SMPOEKTVPOBAHUE CUCTEM
YIPABIEHVS NIA3MOW

BE MATLAB/SIMULINK
10.B. My JULLKUH Uuny PAH - MITY - MOTHU ”7:
A.A. Ko éneB E.O. AvuHukoBa MFTY \
H.M. Kap e 2B, B.A. BaHoB ‘ %
B.H. [ "'|éa PP, XanipyTtauHoB TPI/IHI/ITI/I 0
A.B. KaaypuH, A.T. BepTuHCKuii Uny PAH
- A oB, C.M. 3eHkoB By
7 MOTU

TexHonorn4yeckasa koHdepeHuun MATLAB u Simulink 2010
OpraHusaTtopbl: Softline, MathWorks
LlenTp MexxayHapogHou ToproBnu Ha Kpacuou I'IpeCHe
MockBa, 30 ceHTAGpA 2010 L/ e



COOEPXAHMUE

Tokamaku u UTOP

Cuctembl u MeToAblI YNpaBneHUs Nna3mMoun ¢
npumeHeHnem MATLAB/Simulink

Cuncrtembl MarHMTHOIO yripaBrieHUSA TOKOM U ¢popmMou
nnasmvbl B UTOP

CucrtemMbl KNHETNYECKOrO ynpaBrneHus npodunem
TOKa Nra3mMbl B TOKaMake

3aknoueHue
KoHdepeHUunn n nyonukaumm



Tokamakm n UTOP

Tokamakmn SABRAKTCA nuaepaMuM B pelleHnn npoobnembl
ynpaBnsieMoro tepmosgepHoro cuHtesa. lepBbin TOKamak Obin
noctpoeH B CCCP B UAD um. U.B. KypuaToBa B 1956 r. C atoro
BpeMeHun Obino co3paHo 6onee 200 TokamMakoB B Mupe, U3
KOTOPbIX cenvyac AencTByroT 35 yCTaHOBOK.

BbicoKkoTemMnepaTtypHyro nnasmy B MarHUTHOM Mone TOoKamaka
MOXHO YyAepXaTb UM nopaepXxuvBatTb €€ OonTUMalrbHble
XapPaKTepPUCTUKN TOJNIbKO C MOMOLLULIO CUCTEM aBTOMaTU4Ye€CKOro
ynpaBfieHUA ¢ 0O0paTHOM CBA3LIO.

B 2009 r. mexxayHapoaHbIM coobwecTtBOM B cocTtaBe EBponbl,
AnoHun, Poccun, CLUA, IOxxHon Kopeun, Kutaga n UHanm Havato
CTPOUTENbLCTBO MEepBOro B Mupe ToKamaka-peaktopa UTIP Bo
PpaHuUuMuK, nyck Kotoporo nnaHupyertca B 2019 r.
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,fKﬂACCI/ICDMKALI,I/IFI
CI/ICTEM YNPABNEHUA NNA3MOW

| B coBpeMeHHbIX Tokamakax HeobxoanmMo paspabartbiBaTh Kak i
* CUCTEMbI MarHUTHOrO yripaBreHnsa nrasmon, Tak U CACTEMbI |
" KMHEeTWYeCKOoro ynpaBfieHUs ¢ ux ganbHeuwmnm

"~ HTErpMpoBaHUEM.

CuctemMbl MarHUTHOIO ynpasfieHns NnogpasaenstoTca Ha:
— CWUCTEMbI YNpaBrieHns BEPTUKaSIbHON CKOPOCTbIO,
TOKOM 1 (bOpMOU nnasmbl
— CWUCTEMbI YNpaBfeHns pe3ncTUBHbLIMU
npucteHo4YHbiMM mogamu (Resistive Wall Modes)

- CuctemMbl KNHETUYECKOTO yrpaBrieHUd noapasfenaiTcd Ha: |

' — CMUCTEMbI yrpaBneHus MHTerpanbHbIMU NnapaMmeTpamm
nnasmbl: MOLLIHOCTb TEPMOSAEPHOIrO CUHTE3a,
MOLLIHOCTb Ha AUBEPTOPHbIX MMACTUHAX, HanpshkeHme &
Ha obxoae nnasmMeHHoro LHypa u T.1. i

— CUCTEMbI yripaBneHusa nrasmeHHbIMU NpodoUnamm:
TOKa, dpbakTopa 3anaca yCTOM4YMBOCTM [,
TeMmnepaTtypbl U NSIOTHOCTU
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B paboTte pa3pabaTtbiBaloTca U UCCneayrTCs:

