddib-
HO20 MASHUMHO20 NOMOKA GHYMPU SAKYYMHOU Kamepwvl cpepuue-
cko2o mokamaxa Inobyc — M (Qusuko-mexHuueckui uUHCMUmym
um. A.@. Hogdge, o. C-llemepbype) 6 npucymcmeuu niasmvl 8
PeanbHoOM 8pemMeny NO USMEPEHUAM C MASHUMHBIX Nemelb U NosACO8
Pocoscroeo. Memoo ocnoean na annpoxcumayuu pacnpeoeneniozo
MOKA NAA3MbL CYMMOU MOKO8 om Quiamenmos (becKoHeuHo mom-
KUX KObyeaulx eumxos). Ilocmpoenst aunetinvie Mooenu 01 ynpas-
JleHus OpMot, MOKOM U NONOACEHUEeM NAa3Mbl 6 moxamaxe Io-
o6yc-M Ha ocHosanuu pazpabomannoo Kood BOCCMAHOBACHUS.
pasHogecus.

KroueBble citoBa: TOKaMak, MOJOWIAIBLHBIN MarHUTHBIN MOTOK,
¢ynkust ['puHa, BOCCTaHOBIIEHNE paBHOBECHS TUIa3Mbl, MarHUT-
HOE yTpaBJIeHHE TUTa3MOH.

1. BeedeHue

Jns ynpasneHusi nojgoxeHueM, GOpMOH U TOKOM ILIa3Mbl TO-
KaMaka, Kak MpaBUjIo, pa3padaThIBAIOTCSA U UCCIEAYIOTCS CUCTEMBI C
0o0paTHOH CBsI3bI0 Ha JMHEWHBIX Mojensx [1, 7], momydeHHBIX mmo-
CPEICTBOM JIMHEApU3alMK IJIa3MO-(QHU3HMYECKHX KOAOB, HAlpUMeEp,
DINA [3]. B aTrom cityyae npu penieHuH ypaBHEHHI PaBHOBECHS HE
peraercs 3ajaya peKOHCTPYKLIUH paBHOBECHS IUIa3MBbl [6] 1uist Toro,
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YTOOBI YIPABJIATH MOJOUATEHBIM MArHUTHBIM TIOTOKOM, CBSI3aHHBIM
C TEOMETPUYECKUMH MapaMeTpaMy TIa3Mbl MM CAMHMH T€OMETpPH-
YecKMMHU Tapamerpamu. [lyis ympaBieHUs ke (OpMOH IIa3Mbl B
peambHOM BpEMEHH HEOOXOJIUMBI aJrOPUTMBI  BOCCTAHOBIICHHSI
paBHOBECHs IO HM3MEPEHUSM BHE IUIa3MbI, YTOOBI HA WX OCHOBE
MOYKHO OBLIO TIONMYYHTH JIHHEHHBIE Mozaenu minasmbl [10], cuHTe3u-
pOBaTh MO HUM PETYISATOPHI M MPUMEHATh X B KOHTYpe OOpaTHOM
CBSI3M COBMECTHO C aJITOPUTMOM PEKOHCTPYKIIMHU paBHOBecHs [11].

2. BoccmaHoeneHue pacnpedesieHusi nosioudasbHo20
Ma2HUMHO20 MoMoKa 8Hympu Kamepbl MoKaMaka

2.1. PACIIPE/]IEJIEHHUA TOKOB U [I0OTOKOB OT
DQUIIAMEHTOB

Hns ommcanns (pU3MYECKUX TPOIECCOB B TOKAMAaKe OOBIYHO
UCIIONB3YeTCsl [MIMHAPUYEcKas cuctema koopauHat (f, ¢, Z) B
HPEANOI0KEHHH, YTO JII00ast (pU3MyecKas BETMYMHA HE 3aBUCHUT OT
yrJla @ TpH aKCHAIbHOW CHMMETpUHM ToKamaka. [l onmcaHums
SIIEKTPOMAarHUTHBIX SIBJICHUI B KamMepe TOKaMaka BBOIMTCS (DyHK-
IHs TIOJIOMAATIBHOTO TIOTOKa KaK IMOJOMIAIBHOTO MOTOKA HA OJUH

pajiiaH, NPOXOIALIEr0 Yepe3 KPyr, Ha TPAHHUIIE KOTOPOIO JIEKHUT
touka P (puc. 1):

