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CUCTEMA YNPABNEHUA NONOXEHNEM
MArHUTHOU OCHU MJ1A3MbI C NA-PENYNATOPAMU
B TOKAMAKE IN'f11OBYC-M

. 1
I'aiinamaka K. H.
(Ancmumym npobnem ynpasnenus um. B. A. Tpanesnuxosa
Poccuiickoii akademuu nayx, Mockea)

IIpeocmaenenvt modenu 08yX OPMOLOHANLHO PA36A3AHHBIX KOHNLY-
P06 CUCEMbL YNPABICHUS NOTONCCHUCM MASHUMHOU OCU NAA3MbL 6
Oeticmeyiowem cgepuneckom moxamake «Inodyc-M.» Ipusedenvl
PE3VIbMAmMyl  YUCLEHHO20 MOOCIUPOSAHUL CUCTNEMbL  YNPABTICHUS
NONOJNCEHUEM NIAZMbL C O8YMA G6APUAHMAMU MOOeNU 00beKma 6
cpede «Matlab/Simulinky. Ilposeden ananuz pabomei uneepmopa
MOKA MemoOOM HUCIEHHO20 MOOCIUPOSAHUS. U NOIVUEHbL €20 Xa-
pakmepucmuxu. Tlokazanvl pe3ynomamel cpagHenus pabomol Cuc-
membl ¢ AHALO208bIMU U YUDPOBLIMU De2yIamopamu 6 00pamuoi
cea3U.

KiroueBble cinoBa: TOKaMak, HWHBEPTOP TOKa, HEYyCTOWYUBBIM
00BEKT, MATEMAaTHIECKOE MOJICTUPOBAHNE, CUCTEMBI MATHUTHOT'O
YIPABJICHHUS [IJIa3MOM.

1. BeedeHue

B HACTOAIIEC BPpEMS B DU3NKO-TEXHNIECKOM HUHCTUTYTC UMCHU
A. @. Vodde neiictByer chepudeckuii Tokamak «I1modyc-M» [3].
DTOT TOKaMaK XapaKTepH3yeTCsl OOJIBIION BBITSHYTOCTHIO IUIA3MEH-
HOTO IIHypa B BEPTHKAILHOM HAIPaBICHUH, YTO TPHUBOIUT K HEYyC-
TOMYMBOCTH TUIa3MBI 110 BEPTUKANH. 3a7ada CTaOMIN3aIUH MOJI0KE-
HHUS IUIa3Mbl pelIeHa C IOMOLIbIO JIBYXKOHTYPHOH aHaJOrOBOM

! Kupunn Heopesuy Iaioamaxa, Uncmumym npobiem ynpaenenus um. B.A.
Tpanesnuxosa  Poccuiickoii  axademuu  Hayk, cmapuwuii  uHdCeHep
(k.gaydamaka@gmail.com).
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CHUCTEMBI yIpaBiieHUsA. KOHTypel ynpaBieHHs TOpPH30HTAIBHBIM H
BEPTUKAJIBHBIM ITOJIOKEHUEM OPTOTOHAIBHO pa3Bs3aHbl. B kauecTse
UCTIONIHUTENBHBIX YCTPOWCTB B OOOHMX KOHTYpax HCIONb3YIOTCS
unBeptopsl Toka (UT) [1], HarpykeHHbIC Ha MHIYKTHBHYIO Harpys-
Ky — oomotku ympasnenuss HFC (Horizontal Field Coil) u VFC
(Vertical Field Coil). dnst popmupoBanus ypaBisioOmero BO3aeHCT-
BUSL B KOHTYpax OOpaTHOW CBSI3M HCIONB3YIOTCs aHajorosbie [1/]-
PETYJIATOPEI.

Beitanyrocte u  dopma miasmbl  3alal0Tcd  IPOrPaMMHO-
yIpaBIsieMbIMU MarHUTHBIMH TTOJISIMH.

CraButcst 00m1as 3aa4a 1Mo CO3JaHUI0 MHOTOMEPHOW 3aMKHY-
TOH yugposoi CUCTEMBI YHpPABICHUS IOJOXKEHHEM, (GOpMOU U
TOKOM IIIa3Mbl. [IepBblii mIar 1o Co34aHMI0 TaKOM CUCTEMBI — 3aMEHa
HMMEIOUTNXCS aHaioroBbix I1/[-perynaropoB B KOHTypax yHpaBieHUS
MOJIOKEHUEM IIIa3Mbl [0 TOPU30HTAIM M 10 BEPTHKAIN Ha mupo-
BEIE.

2. Cucmema ynpaesieHuUsi NoJIO)KeHuUem rjiasmbl

2.1. CTPYKTYPA CUCTEMABI YIIPABJIEHUA

Cuctema ynpasieHHs [TOJIOKEHUEM IUIa3Mbl HIMEET 1Ba OPTOTO-
HAJIBHO Pa3Bs3aHHBIX KOHTYpa: KOHTYpP YIpaBJICHUS BEPTHKaIbHBIM
MOJIOKEHUEM W KOHTYDP YIPaBJICHUS] TOPHU30HTAIBHBIM MOJI0XKEHUEM
(Puc. 1, 2). Kaxplit KOHTYp BKJIOYaeT B ceOsi OOBEKT yNpaBJIeHHsI
(mma3My B TOKamake), MCIIONHUTENBHOE YCTPOMCTBO, COCTOSIIEE U3
oomortku ynpasienus: (HFC, VFC) u naBepTopa ToKa, peryisTop.