— CncrtemMbl MarHUTHOIO yrnpaBfieHNs1 BEPTUKarbHOW CKOPOCTLHO,
TOKOM 1 cbopmon nnasmel UTOP

— CncrtemMbl KUHETUYECKOrO ynpasneHusa npodunem ninasmMmeHHoro
TOKa B TOKaMake

CuctemMbl MOAeNUPYOTCA Ha nnasmo-dusndeckom koge ONHA,
peanusoBaHHoM B cpeae MATLAB/Simulink:

B paboTte npumeHsieTca cUCTEMHbIN Noaxo4d Mo NCNOMNb30BaHUIO
KOMMJiekca MeTo4oB Teopun ynpasneHus Ha ocHose MATLAB/Simulink:
> JlnHeapusauunsa n naeHTnuKaumns HeNMHENHbIX Moaenen oo bLEKTOB
» Pepnykuns nmHenHbIX Mmogeneu
» Pas3BsA3ka kaHanoB ynpasrieHus
» OnTnmMmnsauusa ¢ NPorHo3nMpoBaHUEM Ha Moaenn obbeKTa
ynpasneHus
~ > KackagHoe n nepapxuyeckoe ynpasrneHme

> MHoromepHoe NponopLMoHanbHoe yrpaBneHne ¢ ABONHbLIM
. NHTerpupoBaHunem
» H_ v nnHenHo-kBagpaTtnyHoe yrpasneHue




CUCTEMbl MATHUTHOI'O
YNMPABINIEHUA ®OPMOU W
TOKOM MNA3MbIl B UT3P



CLIEHAPUM UTOP
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1AYM MATHATHOO YMPABIIE

BepTukanebHoe cedyeHne NTIP v' CTabunuanpoBaTtb
BepTUKarnbHYH CKOPOCTb
nna3mMmbl OTHOCUTEJIbHO
Hyns

NMumuTtepHas cpasa OvBepTopHan da3sa

v CneauTb 3a 3agaHHbIMU

oes | pPacCTOSIHUSIMU MeXAay

] rpaHuuen nnasmbl u 6-10
' TouKamMu

v CneauTb 3a 3a4aroLum
_ BO31eMCTBUEM MO TOKY
FFa nnasmbl

v’ CtabnnusunpoBaTtb hopmy
U TOK NNna3mbl Ha

KBa3uctaumoHapHou ase
nnasmMeHHOro paspsaa
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PU: quCKMM Kog «ANHA»
Mo.qenMpOBaHMﬂ 3BONOLUN nnasMbl B
TOKamake

[Mnasmo-dumandeckmnn kog ANHA
co3gaH B TPOULIKOM UHCTUTYTE
NHHOBALMOHHbIX U TEPMOSIAEPHbIX
nccnegoBaHMM U NpegHasHadeH
ON9 YNCIIEHHOIO MOAENMPOBAHUS
NPOLIECCOB paBHOBECUSA U
nepeHoca B nyiasme TOKaMaKoB.

Kog BbiBepeH no
aKcnepumMeHTasibHbIM AaHHbIM
TokamakoB JT-60 (AnoHus), MAST
(AHrnng), DIII-D (CWA), TCV
(LUBenuyapus) u cumtaercd
Hanbonee NPOABUHYTLIM A5
npoekta UTIP.
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W leO"uen™ YPaBHeHue
Kupxrodpa

U | — BEKTOpP TOKOB:
BEKTOP COCTOSIHUA
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HA KOOE «AUHA»
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I'IOJ'IO)KEHMEMJ TOKOM 1 ®OPMOM MMA3MbI B T3P

pragrog dy=[dg. 6p. 6IrF]
—Q
Tolkamal:

1
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RATE LIMITER DELAY SATURATION
VS converter model

D%( Kspow 1
SV 01505 +1

RATE LIMITER DELAY SATURATION
MC converter model Controller Diagnostics

Cxema noaknoyeHud
ObicTporo npeobpasoBaTend @ *
Hanps>KeHus ons crabunmsaumm
BEPTUKANbHOM CKOPOCTW NMna3mbl
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NMNA3Mbl HA KOOE «OUHA»

OG1BLEeKT ynpaBrieHUss HeyCTOM4YUB, NO3TOMY AN POpPMUPOBAHNS TECTOBbLIX CUrHANOB
0ObeKT OblN CTabUNM3MpPOBaH NPOMNOPLIMOHANBHBIM PEryNsSTOPOM.