(1) \V(P)zi [ BdS.
Ts(p)

Puc. 1. K onpedeﬂenuio NOJOUOANLHO20 NOMOKA 8 MOKAMAKe
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OcHoBHo#t uneeit metona (umamentos (anri. filament — auTs,
BOJIOCOK, BOJIOKHO) SIBJIICTCSl aIllPOKCHMAIIUsI PacIpeIesieHHOTO
TOKA IIa3Mbl CyMMOM TOKOB OT TOYEYHBIX HCTOYHHUKOB (OECKOHEYHO
TOHKHMX KOJIBIIEBBIX BHTKOB, JIEXKAIIUX B TOPU3OHTAIBHOM IIOCKO-

ctn) [2,9]:
@  3,0=315rr)

rae J, () — ToponnanbHasi IIOTHOCTh TOKA ILUIA3MBL, I' — pajuyc-
BEKTOp Ha miockocTH (I, Z), Iy — Tok B M-oM ¢uiiamenre, Iy — KOOp-
nuHata M-ro ¢umamenta, M — uucno ¢dunamenToB, o(f — ) —
JenbTa-(QyHKIUS.

B pesynbrare Takoil 3aMeHBI pacIpeiesieHUE I0JIOUAIbHOIO
MOTOKA OT IUIa3Mbl Ha MIockocTu (I, Z), MOKET OBITh HAWJEHO Kak
CyMMa pacrpeaelieH!i MOJIOUIATBHOT0 TOTOKa OT TOYEYHBIX HC-
TOYHHKOB:

@) w,()= z 1,G(r,. 1),

rae Wy (r) — pactipeneneHue monOUIaIBHOTO MOTOKA OT IUTa3MBlI, I
— ToK B M-oM ¢unamente, G(ry, ,r) — dyukius 'puna [5], sBHBIH
BHJI KOTOPO#1 IIPEJICTABIICH HIDKE!

@) G(r,n) = oty [ A-K* /DK () - E(K*) | /7K,

T (o — MarHUTHas noctosiHHast, K, E — anunTuueckne MHTErpasl

TIEpBOTO M BTOPOTo poja, Kk? = 4|’mr/((rm +1)?+(z, -2)%).
AHaJIOTMYHO BBINMCHIBAIOTCS PACIIPEACICHHS MOJIONATEHOIO

IMOTOKA, CO3aBaCMbIC KaTylIKaMHW YIIPABJICHUA W TTaCCUBHBIMU
CTPYKTYpPaMHU — 3JICMCHTaAMH1 BaKYYMHOﬁ KaMEphI:

(5) ‘Pwi.s(r)=§|.e(r.,r), m(r):vglue(rv.r),

rae |, |, — Toku B KaTymikax u 3eMeHTax Kamepsl, L — gmcio xaty-
ek, V — 9iciio 3J1eMEHTOB BaKyyMHON KaMephl.

B urore cymmapHoe pacnpeienieHue oJIoUJaJbHOro IOTOKA Ha
IOCKOCTH (I, Z) BKIIOYAEeT B ceOsI TP CYMMBEI:

6 W)= 1,660+ SIGH.N+ LG 1.
m=1 1=1 v=1
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2.2. METOJ IIO/JBM)KHBIX ®UJTIMEHTOB

Metoa (unaMeHTOB moapa3syMeBaeT OIpelesieHHE PacIoIoxKe-
HUHM (WIAMEHTOB U TOKOB, NPOTEKAIOIIMX B HHUX, TAKUM 00pa3oM,
YyTOOBI HOpMa OTKJIOHEHMS CO3JaHHOTO (hMIaMEHTaMH MarHUTHOTO
curHana (MarHWTHasE MHIYKIHS WIH MATHUTHBIA TIOTOK) U 3HAYCHHS
TOKa B (pmiIaMEHTaX OT U3MEPEHHBIX BEJINYMH ObljIa MUHIUMAIbHOM.