ARret Perynstop Unseprop

VFC TOKa
UCDHHVFC

> VFC > ITna3ma
Uvte Ivte

AR

Puc. 1. Cmpyxmypa xonmypa ynpagnerus 20pu30oHmaibHblM NOJo-
JHCEHUEM NIA3MbL

CTpyKTypbl KOHTYPOB aHAJIOTHYHBI, ITPH 3TOM OOBEKT YIIpaBiie-
HUSl HEYCTOWYMB IO BEPTHKAIH, a TI0 TOPHU3OHTAIH — yCTOWMYUB, HO
MOABEPTHYT JCHCTBUIO MOCTOSHHOTO BO3MYIIEHHUS, CBSI3aHHOTO C
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pacTalKUBaOLUIMMU TOPU30HTAIBHBIMU CHJIAMH, JEHCTBYIOLIMMU Ha
[JJAa3MEHHBIH IIHYD.

AZyes Perynsrop HuBeprop

- > HFC
HFC cc
UcontrHee o Uhe Ihte

Inaszma

k,

AZ

Puc. 2. Cmpykmypa konmypa ynpaenenus 6epmuKaibHbiM HOJI0MHCe-
HUeM naa3mbl

MHuoromepHast MoJiesib 00bEKTa YIIPABJICHUS BBICOKOTO MOPSAKA
MI03BOJISIET OLIEHUTh BIMAHME KOHTYPOB YIpaBIEHUS JIpYyT Ha Apyra

[4].

2.2 OFBEKT VIIPABJIEHUA

JIi1si MOJETTMPOBAHUS CHCTEMbI YIPABJICHHS MMOJOKSHHEM I11a3-
MBI IPUMEHSUINCH CIIEIYIOINE MOIEIN 00BEKTa: JBE MOJISIH MEPBO-
ro TOpsJKa, pa3IeibHO OIMKUCHIBAIOUINE IOBEACHHE IUIA3Mbl IO
TOPH30HTAIM M 1O BepTHKanu [1], MHOromepHas mozens 75-oro
MOPSI/IKA, OTMMCHIBAMOIIAS MMOBEJICHUE TIa3Mbl M 110 TOPU30HTAIHU, U
1o BepTukanu [4].

VYpaBHEHHE TUHAMHKU 6EPMUKANbHBIX TIEPEMEIICHUH IIIa3MBbl
NPU MaJIbIX CMEIICHUSIX OTHOCHUTEIBHO 3KBATOPHAIBHOM MIOCKOCTH
TOKaMaKa UMeeT BUI:

1) Z({)=a(t)-Z(t)+b(t)-1(t)

rne Z(t) - BepTukanbHOE cMenieHue rmiasmel, I(t) - Tok 0OMOTKH
ynpasienus, a(t), b(t) — memreHHo wm3MeHsrOmMEcs mapameTphl.
Ormpe/iesieHHe «MEIUIEHHO H3MEHSIOIINECs TMapaMeTphbl» O3HaYaeT,
YTO 3HAYCHUS MApaMeTpoB &, D MOXKHO CUMTATH MOCTOSHHBIMH Ha
MHTEpBaJIe Neproja aBToKoneOanuii B cucteme. [lapamerp a(t)>0

[c™"] — uHKpemenT mHeycroiumBocTH miasmbL Ilapamerp bo(t)
[cM/A-C] - nuHAMHYecKHi KOd(DdHUIMEHT Mepenadyn MojeNu Tepe-
MeEIIEeHUH TUTa3Mbl (00BEKTa YIIPABIICHHUS).

JInHAMUKa 20pU30HMAIbHBIX TIEPEMEIICHUH T1a3Mbl OTIHCHIBA-
ercst muddepeHnnanTbHbBIM ypaBHEHUEM 1-ro mopsiaka:
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(2) X=a-X+by - lyec rme X(t) =AR(t)—AR (t) - oTkiOHE-

HHUE TUIa3MbI OT 33J]aHHOTO MporpaMMoit AR (t) monoxenus, a=-1/T
— nekpeMeHT 3atyxanus (T — MOCTOSHHAs BpeMEeHH 00beKTa), Dyre —
OUHAMHYECKHH KOX(GQUIMEHT Tmepeaadyd oOBeKTa yIpaBICHUS
OTHOCHTEIBHO BeTHUUHBI TOKa lyrc(t).

Taxxe 11 UCCICAOBAaHUS CUCTEMBI YIIPABICHUS ITOJIOKCHUEM
TUTa3Mbl IPUMEHSUTACh MHOTOMEpHAsi MOJIENb, ONUCHIBAIOIIAS JIHHA-
MHKY H3MEHEHHSI TIapaMETPOB ITa3Mbl TIPH MaJIbIX OTKJIOHEHHUsX [4]:

X = Ax+Bu
©) :

y =Cx

TJ€ X — BEKTOP COCTOSIHUS, UMEIOIUA pa3MEPHOCTh 75 U BKIIIO-

YA NPUPaIEHUs TOKOB BO BCeX OOMOTKAaX YNpaBJICHHUs TOKa-
Maka, a TaKkKe TOKOB B KaMepe, U — BEKTOp YIPABIECHUI pa3MepHO-
cTH 8§, BKIIIOYAIOIIMH MTPUPALICHUS HAMPsDKEHUH HA BCEX OOMOTKaxX
yIpaBieHUsA, Y — BEKTOpP BBIXOAHBIX CHTHAJIOB pa3MepHOCcTH 38,
BKJIFOYAIONIVM CIBUTH TUIA3MBI TI0 BEPTHUKAIH M TOPU3OHTAIH, MpH-
palleHre MOJIHOIO TOKa IUIa3Mbl, NPUPAIIEHUS TOKOB BO BCEX 00-
MOTKax, ¥ T.1. [laHHas MoJiesib ONMHUCHIBAET TUHAMUKY OOMOTOK
YIpPaBICHYS U TUIa3MBbl.