MOMENW BEPTUKANBHOIO [IBY

OOBbEKT ynpaBneHus
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O6beKT yrnpaBreHus:
X=Ax+Bu, y=Cx

3aKOH ynpaBneHus:

D,BYXKAKHAFI CI/ICTEMA MATHATHOIO YNPABJIEHUA
NMMA3MOMN C PA3BA3KOW KAHAIOB

YHpaBneHMe TOKaMM B OOMOTKax nosionaanbHOro MarHUTHOro nons

BHYTpeHHUI Kackag ynpaBneHus

Perynatop ans
ynpasrieHUsa TOKamMu
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coils

MM-perynatop
BEpPTUKAIbHOWN
cTabunusaumm

Moa3apava: paseasaTth kaHarnb! ynpaBneHUsa n npeBpaTUTb 3aMKHYTYIO
CUCTEMY B COBOKYMHOCTb HE3aBUCUMbIX anepuoanyecknx 3BeHbLEB
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| EI'O KACKALA YTNPABJIEHUA
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AOOENVPOBAHUS HA KOLE «AUHA
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TOKW B YINPABJIAKOLWNX OBMOTKAX
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Mpn ncnonb3oBaHUU HOBbIX CLLEeHAPHbIX
TOKOB ynpaBfieHUs, NOJfTy4eHHbIX Npwu
nepBMYHOM MoAeNMpoOBaHUN
HOMUHanNbHoOro pexuma 2 UTIP,
OTHOCUTErbHbIE OLUMOKN CrieXXeHUs 3a
TOKaMun ObINU CyLEeCTBEHHO CHMXEHbI:

2y =gl /o, & =IAtL 7,
max &, = 3.07 % maxe, =1.8%
avg e, =0.72 % max g, =3.18 %
max e =0.75%
maxe; =081%  avge, . =156 %
avge, =0.16 % avg e =0.46 %
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(OB B KATYLLKAX YMPABIE
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3aMKHyTasa cucrtema

5 S
() [a )01 e a(L)01

KomnpomMmucc B yactotHon obnactu

Boicokue yactotbl: & (W, ) 1, @ >w,, 6(L)U 1

(I+L ~[1/g(L)|U 1 < g(L)U 1
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KACKAL YNPABMEHWS
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YNPABNEHUE C ONTUMU3ALIMEN HA
NMPOrHO3UPYIOLLEEA MOMOENV OEbEKTA
aHrn.: Model Predictive Control (MPC)

Kpurepuii
KayecTBa:

J :5UT 'WcSu '5u+(y_r)T 'Wy '(y_r)+(u_utarget)T 'Wu '(U—U

target ) 7

MporHos ynpaBneHus

npownoe 4 Gyayuee e [lo usBecTHbIM 3HAYEHUAM BXOA0B U
BbIXOA0B NporHosupyertca byayuiee
nosegeHune obbekTa

Liefb ynpasneHus

NPOrHO3MPYEMbIV BbIXOZ,

}/e——fe/ 1 e  OnTUMMU3UPYeTCA NOKasaTeNb KayecTsa J
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e Ha 06beKT nogaétca ToNbKO NepBbin
R S R 3/1IeEMEHT U3 PacCYNTaHHOM

k k+l k+m k+p -

O —— nocaepoBaTe/IbHOCTU YNPaB/IEHUU — METOA,

rOpHECHT pepioKasatins YOANALWEerocs ropusoHTa
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OOHOKOHTYPHAA MHOITOMEPHAA CUCTEMA
YMPABJIEHUA C MPOMHO3UPYKOLWWUM PEIYNIATOPOM

| McnonHMTenbHLIE | | MamepuTenbHas |
oL D perynstop | 9 | 0OBbEKT ynpaBneHus | |
— | yCTpouctea | | cucrtema |
dt | | | |
| | | |
| | | e — |
‘ ‘ V Nna3smva B ‘ ‘
MPC-perynaTtop | | N o
| | ToKamake W |
| | p | > F |
—> —4» MC — Nor :
\ I Ve —tE \
| | | I —— |
& o | o |
é] p
ol PF