Ha netictByromeii ycranoBke ['moOyc-M Bo Bpemsi clieHapus
M3MEPSIOTCS] 3HaYCHUSI MarHUTHOTO NOTOKA B 21 Touke pacroioxe-
HHUSI MarHUTHBIX TIE€TENb, 3aKPEIUICHHBIX 110 MEPUMETPY BaKyyMHOM
kamepsl (puc.2). Takke BO BpeMs IIIa3MEHHOTO pa3psia Ompeaens-
IOTCSI TOK IJIa3Mbl U TOK IUIa3Mbl B CYMME C TOKOM II0 BaKyyMHOMH
Kamepe ¢ MoMOIIIbIo 1mosicoB Porosckoro [6].

—=JIumurep

B PF karyImmku
¢ Jletnu
O IleHTpanbHEI CONSHHON
1:6 7 Toukn YIpaBJIeHHA IOTOKOM
» Kamepa
grEl = PF2
14 +——™ = CCH
EE R St I HEC1
1,2 E{I a
’ A 2 , HFC2
H ? mPF3
3 Bvre 26d;
1
4 mCC3
# BVEC gpr3
A HFC2
5t
e / cc2
H “weegs® B HFCI
02 —Hw = CCl
ThE1 m PF2
0 ‘
0 0,5 1

Puc. 2. Pacnonoocenue xamyuwex noioudaibHo2o nous @ moxkamaxe
TJIOBYC-M 6 éepmuxanvrom cevenuu
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Hcxons w3 mepedncieHHbIX JTaHHBIX, COCTABIIAETCS (YHKIIHO-
Hal

F =ici[‘{’(ri)—‘{’i]2 + pl(% l, - Ip,)2 +
(7) i=1 m=1

M V
N TR 2 5 min |,
pz(2=1 m gl v~ lorew) 81, 81,,8T,

KOTOPBIA HEOOXOUMO MHHHMHU3UPOBATH 10 3HAYCHUSM KOOPIUHAT
(UIIaMEHTOB, TOKOB, MPOTEKAIOIINX B HUX, & TAK)KE TOKOB B DJIEMCH-
TaX BaKyyMHOH KaMmepbl, T.K. MPHU MPOU3BOJIHHOM pa30MEHUH Kame-
pBl Ha KOIBIICBBIC 3JIEMEHTHI, TOKH, MPOTEKAIONINE B 3THX 3JICMCH-
Tax, HeW3BecTHH.. B ¢yHkmmonane F BemwumHBI Cj), P1, P2 —
HOpMUpYIoIHe KodQuruentsl, N=21 — yiciI0 MarHUTHBIX TIETENb,
Vi — m3MepeHHoe 3HaYeHUE MOTOKA i-0if MarHUTHON meTiei, Iy, lpirw
— M3MEPCHHBIC 3HAYCHUS TOKA IUIa3Mbl U TOKA IUIA3MbI B CYMME C
TOKOM IO BaKyyMHOUW Kamepe. Bce naMepsieMble BETHUUHBI 3aBHCAT
OT BPEMEHH U B OIKCICPUMEHTE PETUCTPUPYIOTCA C HEKOTOPBIM
JIUCKPETHBIM IIaroM, MO3TOMY PaBHOBECHE TUIA3MbI BOCCTAHABIMBA-
eTCsl JIJISl KAaKOTO-TO BHIOPAHHOTO MOMEHTA BPEMEHH, T.K. JUJISI KaXK-
JIOTO MOMEHTa BpEMEHH OYJeT HUMEThCS CBOE BOCCTAHOBIICHHOE
paBHOBeCHE.