2.3 OFMOTKH VTIPABJIEHUA

B ornwune ot mMHOTOMEpHOW Mozenu (3), CKaJIspHBIE MOICTH
(1), (2) He BkIIOYAOT TUHAMHMKY OOMOTOK ympamieHus. st 1mmo-
CTPOCHUS MOJICIIM CHCTEMbI YIIpaBJIeHHs] HE00X0IMMa MOEIb 00MO-
TOK yrpasieHus. J[nHamMuKa Toka B 0OMOTKaX OMUCHIBAETCS ypaB-
HEHUEM
(4) LI+RI=U,
rae L — mHnykTuBHOCTE OOMOTKH, R — aKTHBHOE COMPOTHUBIICHUE,
| — Tox B 06MoTKe, U — HanpspkeHne Ha OOMOTKe.

2.4 MHBEPTOP TOKA

HHuBepTOp TOKA MpeACTaBIsIeT COO0H MOCTOBYIO CXEMY, B KOTO-
POl TUPHUCTOPHI TEPEKIIOYAOTCS MONapHO-poTuBodazHo. Cxema
TUPUCTOPHOTO OAHOGa3zHoro napamienbHoro WUT, Harpyskolr kKoTO-
pOTO SIBISIETCSI MHIYKTUBHOCTE L (0OMOTKA yIIpaBieHHS), TIPEICTaB-
neHa Ha Puc.3. UHAyKTHBHBIA HAKOTHUTENb SHEPTHH (Ls) BBITIOTHSIET
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¢yakmuo ucrounnka Toka (R m Rs - akTHBHBIE CONMPOTHBICHUS
O0OMOTKH yTIpaBiIeHUS M WHAYKTUBHOTO HAKOMHTEIS COOTBETCTBEH-
Ho). UT muraercst or mcrounuka Hampsbkenus U (ympaBisieMblit
TUPUCTOPHBIH BBHINPSIMUTEND, 3apsDKEHHAs KOHIEHCATOpHAsE OaTapest
WM KaKOW-TMOO WHOW YMpaBISeMBbId WM HEYIPABISIEMBIH HUCTOY-
HUK). Pexxum paGoter UT, MO3BONSIONIME YIIPAaBIATH BEITMYWHOW
TOKa B MHIYKTHBHOW Harpy3Ke MOSICHSIOT JUarpaMmbl Toka |¢ depe3
kouzgeHcarop C, Hanpsukenuss U Ha KoHaeHcaTope 1 Toka | 00OMOTKH
yIpaBJCHUs], IpEACTaBIeHHbIC HA Puc.4.

LS S

TiR:

, Is vs1 N/ LI N/ vs3
— VNNV
<_>U0 L c

- i

vs2 N/ e \T‘ W vs4

Puc. 3. Mocmoeoii mupucmopHuwiti ungepmop moka

T EL A0 I

Y

o

Puc. 4. Juacpammor moxa Ic uepes xondencamop C, nanpsicenus U
Ha koHOoencamope C u moxa I obmomxu ynpagnenus.
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[Ipennonoxum, 4yTo Yepe3 MHAYKTUBHBINA HAKOIMHUTENb YK€ IPO-
TekaeT ToK |ls u mpu 3ToM THpHCTOpPEI VS1 m VS4 Haxomsarcs B
npoBosmeM coctosiHun. Konnencarop C 3apspkaercst TokoM |c=ls-I
n Hanpsbkenne U nHa konpencatope C (Puc. 4) Bospacrtaer. Ilpu
JOCTIKCHUHU ONPENeNIEHHOTO TOJNIOKUTEIBHOTO YPOBHS HANIPSKEHUS
U Bximrouarores TupucTopsl VS2 u VS3. Ilpu 3ToOM K paHee OTKPHI-
TeIM THpHCcTOpaM VS1 u VS4 npukiagsiBacTcs oOpaTHOE HampsHKe-
Hue, 1 oHu 3anuparorcs. Kongencatop C HauMHaeT nepe3apspKaThest
tokoM |=-(ls+1), u xorma Hanpspkenre U TOCTUTHET OIpeneéHHO-
r0 OTPHUIATEIHHOIO YPOBHS, BHOBb BKJIIOYAIOTCA TUPUCTOPHI VS1 1
VS4. Ipu sToMm yxe Kk karodaM VS2,VS3 OyzaeT npuiiokeHo 3amu-
patoree HampspkeHue. Jlajmee mporiecc moBTOpsieTca. BriOupas
COOTBETCTBYIOIIMM 00pa3oM YpOBHH HampsbkeHus U, mpu KOTOPBIX
npoucxoadaT nepexmoueHuss WT, MOXHO H3MEHATH cpelHee Ha
KBa3HUIIEpPUOJE aBTOKOJCOAaHHH 3HAYCHUE HANpsDKEHUS HAa HHIYK-
TUBHOCTH L W, ciemoBaTtenbHO, ympaBisTb TOKOM | B oOMoOTKe
YIIpaBJICHHUSL.

CxeMa ympaBieHHs HMHBEPTOpa OCYLIECTBISIET IIOMApHO-
npoTHBOGa3HOE IEPEKIIOYEHHE TUPUCTOPOB ISl MOJAEP)KAHUS
YCTOWYMBOTO aBTOKOJIEOATEIBHOTO PEeXKMMa, a TAKKE MPH JTOCTHKE-
HUUW NPEACIIbHBIX IJIsI THPUCTOPOB TOKA WM HAIIPSKCHUA.