Ha kaxgom ware ynpaBneHnsi MHOrOMepHbIA pPeryrnaTtop ¢
NMPOrHo3upyoLwen Mmogenblo npeobpasyeT MNOSHbLIA BEKTOP
BbIXOAHbLIX CUrHarioB o0bLeKTa B ynpaBnslwWme CUrHanbl
npeobpa3oBaTesien HanpsXXeHusa
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'& MPC-PEFYNSITOPAMU HA KOOE «OUHA»
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CUCTEMbI YINIPABJNIEHUA MPOPUTIEM
TOKA NMNNA3Mbl B TOKAMAKE

» C pa3BA3KOM KaHasoB yrpaBfeHusi Ha HYJIeBOU
yacToTe

> C NPOrHO3npyroLwen moaenbio B KOHType obpaTHoOu
CBA3MU

» Cc H, perynatopom v NOrmMkou orpaHM4eHus
BXOAHbIX BO3eNCTBUM
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Pa3pa60TaTb cCUCTeMy ynpaBneHus Ana nepesona
npoduna Toka nna3mbl B 3aaHHOe NOJiIoXKeHue B
Avnarna3oHe TeMnepaTypbl Nfia3Mmbl HA MarHUTHOW
ocu ot 0,1 k3B no 18 k3B.

KUHETUYECKAA MOZAEJb MNMNA3MbI

Mopenb ob6bekTa ynpaBneHus — ypaBHeHUe andpdysum
MarHMTHOro Nosigd B nnasmy

[ns ynpaBneHnsa npodunem nNioTHOCTU TOKa niasmbl
NCMONb3YTCHA NATb HE3aBUCUMbIX MICTOYHUKOB TOKOB
YBNEYEHUNSA — UCTIONHUTENbHbIX YCTPOWCTB

Yo = = B

oD oV 4rn( .OF 0J < i
op op o op op

>VC
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Hetounuen Tokos VEBIICHICHHA

IIpodune Toka maasMer
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3ajaya uageHTUPUKALIUU peliaeTcAa B pAAe TOYeK ¢ QUKCUPOBAHHBIM
3HaYeHHEeM TeMIlepaTypbl Ha MarHuTHou ocu: 0.1, 1,5,10,15,18 k3B.
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HacrTpoiika peryasaropa NpoBOAUTCA HA UAEHTHPUIUPOBAHHOU MOAEM
00bEKTAa C NOC/JAeAYIIYM NEPEHOCOM Ha UCXOAHYI0 MO/ eJ/Ib IJIa3Mbl

Ym
—>
MPC-Controller —U.—p
T
y
N Z
. \V
MPC-Controller ——u—p
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CUCTEMA YMPABNEHUS NPO®UNEM TOKA C
H.-PEFYNIATOPOM U HACBILLEHVEM
BXOOHbIX CUrHAIOB

& T e , e Linear u .y
~—— —> Logics block—> > Saturation —  Plant
| controller |

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

NaeHTndmumpoBaHHbie MOAENN UMEKOT 5 NOPSAO0K NP BCEX TeMnepaTypax.
Perynatopsbl pasnuyaroTcs:
- 14 nopagok npn 100 3B

- 12 nopsapok npu 3 kaB
10 nopsigok npu 10 kaB
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CPED,EI\/IATLAB/SII\/IULINK ans MO,U,EJ'II/IPOBAHI/IFI
CUCTEM YMNMPABJIEHUA MNNTIA3MON

Nnardgopma BHeagpeHa B y4eOHbIN npouecc MI'TY n MOTI.

IHTerpmpyeTt HenuHenHbin nnasmo-pusndecknn kog ANHA, uncnennyio
~ ripouenypy ero nuHeapusauumn, nIMHeapm3oBaHHble Modesnun, 6asy AaHHbIX ,,'T,f**'%
~ cueHapueB T3P, cuctembl MarHUTHOIO Y KNHETUYECKOIO YNpaBneHuns
~ NNa3MoiA, KMOYM NEPEKIoYeHUs Modenen nna3mMbl B TOkamake, nakeTHoe
MoAenvpoBaHue. 7

nporpaMMHO-Bbl‘-IMCﬂMTeﬂbHaﬂ nnaTq)opma

CpenctBa ons

XpaHeHWs! U NpocMoTpa

pPEerncTpypyemMbix
curHasnos

CpepactBa ans
nposeaeHus
MOZEenupoBaHus B
NaKETHOM PEXUME

epekrnyeHne
Mexay JTINHENHON 1
HENUHENHON

Pa3paboTka
MogenupoBaHue Ha MogenupoBaHue Ha
pPerynaTopoB Ha OCHOBE ol AHanus pesynbTaToB AHanus pesynbTaToB
HuHeHEORIMOneNN JNIMHENHOW MoAenu koge ANMHA

KoppekTtunpoBka
perynsitopa

KoppektupoBka
perynsatopa

SRR



bIW CTeH peanbHOro B

MK ¢ Matlab
(Host PC)

!