Jlnis ymporeHusi mpoueaypsl MUHUMHU3AIMA TOKH U (DYHKITHS
I'puHa JIMHEAPU3YIOTCS

0 0
1L, =12461,,1,=12+51,

oG(r,,r) Sr
or

m?

®) G(r,,r)=G(rd,r) +

m rr?]

e Ir?] , I\? — HayaJIbHbIC 3HAYCHHUS TOKOB B (hMIIAMEHTAaX M dJIEMEH-

Tax KaMepbl, ONpeessieMble KaK COOTBETCTBYIOIIUM MOIHBIH TOK,
JIEJICHHBIA Ha KOJIMYECTBO 3JIEMEHTOB, I, — HAYallbHBIE MOJIOKEHUS
¢unamMenToB. MuHUMHU3aLKsA (PYHKIIMOHANIA TEHEPh MPOBOIUTCS IO
OTKJIOHCHHSIM TOKOB 0l U 01y 1 OTKIIOHEHHSIM KOOPZMHAT O .

IIpu ucmons3oBanuu (8) dopmyiy (7) mpu oTOpacEIBAaHWK Be-
JIMYMH BTOPOTO MOPSIKA MAJIOCTH MOKHO MPHUBECTH K BUIY:

9) F=|kx - p||2 N mxin,
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T .
rae x=(51,, 51, ory, ), kel N2CEMHD 1y e (N+2),
HopManbHoe TCceBIOpeIIeHHe CUCTEMbl KX=P HaxOauTCs MO-
CPE/ICTBOM CHHTYJISIPHOTO pasioxenust [4]. Pesymbrar pemieHus
CHCTEMEI TIPEJICTaBJICH Ha puc. 3 u 4.

0.06

= —delta rl
—~0.04 ---delta 12
8 =|---delta 13
5 0.02 & |
=] \
0 0.15 0.16 0.17 0.18 0.19 0.2 0.21
t,c
0.04 :
= —delta z1
w5 0.03 j,f":':;\,w,,“ o R e T T =~ ---delta 22
8 e ) mdelta Z3
5 0.02 =N LT S -
=]
0.01 0.15 0.16 0.17 0.18 0.19 0.2 0.21

t.c
Puc. 3. 3asucumocms cmewenus punramenmos om spemeru pa3psaoa

4

x 10
15 —Tok B punamenrax
-—-Tok nnazmel
< 101
o
)
[_1
5 [
0 \ I
0 0.05 0.1

Puc. 4. 3asucumocms cymmaprnozo moka 6 Quiamenmax u moxka 6
niazme om epemenu paspaod
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B utore anroputM HaxXOXICHHUS pacIpeneiIeHHs MOIOUJAITBHO-
TO TIOTOKA COCTOUT B TOM, YTOOBI 110 U3MEPEHHSIM C JATINKOB TOKa-
maka ['700yc-M cTpouTh MaTpuilbl K u P, OMpenensiTb METOI0M
CHHTYIIIPHOTO Pa3JIOKEHUs TICEBAOPEIIEHIE X U, UCIIONb3ys (popmy-
161 (6) u (8), HaxomauTs pacupeneienne P(r).

Ha ocHOBaHWM BBIIEH3IIOKEHHOTO alTrOpUTMa B Cpene
MATLAB 6bm1 pa3paboTaH YHCIEHHBIA KOJ, PE3YIbTAaThl pabOTHI
KOTOPOTO TIPEACTaBIEeHBI Ha prcC. 5. Bo3BbIIEHNE B IEHTPE COOTBET-
CTBYET NOJIOUJAITEHOMY TIOTOKY, CO3/1aBaeMOMy (hHITaMEHTaMHU.