2.5 PET'YIIAITOP
KonTtyp 00paTHO#i CBSI3U yHpaBieHUS TOPH30HTAIBHBIM MOJIO-
JKEHUEM IJIa3Mbl 3aMKHYT yepes HPONOPLUOHAIBHO-

muddepenumpyromuii (I11-) perynsrop:

(4) Uconrvic = —vrc - (X+Tgyee - X) s

rae ayvrc — koadduiuent nepeaayn I1J]-perynstopa, T4 vrc — ocToO-

sTHHasi BpeMEHH NpH JuddepeHIUpyOei YacTu peryssTopa.
Kontyp 00paTHOl CBsI3M yIpaBlIeHHUs] BEPTHKAIBHBIM TOJI0XKE-

HHMEM IJIa3Mbl 3aMbIKaeTCA uepe3 peryisitop P, peanusyrommii mpo-

nopuuoHanbHO-IudGeperuupyrommii (I11/]) anropurm ynpasneHus:

G) U =—a-(e+T,-&)

rae &(t)=Z(t)-Z(t) — ommbka paccormacoBanus, Z.(t) — 3amaromras
BEJIMYMHA BEPTUKAILHOTO CMEIIEHHS TIa3MBbI.

Contr
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3. lMocmaHoeka 3adayu

C 1emp10 3aMEHBI UMEIOIINXCS AaHAJIOTOBBIX PETYIISTOPOB B CHC-
TeMe YIpaBJICHUs MOJIOKEHUEM T1a3Mbl B Tokamake «[ 7100yc-M» Ha
uudpoBbie TpeOyeTCst:

e pccienoBarh pabOTy MHBEPTOpa TOKA B PA3IMYHBIX PEKHMAax
IUIS TIOTTY9EHHS €T0 TNHAMHYECKOH MOJIeIH,

® [IPOMOJIEIMPOBATh MMEIONIYIOCS B HACTOAIIEE BPEMS CHCTEMY
ympasieHus ¢ aHajaoroseiMu I1/[-perymsropamu ¢ nByms Bujaa-
MU Mojenel oOBeKTa yNpaBleHHs AJIsl OMpeNesIeHUs] mapameT-
POB IIPOIIECCOB YIPaBICHUS,

e uccienoBaTh pabOTy CUCTEMBI YIIPaBIECHHUS ¢ IU(PPOBBIMU pEry-
JSTOPaMU U CPAaBHHUTH €€ C PabOTOIl CHCTEMBI C aHAJIOTOBBIMH
peryasTopamu.

4. UHeepmop moka Kak arileMeHm cucmembl
ynpaeJsieHusi

MHBepTOp TOKAa — 3TO CI0KHOE HEJIMHEHHOE YCTPOMCTBO, BXO-
Jsiliee B KOHTYpBI YIIpaBJICHHsI MMOJIOKeHWEM TiasMbl. J{ims aHanmmza
paboTBl CHUCTEMBI YNpaBJIEHHUsS C LENbI0 JalbHEHIIero aHanmm3a u
cHHTE3a IHU(POBBIX PEryNSTOPOB HYXKHBI YIPOIICHHBIE MOJEIH,
OIKCHIBAIOIINE €r0 padoTy.

JInst modydeHus Takod Monenu ObUla HCClIeoBaHA MOJETb
Matlab/Simulink, cootserctByromias Puc. 3 u nmoropsiroiias paboTy
CXEMbI yITPaBJICHHS THPUCTOPAMHU.

B [1] yxa3biBaercs, uTo Cxema yIpaBJIeHHS WHBEPTOpa paspa-
OoraHa TakuM 0Opa3oM, YTO CpelHee Ha KBa3WIEPHOJIEC 3HAYCHUE
BBIXO/IHOTO HAIMPSHKEHHUsI HHBEPTOpA TOKA MPOIOPIIHOHATBHO BXOJI-
HOMY (YIPaBISIONIEMY) HANIPSHKEHUIO:

(6) U=K 'Ucontr,

rne U - cpennee na kBasumepunojie 3Ha4€HNE BBIXOIHOTO HAIPSIKE-
HUS HHBEpTOpa Toka, K- koaddummenT ycunenus nHBepTopa TOKa,
Ucontr — BXOJHOE HaNpsDKEHHE MHBEPTOpa TOKa (BBIXOAHOE HAIPsIKe-
HUE PeryisTopa).

Takum 00pa3zoM, HHBEPTOpP TOKA MOXHO MOJEINPOBATH Oe3bl-
HEPLUHUOHHBIM YCHUJIMTENEM, HO JaHHas 3aKOHOMEPHOCTb BEpHa HE
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IS JTIOOBIX BXOJHBIX CHTHANIOB. J[J1 ompeieNIeH sl TpaHuI] Anuaraso-
Ha JIMHEHHOCTH M MCCIIEOBaHMS PaObOThI HHBEPTOpA TOKA IPH BXO-
HBIX CHTHajax 3a MpeaeiaMH 3TOr0 AWana3oHa, MPOBOAUIOCH YHC-
JeHHoe MoaenupoBanue B cpene Matlab/Simulink.

MopenupoBanue MHBEpTOpa TOKA, IMOAKIIOYEHHOTO K WHIYK-
TUBHOH Harpy3ke (0OMOTKe ympaBieHwus), mokasano (Puc. 5), uro
€CITi MHBEPTOp HE BBIXOAWT B HACBHIIICHWE M YacTOTa BXOAHOTO
CHTI'HAJIa MEHBIIIE YaCTOTHI aBTOKOJIEOAHHI MHBEPTOpPA, TO €0 MOXK-
HO TIPEJICTABUTH B BHJIE OE3BIHEPIIMOHHOTO YCHIIHTENS ¢ KO3 duIu-
enrom ycmienus K = 250.