3arpyaka nporpaMmbl AnNsA TECTUPOBAHUS,
BO3BpAaT Pe3synbTaToB BbIYMCIIEHWI
(TCP/IP)

MapuwpyTtmsatop

| PCI Ethernet 1 PCI Ethernet 1 |

OBmeH AaHHbIMK

| PCI Ethernet 2 =8 peantHom Bpemenn——= PCI Ethernet 2 |
(Raw Ethernet)

IBM-coBmecTumMbin MK IBM-coBmecTumblin MK
(TargetPC1) (TargetPC2)

CTpyKTypHasa cxema cteHga

CteHp peanusoBaH Npu NOMOLUN CPeaCcTB
Real-Time Workshop n xPC Target HenocpeactseHHo u3 Simulink-cxembl



IbHbIW CTeHA peanbHOro B -

K ¢ Matlab <

[NonyyeHwne n obpaboTka faHHbIX

AN

3arpyaka aBToMaTU4eckn
creHepupoBaHHON NPorpamMmei
C pa3paboTaHHbIM anropuTMOM YNpaBeHUs.

MonyyeHune gaHHbIX C YCTPOWCTRA

| CTaHaapTHbIN MHTEpdENC

Cpenoctea
O6meH oaHHbIMK BBOOA-BLIBOAA
B peanbHOM BPeMeHH!

| Mnatbl BBOga-BoIBOAA

YCTpPONCTBO ynpasneHus
(NNAC, koHTponnep Ob6bekT ynpaBneHus
WY NPOMBILLMEHHEIA KOMMLIOTEPR)

CprKTypHaFI cxXemMa noakntyeHnd BblMUCTTINTESTIbHOIO yCTpOIZCTBa K YCTaHOBKe

Peanunsauns aToro atana, B 3aBUCUMOCTU OT TUNa BblYUCINTENBHOIO YCTPOWUCTBA,
- BO3MOXHa Npy MOMOLLN CPEACTB!

Real-Time Workshop, Real-Time Workshop Embedded Coder,
Target Support Package, Simulink HDL Coder



3AKIKOYEHUE

 [lpeacTtaBneH cMCTEMHbIU Noaxon no
MCNOJIb30BaHUIO KOMMJIEKCa METOA0B Teopuu
yrnpaBrieHusa Ana peweHusa 3agady MarHUTHoOro

N KWHEeTMYeCKOro ynpasrieHusi nnasmMou B
UTIP

* PazpaboTaHa n BHegpeHa B y4eOHbIN
npouecc MI'TY nm. H.3. bBaymaHa n MOTU
nporpamMmMmHoO-BblYMCNUTENbHAA nnatdgopma B
cpeae MATLAB/SIMULINK pns
MoaeriupoBaHUA CUCTEM ynpaBrieHUs
nnasmMmoun Ha nnasmo-¢gpumsnvyeckom koge AUHA



The 40th IEEE Conference on Decision and Control, Orlando |
Florida, USA, Dec 4-7, 2001

The 8th World Multi-Conference on Systemics, Cybernetics and
Informatics, SCI 2004, Orlando, Florida, USA, 2004

32nd EPS Plasma Physics Conference, Tarragona, Spain, June,
2005

The 45th IEEE Conference on Decision and Control, San Diego, CA,
USA, Dec 13-15, 2006

Workshop on “Active Control of Fusion Plasmas in Tokamaks”,
General Atomics, San Diego, CA, USA, December 12, 2006
http://www.lehigh.edu/~eus204/workshop/acfptw.htmi

International Workshop “Control for Nuclear Fusion”, Eindhoven
University of Technology, the Netherlands, May 7-8, 2008
www.wtb.tue.nl/cnf/program.php

. 48th IEEE Conference on Decision and Control, Shanghai, China,

December 16-18, 2009 P



http://www.lehigh.edu/~eus204/workshop/acfptw.html
http://www.wtb.tue.nl/cnf/program.php
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