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For recent years, plasma profile controls have been planned to improve energy confinement and to
avoid instabilities in high performance plasmas. A preprogrammed profile reference with a function of
time and position (1,z) is necessary for the profile controls.

We developed a new GUI (Graphical User Interface) system dedicated specifically for time evolution
of the controlled parameters, and added a real-time profile control system (j-PC) to the existing real-time
control frame to keep redundancy for a future modification.

A new method to calculate the safety factor, that does not consider plasma equilibrium, has been
developed. Using this method, the safety factor control algorithm was also developed so as to follow the
preprogrammed reference waveform.

This system has been applied to the JT-60 experiment since January, 2004. The safety factor was well
controlled in real-time by LHCD using MSE (Motional Stark Effect) measurement signals for the first
time in the world.

This report deals with the technical details of a plasma current profile control and its GUI system.

Keywords: JT-60, Plasma Equilibrium, Current Profile, Real-time Feedback Control, GUI, MSE, LHCD,
Tokamak )
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op HRESEALS YA, BREIE LA I 1 R, BRI E OB T
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X7 BB L FR IR BB FER A0 AR 2 o AR R VBRI IR CHE VR /A AN L T, 2, A
VB LI B ERE BB VR O TSR N A B AR AL BT | BRIREEEI L Th 2B M L
P Ay BRI ER ORI A NEAT BIETFE AL THD,

Lo, BIREENEEL TEA —Io 22 1A e — 7 LT BRE) 58 i 40 46 LA 57 C iR i BEm) ) =
oy LH %E}Rﬂ%@ﬁiiﬁ%%f&pé WEON <7 T BILIADEERI R L ENE RO DT T~
Bk — FIEEET B0, A3y 7 BIR AN ANAIT-60 Tl F-colDOAEDAEI L LHIETL T
VWD, Ay 2 BT T A BIROFIEICL N TODO T SR CEHEI DT LI TERWA,
AR O SR AT IR T T R R WA R BRI S U L AR BRI 01k A R, &
W7t A —Iy 7 B N BT B LVIEFEBRAM O/ 2T HHE RIS df!m
g

HEE LH, A —3 0737 co FIADBREEENR ThaZ ST BT 206301355, LH & VW TIEEE
VEEIRS T2 L TERYY,

3. 3 EFERSRES ?E*J%l%f‘ﬁhiﬁﬂ
Iy E B A5 SN T 80 B SRR R ) T
Dolid, HIRCBR BRE T T ERFRY

PR AT R A RS (-PC) JITHEER

LH-A P THRR

EESS

FPC T OEMRERN WS 1T MSEFTAIES RTP oo
- EREE I REAICIRD IO, AR semawR qI52%0
HIHE BA B A ST 2% BT W IR B4y CEimEERGPe 0 LEADASR ) cosEE b
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B DML B NI B I, B eAd T/ F ax—sThs LH EREEEE LT i
HATBEEINNEIRETS (3.7 2.

S IEIBARE L7z SRR R BE RS AT BIO VA, J-PC AN LT B AT A B HEERE) BB ~ LH
AEHT, BB O BHIRBIL 2 BRI L SE AT 8T 2 12 BB LT B RS RE ST I B DS A %5
BT IEDThD, T rFar—2eis LH XA RE CENBY, FN2 ST 5 AT
ED, ol HIENEEEBIIAT 5 2008-2004 4R1713, C RITIEB O AH 7L T ORFEL LIz L0 EFRER
BEREAMEF L, IR AHIET 7 F am— s b L TR0l A ROZEAVHEIEIRDy 7 L
7o

3.38. 1 HEEOEH

REEEFRT S L TETE AT RLR O, VEY ZOBFIAERIEIIS T A0M 2 5
HOIT LY SO BT BEBBEIS B AR 20 i 2 BRI E S 52 T3,

MSE 2SEHEHUS ORI T y, Chs 22,y b T O3> DYBEN I TE S,

1) HDFHAAE L 72 L X O (FENBREBRNA A S NARGEHBo,0)

2) BFALAM, n )% AT SORLE RIS TV BRI

8) R, n-1)% e D OREEIE DB TR dSn THlo 72 P AIRETEA E <ju>=dl/dS,

22, dln=TnrTa, dS0=n1-Su, 5% MSE 3HILS n 24 TR REO BT TR S 1% OCS 0BRSS
EIRDLHERE T,

T ET MSE Oy FA(y N, LT Th5,

tan(}f”) = Bp,n /Bz,n (3'7)

B, (Rt ZARGRITD | B, : (hoAZ AReIT)

p.n’

Ty = (Ampere) DIERIINSR A Z VR B RS R TS5,

(Bp,n > : Ln = Z/UOIU (3'8) ‘
L, 5HALE n 28 TeRR R ORvA 4 NV J5 15 JE 5 [m]