Qutput Current, A
400

200 o

.200 M‘“‘%

-400
0

Current, A
o

Time, s

Puc. 5. Juacpammor moxa I obmomru ynpasnenus npu CUHycouodio-
HOM 6X00HOM cueHane ¢ amnaumyoot 0,01 B u vacmomoui 1 pad/c
0711 NOHOU MOOeIU UHBEPMOPA U 011 UHEEPMOPA 8 ude be3viHep-

YUOHHO20 YCUNUMENS

JluneiiHOCTh PabOTHI MHBEPTOpA HapyLIAeTCsl B CIydae HAacChl-
LIEHMS 110 TOKY WM MO HanpsbkeHHio. Ecnu mpenenbHble TOMyCTH-
Mble 3HaUEHHUS] HANPSHKEHHUS WM TOKAa HE JOCTHTaroTCs, WHBEPTOP
paboTtaeT B aBTOKOJIeOATEIILHOM peXUMe, 00€CTIeYHBAaIOLIEM BBITIOIN-
HeHus cooTHoureHus: (6). Ecnu oamH W3 mapaMeTpoB IOCTUTaeT
MIPeNeIbHOTO JOIMTyCTUMOTO 3HAUEHUSI, C IETBIO 3alUTHl THPHUCTOPOB
MEPEeKIIOUeHNE MPOUCXOAUT C HapymeHHeMm ycioBus (6), 9T0 u
MPUBOJUT K HETMHEWHOCTH.

Hacepimenne mo TOKy BO3HUKAeT B CIIy4ae BXOJHBIX CHUTHAJIOB
HHU3KOH YacTOTBI U OMpEAEeNAeTCs OOIMM CTaTHYeCKuM Kodddurm-
€HTOM YCWJIEHHA HHBEPTOpa W KaTYUIKH, a TaKXKe MNpeAcTbHBIM
3HaYEHHEM TOKa:
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. | 1500 A

Ucontrmax = K VC&X 0 = 1

) m( ) 250-100—

M

Takum 00pa3zom, Ha HyJIE€BOH dacToTe (M 10 YaCTOTHI cpe3a 00-

MOTKH YIPaBJICHUS) CHCTEMa BBHIXOIUT B HACHILICHUE NPU aMIUIUTY-

ne BxogHoro Hampspkenus paBHoit 0,06 B. C pocToMm 4acTOThI BXOI-

HOTO HAampsDKEHWs HMHBEPTOpPA BBIIIE YacTOTHI Cpe3a OOMOTKH

yrpaBieHus, KO3 UIIMEHT YCUIIEHUSI OOMOTKH YIPaBJICHHSI, MOJIE-

JUpyeMOi amnepruoInYeckuM 3BeHOM, cHukaeTca Ha 20 nb Ha neka-

ny. Ilpu sTom npepenbHas aMIUIMTya BXOJHOIO HANPSDKEHUS HH-
BepTopa Bo3pactaeT Ha 20 nb Ha nekany.

Hanpumep, Ha gactore 100 pan/c cucremMa OcTaeTcs JIMHEHHON
(Puc. 6) npu ammutyne BxonHoro HanpspkeHust 1o 0,6 B. Ilpu atom
aMIUTATy/1a KoJeOaHuil CpeHero 3Ha4eHus TOKa yMeHbInniIach B 10
pas o 25 A, uto cooterctByeT 20 ab.

() =0,06 B

Qutput Current, A

50

Current, A

’ lh'HHh‘HIW“H ' i -
l i ‘ Full Model
; ‘ K=250

0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time, s

-50
0

Puc. 6. /luaepammer moxa I obmomxu ynpagnenusi npu Cunycoudaisb-
HOM 6X00HOM cuenane ¢ amnaumyoou 0,6 B u uacmomoii 100 pad/c

JIam)HeI‘/'Imee YBCIMYCHUE YaCTOTBI BXOAHOI'O0 HAIIPAXKEHUA CO-
MPOBOXAACTCA YBCIMYCHUCM C€ro aMIUIMTYJAbl OO0 TEX IOp, IIOKa
CUCTEMa HE BXOAUT B PCKUM HACBIIICHUA 10 HAIIPSKCHUIO. Hacgwr-
IICHUE 110 HAIPSKCHUIO 06ycn013neHo OrpaHUYCHHUEM MaKCHUMaJlb-
HOI'0 HAIIPpAKECHUA THPUCTOPOB. Cxema yIpaBJICHUA HWHBEPTOpA
NEPCKIYACT Mapy TUPUCTOPOB, YUCPE3 KOTOPYHO HNPOXOAUT TEKCT,
KaK TOJIbBKO MI'HOBCHHO€ 3HAQYCHHC HAIIPSXKCHUA OOCTUTACT IIpe-
ZLGJ’IBHOﬁ BCIINYUHBI.

C YUYCTOM MapaMEeTpoOB 3JICMCHTOB MHBCPTOpPA OnLIa oJjrydcHa
BCIMYMHA MAKCHUMAJIBHOTI'O CPCIHCTO HAIIPSXKCHUA HA BBIXOJAC HH-
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Bepropa U =620B u BennuMHa MakCHMMAaJbHOTO YIPABIISIOMIETO

HanpspkeHus Ugonyr max = 2,48 B.