O
m
g
£ 0.02-
=
2 o
3
S -0.02-~
=~
£ -0.04-
=
o
g L5 s e Tl
n 1 iy P 0.6
0.5 Sy e 5 04
Z, M 00 Rt

Puc. 5. Pacnpeoenenue nonoudansuozo nomoxa npu t=0,19¢

3. OnpedeneHue 2paHuUUbl N1a3mbi

W3BectHo [5], uTO pacmpeneneHue MONIOWAAIBHOTO MOTOKA B
npoctpancTse (I, ¢, Z) IpeIcTaBIseT coOOOH CeMEHCTBO TOpooOpas-
HBIX BJIOKCHHBIX ITOBEPXHOCTEH, KaXkJas W3 KOTOPBIX SBISETCS
HOBEPXHOCTHIO PABHOTO JABJICHHSI, MArHUTHOTO TOJISI M TIOJIOUAANb-
HOro nortoka. [loaToMy rpaHuna miasMsl B IockocTH (I, Z) ompe-
JIeTSIeTCSl TI0 MOJTYYSHHOMY paclpeleCHUI0 MOJIOUIAIbHOTO Mar-
HUTHOTO TOTOKAa KaK JIMHHS PAaBHOTO YPOBHS C MaKCHMAaJIbHBIM
BO3MOJKHBIM 3HAQUCHHEM IOTOKA, TIPHYEM BCSI JIMHUSI JIOJDKHA IICITH-
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KOM HaxOIWTBhCSl BHYTPU BaKyyMHOI Kamepsl. Pe3yibraTsl ompene-
JICHUs TPAHULIBI IPEICTABICHBI HA PUC. 6.

1.5 15
1 1
= =
=~ N]
0.5 0.5 .
% 0. % 1

Puc. 6. I'panuya naasmel: a — oas aumumeproi gpazer (t=0,147); 6 —
ons ousepmopnot ¢gaser (1=0,179)

4. Co30aHue /TUHeliHbIx modesiel

ITo aHajOrMK ¢ METOIUKOM TOyUEHHS THHEWHBIX Mojerneit [8]

OBLIIH TTOJTyYEHBI MOJIEIH CIIEAYIOIIETO BUA!

X = Ax+ Bu,
(10)

y =Cx,
rae AeREVEY) LV — gnenio katymiek u 37eMEHTOB BaKyyMHOIT
kameper, BeRE™M™ xe REV*! — pexrop-cron6en, cocrosmmii u3
IpUpalIeHHii TOKOB B KaTyIIKaX M 3JeMeHTax Kamepbl, UeR"™ —
BEKTOP-CTOJ0EI, COCTOAIMK W3 TNpPUPALICHUH HamNpsHUKeHU B

(2+1+L+6+N) x1

YIpaBISIOMMX KaTymKax. Bextop Beixoga yeR BKJIIOYa-
eT B ce0sl CIBUTH IJIa3Mbl 110 BEPTUKAIHM M TOPU3OHTAIH, TIPHpaILe-
HHUE TOJHOTO TOKa IUIa3Mbl, MpHUpaIleHusl Toka B L ympaBnstomunx
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KaTyIIKaX, CMEIICHUs TUIa3Mbl B 6-TH XapaKTepHBIX TOYKaX TPaHU-
IIbI, HEOOXOAMMEBIX sl ympaBieHus (Gopmoit mna3mer, 1 N mpupa-
menunit moroka Ha nmemsax (N=21). B cooTBETCTBHH C 3TUM, MaTPHUIIA
C umeet pasmepHOCTh (2+1+L+6+N)x(L+V).

CobGcTBeHHbIe 3HAUCHUS (TTepBRIC 15)
1000 T T T T T T T T T T T T

-1000

-2000

-3000

[ ImeTon dpunamenton
v repanmonnsiii MeToa

- I e L [ A ) [ E B |
5000123456789101112131415

Puc. 7. Cpasnenue nuneiinvix mooeneti oz t=0,18.