[Ipu gactorax Beime 1000 I'r korebaHMsT BXOAHOTO HAMpsDKE-
HUSl TPAKTUYECKH CPaBHUBAIOTCS IO YACTOTE C KoJeOaHWSIMHU Ha-
MIPSDKEHUS, BHI3BAHHBIMY aBTOKOJICOAHUSMU B MHBEPTOPE, MIPOUCKO-
ISIITIMH Ha gacToTax mopsaka 3000 I

Takum 00pazoM, MOKHO IOCTPOUTH OOJIACTH YACTOT W Hampsi-
JKEHUH BXOJIHOTO CHTHAJla, B KOTOpO# cucrema JimHeiiHa (Puc. 7).
Jannas o0macTe MMeEET CIOXHYI0 (OpMy, UTO HE IMO3BOJSET IIO-
CTPOUTPH YIIPOUICHHYIO MOJEINh, YUUTHIBAIOIIYI0 BCE HEIMHEHHOCTH
WHBEPTOPA.

X OBACTS BXOAHBK CHTHANOS, B KOTOPO CHCTEMA MibieliHa
10 T

Umnaw, B

107 - el e b R U T 1
10° 10 ? 10° 10
Cmega, pan/c

Puc. 7. Obnacmo 6x00nbix cucHanos, npu KOMopvix cucmema JuHeli-
Ha (8 n02apugmuieckux ocsx)

s OoueHKHM BIMSHUS y4yeTa pas3jIM4yHbIX HEJIMHEHHOCTEW WH-
BEpTOpa B YIPOILEHHOW MOJENIH, MPOBOAMUIOCH MOJAEIHPOBaHUE
paboThl 3aMKHYTOH CHCTEMBI YNpPaBJICHHUS MOJOKEHHUEM IIIa3Mbl B
cpene Matlab/Simulink.

Ha Puc. 8 npencrasneHs! pe3yabTaThl MOJEIUPOBAaHUS PaOOTHI
CHUCTEMBI YIIPABJIEHUS C MOJHON MOJENIBI0O MHBEPTOPA U C MOAEIBIO
MHBEpPTOpa B BHAE Oe3plHEpIMOHHOTO ycwimuTens. Ha rpaduxax
BU/IHO, YTO MOJETb B BHJE OE3BIHEPIIOHHOTO YCHINTEIS HaeT
IUI0X0€ MpHUOIMKEeHHE paboThl CUCTEMBI. JTO CBA3aHO C TEM, UYTO
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HaNpsDKEHUE B YIPOIICHHON MOJAETH HEOTPaHUYEHHO BO3pPacTacT
(mo 20 xB), 9T0 HEBO3MOXXHO B IIOJHOW MOJEIH HHBEPTOpPa W B
peanbHO yCTaHOBKE.

fullinv
lininv

ullinv
lin inv

L

Horizontal pasition, m

Uhic x10* uvc

8000 2
ullinv fulinv

lin inv | lininv

4000

2000

VFC Voltage, V

HFC Voltage, V

AN ELL 00 L p LK n) AAMIAIRLLALLAN g
WA L v

AT

2000 i L L L 05
0 0.01 0.02 0.03 0.04 005 0 0.01 0.02 0.03 0.04 0.05

300 T 800

200

100

HFC Current, A
VFC Gurrent, A

-100 L L L L L

-200

E i I
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 005
Time, s

-300

Puc. 8. Pe3ynomamul Mooenupoganus 3aMKHYMOU CUCHeMbl YAPAG-
JIeHUSL NOJI0JICEHUeM NAA3MbL C 08YMS BUOAMU MOOelell UHBepmopd
MOKA: NOJHOU MOOENbIO U Oe3bIHEPYUOHHBIM YCUIUmMeNeM

Mogenuposanue nokaszano (Puc. 9), uyto xopomee npubiimke-
HUE WHBEPTOPA JAeT MOJIENb B BHJIE OE3BIHEPIIIOHHOTO YCHIIUTEIS C
HaCBIIIEHUEM.

5. Paboma cucmembl ¢ YugpPoebLIM pe2ysiimopom

st ananusa paOOTH 3aMKHYTOM CHCTEMBI yIpaBleHUs ¢ LUQ-
POBBIM DETYJIATOPOM HCIOJIb30BATACh MOJENb IUIa3Mbl I1E€PBOTO
MOpSAJIKa COBMECTHO C MOJENBI0 KaTYIIKH YIPaBICHHUS W MOJEINb
WHBEpPTOpa TOKa B BHJE OE3bIHEPUHOHHOTO ycuiuTens. Paccmatpu-
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BaJICd TOJIBKO KOHTYpP YIIPpaBJICHUA HeyCTOﬁ‘II/IBBIM BEPTUKAJIIBHBIM
TIOJIOKCHHUEM I1JIa3MBI.

il

Puc. 9. Pezynomamul Mooenuposarnusi 3amKHYmMol Cucmembvl Yynpas-

JIEHUSI NOJIOJCEHUEM NAA3MbL C 08YMSL BUOAMU MOOedell UHBEPMOpA

MOKA: NOJHOU MOOENbIO U OE3bIHEPYUOHHBIM YCUTUMENEM C HACbI-
wenuem

[Ipu 3ameHe aHAJIOTOBOTO peryJisTopa Ha IU(PPOBOM HEOOXO-
JIMO OIPEJCTUTh MUHUMAIBHYIO JIOMYCTUMYIO YacTOTY JUCKPETH-
3anu (MakCHUMaIILHBIH TeproJT). BBIOOp YacTOThI JUCKpETH3AUU
U TH(GPOBOTO PETYIATOPAa B KOHTYPE YIPABIECHHUS TOJIO0KEHHUEM
M1a3Mbl 00YCIOBJICH ABYMsI (haKTOpaMu:

® MHAMUKA KOHTYpa yNpaBlICHHS;
® BIHUSHHE TUCKPETH3AlMU pEryisropa Ha paboTy wc-
MOJTHUTEILHOTO YCTPOWCTBA (MHBEPTOPA TOKA).

C menpr0 3aMEHBI peryysTopa ObLI IPOBENEH aHaIu3 PaboThI
CHCTEMBI C YUETOM ITHX (PaKTOPOB.

Jlnst poBe/ieHHsT OICHKM MHUHHMAJIBHOM YacTOTHI AUCKPETH3A-
UM PETyJsITOpa Ha XapaKTEePUCTUKUA CHCTEMbI YIPABICHHS OBLIO
MPOBEJICHO MOJICIMPOBaHHE PabOThI 3aMKHYTON CHCTEMBI yIIpaBlie-
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HUS C Pa3IMYHBIMU BEIHYMHAMH YaCTOTHI JUCKpeTh3anuu. Mcxon-
HOE IPHUOIIKEHUE BRIOMPATIOCH HCXOS U3 COOTHOIICHUS:

T 1
®) _Lue

pez E = —10 = O,lMC‘ )
rae T,. — NepHoja AUCKPETU3AlMU PETYIATOPa, | — IOCTOSHHASA
BpEMEHHU 00BEKTa YIIPaBIICHUSI.
PesynpTartel MopenupoBaHHS pabOTHI CHUCTEMBl YNPABICHHS C
AHAJIOTOBBIM U MH(POBBIM peryisTopamu mpuseneHs! Ha Puc. 10.

%0 Vertical shift

Setpairt
—— Centinuous
Discmte

| —
|~ i
+ | 4

:_tflr_ |

Ak -

wertical shif, m

“o 00z 0002 0005 0003 a0 001z aote 0010 007 002
Tire, 5

Puc. 10. Pezyrbmamul Mooeauposanus 3amMKHymou Cucmemsl ynpag-
JIeHUSL NOJIOJHCEHUEM NAA3MbL C AHAL0208bIM U YUDPOBLIM pe2yNamo-
pamu ¢ nepuodom ouckpemuzayuu 0,1 mc

Buano, 4to KauecTBO ymnpaBiieHHs B CHCTEME ¢ LHU(POBBIM pe-
TYJIATOPOM CYIIECTBEHHO XYyXe€, 4eM B CHCTEME C aHaJOTOBBIM
perynsropoMm. CokpallleHne Mepuoja JIUCKpPETH3alu H(POBOIO
perynsTopa Ha MOpsI0K MO3BOJIMIIO JOOUTHCS MPAKTHYECKH MTOJTHOTO
COBITIQJICHUS B pabOTE CHCTEMBI C aHAJIOTOBBIM U IIU(POBBIM PETYIIsI-
topamu (Puc. 11).

[Ipu 3ameHe aHanoOroBoro peryisaTopa Ha U(PoOBOH, HE0OXO-
JUMO y4YecTb OCOOCHHOCTH HCIIOJIHUTEIBHOTO YCTpOWCTBA — MWH-
BEpTOpa TOKa, PabOTArOIIET0 B aBTOKOJIeOATEIhbHOM pexume. [
TOro, 4TOOBI OLEHHUTH BIUSHUE HU(POBOTO peryisropa Ha paboTy
WHBEPTOpa TOKa, OBUTM pPAacCMOTPEHBI ABa PAa3IUYHBIX BapHaHTa
COOTHOIIICHHSI BEITMYUHBI KBa3HIIEpHoJia pabOThl HHBEPTOpA U BEIH-
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YWHBI TIEPUOJA TUCKPETU3AINN BXOJHOTO curHana. [Ipu sTom npen-
T10J1arajaoch, 9TO HHBEPTOp paboTacT O0€3 HACHIIICHHM.

x 107 Vertical shift

Setpoint
Continuous |1

i Discrete
3F v B EE— |

Vertical shift, m

A L L L I | L L L
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time, s

Puc. 11. Pezynvmamosi MOOenuposanusi 3AMKHYmMOU CUCmeMbl ynpas-
JIeHUsL NOTIOJCEHUEM NIA3MbL C YUDPOBBIM PEYNIAMOPOM C NEPUOOOM
oucxpemuzayuu 0,01 mc

Pe3synbrarel MogenupoBaHus pabOThl MHBEPTOpA B Clydae, KO-
I/1a TepuoJ JUCKPETH3AIMA BXOIHOTO CHTHaia OOJbIIEe KBa3wIle-
puosia aBTOKOJIe0aHui HHBEpTOpa (MIEPHOJL TUCKPETU3AINHN CUTHAA
— 0,001 ¢, kBa3sumnepuoa UHBEpTOpPa MeHsAETCS B auana3one ot 300
MKc 110 600 Mkc) mpuBeneHs! Ha Puc. 12.

Buano, yto paboTy MHBEpPTOpa NMpU TAKOM BXOJIHOM CHTHAje
MO>XHO paccMaTpHBaTh KaK COBOKYITHOCTH MHTEPBAJIOB C MOCTOSH-
HBIM BXOJIHBIM CHUTHaOM. TakuM 00pa3oM, YBEJIMYEHHUE Mepuoja
JUCKPETH3aLUN HE MOXKET MPUBOAMTE K CPBIBY aBTOKOJIE0ATEIBHOTO
peXrMa HHBEPTOpA.