-4000

CobcTBenntble 3HaUeHus (TiepBbie 15)
2000 T T T T T T

[ JmeTosn punameHTOR
10001 HI I irepanyionnsiit Metoz |

0 [ - - - ——- - == == [0O=m [m D 7
-1000 I

-2000+ a

-3000 :

-4000+

-5000123456789101112131415

Puc. 8. Cpasnenue nunetinoix mooeneii ons t=0,185.
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CpaBHeHHE JTMHEHHBIX MOJENEH, I MOTyYeHHsI KOTOPBIX HC-
HOJIB30BaJICS MeToJ (GHIAMEHTOB M HTepaloHHbIH Meton [8],
npuBeneHo Ha puc. 7 u §. M3 puCyHKOB BHAHO, 9TO 00a MeTojaa
JAIOT OJHO HEYCTOWYHMBOE COOCTBEHHOE 3HA4YeHHWE MAaTpHIbl A B
(10), xoTOpOE XapaKTEpHO IS BBITSIHYTOH 10 BEPTHKAIH IUIa3Mbl, U
OnM3KHe COOCTBEHHBIE 3HAUCHHMS JUIA PAa3IMYHBIX MOMEHTOB BpeMe-
HHL.

5. 3aknroyeHue

PeanuzoBan B cpene MATLAB uncieHHBI KOJ BOCCTaHOBIIE-
HUsI paBHOBECHSI IJIa3Mbl B TOKaMaKe MO JUAarHOCTHKE BHE IUIA3MBI C
MOMOIIBI0 MeToAa (UIaMEHTOB, KOTOPBIH OCHOBAaH HA allpOKCHMA-
UM PACHPEENICHHOT0 TOKA IUIa3Mbl CyMMOH TOKOB OT OECKOHEYHO
TOHKHMX KOJBLEBBIX BUTKOB. Kop pemraer 3amady BOCCTaHOBIICHUS
paBHOBeCHs IIa3Mbl OE3UTEPALMOHHBIM CHOCOOOM, KOTOPBI CBO-
JUTCS K PELICHUIO CUCTEMBbI JINHEMHBIX anreOpandeckux ypaBHEHUH
B K&KIbIA JUCKPETHBII MOMEHT BPEMEHHM B TEUEHHE IJIa3MEHHOTO
paspszna B TOKaMake. DTOT MOAXOA JOJIKEH MO3BOJINTH JOCTUTHYTH
BBICOKOTO OBICTPOJEHCTBUSI BOCCTAHOBJICHHS DPACHpEAENeHUs IO-
JIOWAATIBHOTO ITOTOKA B TOKAMAKe.

ITocTpoeHs! IMHEapu30BaHHBIE MOAEIH AJS yrnpasiieHHus ¢Gop-
MOH, TOKOM M MOJIOXEHHEM IUIa3Mbl B TOKaMake Ha OCHOBAaHHUHU
pa3paboTaHHOTO KO/Ia BOCCTAHOBIICHHS PABHOBECHS IIJIa3MBbl.

IlonydeHHbIe pe3ynbTaThl IUIAHUPYETCS] IPUMEHUTh HA TOKaMa-
ke I'moOyc-M, mpexne Bcero, alropuT™M BOCCTaHOBIIEHHsI paBHOBE-
CUsl TUIa3MbI B pealbHOM BpeMeHM. Takxke NMiIaHupyeTcs MPOBECTH
BepU(UKAUIO TOJyYSHHBIX JTMHEWHBIX MOJENEeH IIa3Mbl 1j1sl ycTa-
HOBKH ['T100yc-M 10 3KCIepUMEHTANbHBIM JaHHBIM.
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EQUILIBRIUM PLASMA RECOVERY BY MOVING
FILAMENTS IN A TOKAMAK

Artyom Prokhorov, M. V. Lomonosov Moscow State University,
Faculty of Physics, Moscow, student
(prohorov.artem@physics.msu.ru).

Abstract: Recovery method of distribution of the poloidal magnetic
flux inside the vacuum vessel of GLOBUS-M tokamak in the pres-
ence of plasma by real-time measurements from the magnetic loops
and the Rogowski coils is presented. The method is based on ap-
proximation of the distributed current of plasma by the sum of
currents from filament (infinitely thin ring rounds). Linear models
to control the shape, the current and the position of the plasma in
tokamak Globus-M are obtained.

Keywords: tokamak, poloidal flux, Green’s function, equilibrium
plasma recovery, magnetic control.
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