Pesynprarer MogenupoBaHus pabOTHl HHBEPTOpA B Cllydae, KO-
raa Mepuoj AUCKPETH3alUH BXOJHOI'O CHUTHANa MEHbILE KBa3HIIe-
pHoza aBTOKOJIeOaHUI HHBEpTOpa NpeacTaBieHs! Ha Puc. 13.

Buano, uTo paboTta WHBEpTOpa MPH TAKOM BXOJHOM CHTHAJC
aHaJIOTHYHa ero pabdoTe ¢ HeNpepbIBHBIM BXOAHBIM CHTHajoM. Ta-
KM 00pa3oM, YMEHBLICHHE MEpuoJa IUCKPETH3alUN HE MOXKET
MPUBOJIUTH K CPBIBY aBTOKOJIEOATEITHHOTO PEKUMA HHBEPTOPA.
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Puc. 13. Pesynomamuvi modenuposanus pabomol UHeepmopa npu
6x00HOM cueHane ¢ Ty,ep=0,1 mc

Paccmotpum paboTy zamxHymoil UPPOBOH CUCTEMbI CTaOUIIH-

3auu (Zres = 0) BEpTUKAIBHOTO MOJOKEHHUS I1JIa3Mbl, IIPUHSB IIEPH-
Ol JUCKpeTH3anuu peryistopa paBHbiM 0,1 MC B COOTBETCTBHH C

(8). PesynpraTel MonmenupoBaHusi pabOTHl TAKOH CHCTEMBI ITPHUBEE-

Hel Ha Puc. 14.
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) x 10° Vertical shift
T T T T T

Setpoint
Continuous

Discrete
06 .

0.8
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o

Vertical shift, m

L L L 1 L L L L L
0 0002 0004 0006 0.008 001 0012 0014 0.016 0.018 0.02
Time, s

Puc. 14. Pezynomamsi MoOenuposanus pabomvl 3aMKHYMOU Cucme-
Mbl CMadUIU3AYUY 6EPMUKATILHO20 NOAOICEHUS MASHUMHOT OCU
naasmol ¢ yudpoevim (T yuqp,=0,1 Mc) u ananozoevim pecynamopamu

MonenupoBanne TmoKaszano, 4Tro pabdora IU(PPOBONH CHCTEMBI
CYIIECTBEHHO XYK€, YeM aHAJOTOBOW, MPH 3TOM, €CJIH HAa4YaJbHOE
TIOJIO’KEHUE TJIa3Mbl OTIMYHO OT HYJISl, CUCTEMa HE CIIPaBIISETCS C
3agaueil crabunmzanuu. [IprnunHa HepaboTOCTIOCOOHOCTH CUCTEMEI B
TOM, 4YTO nepuof auckperuzanuu 0,1 Mc OJIM30K K MEPUOY aBTOKO-
nebanuit B ycranoBusiemcs pesxkume (0,3 mc) u nudposoii perysis-
TOp HE YCIEBAaeT BHIPAOATHIBATH YIPABISAIONINE BO3IEHCTBHUS IS
NoJAeP)KaHUs CTaOMIIBHOTO aBTOKOJE0aTeIbHOro pexuma. JlanHoe
ABJIEHNE HE HAOJII0AAaeTCs IPY MEHBIIIEM TIEPHOJIE TUCKPETH3AIINH.

Pesynbrarer MomenupoBaHus pabOTHl CHCTEMBI MIPH yMEHBIIIE-
HUM NIepHoja AUCKpEeTU3aluu peryastopa 10 10 MKc mpuBeIeHBI Ha
Puc. 15.

MopnenupoBanne IMOKa3ajo, YTO B CHCTEME MOIICpPKUBACTCS
YCTOWYMBBIA aBTOKOJICOATEIbHBIA PEKUM, OJM3KHA K PEKHUMY,
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BO3HUKAIOIIEMY B CHCTEME C aHAJOTOBBIM PETYISTOPOM, M TaKas
cucrtema criocobHa 3pQeKTHBHO pemaTh 3a/1a4y CTa0MIN3aInH.

x 107 Vertical shift
T T

T
Setpoint
Continuous
Discrete

Vertical shift, m

TR
ML

-1 1 1 1 1 1 1 1 1 1
o 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Time, s

o

Puc. 15. Pezyromamui modenuposanus pabomvl 3aMKHYMOU cucme-
Mbl CIMAOUIU3AYUU BEPMUKATLHO20 NOJIOHCEHUS MASHUMHOU OCU
naasmol ¢ yuppoeoim (T yuqp=10 MKC) u anano2oevim peyrsimopamu

6. BbigoObi

[TomyueHHBIE PE3ynbTaTHl MO3BOJIIOT PEIIAaTh 3a/ady CHHTE3a
perynsTopa ¢ MpUMEHEHHWEeM JIMHEHHBIX MoeJell MHBEpPTOpa TOKa,
YUUTHIBAsI JUANa30HbI €r0 JIMHEHHOCTH.

[ToyyeHHBIC OLEHKH TIEPHOJA AUCKPETHU3AIMU IO3BOJISIOT
chopmupoBaTh TpeOOBaHUS K 000PYIOBAHUIO LHU(PPOBOTO PETYIATO-

pa.
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Abstract: Models of two orthogonally decoupled control loops of
plasma position control system in a spherical tokamak "Globus-M"
are obtained. Results of numerical simulation of the plasma position
control system with two different models of the object in the envi-
ronment «Matlab / Simulinky are presented. The analysis of the
current inverter was made and its characteristics were obtained.
The results of the comparison of the system with analog and digital
controllers in the feedback loop are shown.

Keywords: tokamak, current invertor, unstable plant, mathemati-
cal modeling, systems of magnetic plasma control.
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