22T, L, = {dlch., CCS DREIFERA Sn FBCTHITES, o TR 1 Bt

DO MSE FHUERIT 25,

DL =B, tan(y,)- L, /1, (22T n OASVIEIRREEINEY) (3-9)
éﬁz&:\
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In = Bt,n tan(yn) 'Ln //UO —Bt,n—ltan(yn—l) : Ln—l /,Llo

(8-10)
= (RBI /ﬂo)(tan(%z) . Ln /Rz _tan(yn—l) : Ln—l /Rn—l
Bz X 5ch 5725, IROIERHDITHIHBRXEH/D,
I L /R, —L,/R, 0 7
I, L,/R, ~-L,/R, a
RB, |
I |= L,/R, -L,/R, tan| y, (3-11)
| L/R, -LI/R | |y,
I 0 ' L, /R, 71

Ip-Is 235 chs DADEFHLEBHID, rn id, MSE HIEERE Tk EoTEY. dRn=0 Thd, EHITHALD
BERIAOC L TR dLa=0,

L L

dl, =(RB / L—dy, — 2 d ,,_) (3-12)

! ( I IUO)(RHCOSZ(YH) 7/" 'Rll—l COSz(Vn—l) 7/ 1
¥, <<172b

L L

dl, =(RB, / 2 dy, — 2l dy, . (3-13)

= ”°)(R,,<1~y:/2) TR 1) ]
Y WDNT 2 IREABEZ B 58,

L L,

7, = 2 dy, ——"=dy,_ 3-14

d n (RBt /,UO)(R" Vn R714 7 n 1) ] ( )

B Sy A" A CTh DT, ZEH TLEADBIRE T D0 N DD, T ETOMDEEE DR
TRABA X I E AL BEOERBRMSBETRRSE TN, JT60U TREZEN O

Al =T 'Y %E2 %, 22T, SROEIH NG A—Z CH BRI B0

N
3= m_a}x(w AL) (8-15)

EHIBIT_REEEZD, 22 COW, B EOELFCTHY, BHEBME RSB0~ DERE
I B, AU ETRBEBIAL B O BB G THEL TRSTA—FThS,

TR, (- 15)RICEVEHEND SOBFLEREET 5oL k0, FOREDI BT H4 B 12
fEIZ R 2 12— E T TR EWS B R BB,

SorE EHESNES (BELTSEREEE) IS T 5855 o7 L35, T8L P U TF0LS
25265,
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p?=p, CIT niEIEEZH0) (3-16)
obs

P =p, (ZZT mi ima X(|— ]”; )%&5-2% m) (8-17)

[’tIJIbs
TR L, P D b — 3y B LASA B BN D, B I B AR E L AR O 381X
AR = p™ — P 5, ISWEOHHEIRES T OSMUEETIRBIL, T 2 OMHIRLE E 00 PHEI% B 7R

By 5L THlIEATI, 1o, BHEREN IV FIZITOEATIE LU T TIRED,
R = AR +sgn(3)dp = p™ - p’? +sgn(3I)dp (3-18)

op WHERRS(p,_ —p,)2RRE

COS IZIBMITIIREZEL T y, REPAECENIZ, Tn, dln REBFEICED, T72bb T, REEH
TEENTHE TS, dls DT AL,
LRI o P ER L OFPRODER D PREIUILL FORTEED,

g, =K, “R—p"tan(y,,) (3-19)

Pl EOZEnn, HEFRHE TRAMAE RSN BRBEMLEIC LH OAR/MTHhhEZL T, Ho
FHULR DL 2R RBREDR EHw, (ST TEE B EBEISE SV TOGERITR DL TE NS,

3.3.2 EREHUENISEHTAMBIESEDHESE

ERFFHIE TR AT 2EAED IO LH 23 A Ths, ZOMNMERDDIZE > THERTED
V. BIREEEBRARNLE o THD, SEIAR L I2LZ2ABOF Iy 7 Tk, fHZEO LR E TR
BEBYBLIRALIE 0, ) & (EVEBRBY BARALE Opp,,, ) DB BISTHIET B, A -0 7 BHREDKE
RFEBBHITIALEROLLBBENL XL, pop BEEOERIRBINLE LTI — B 50T, BRI
HTOBHNFEEEE 2B,

(1) BRBIFEREEOHEH

ERERBAL A
LIL d}/n _ Lﬂ——] d7n—1 £’L d}/” _ L,,_l d}/u—l
d[n/df _ Rh 0032(711) dt Rn_l 0082(7”—1) dt Nﬁdt Rn—l dt (3-20)
In _é_n_tan( )__ Ln—I tan(]/ ) ﬂ_ - Ln—l
R 7n R n-1 R Vn R s

n -1 n -1

O AEERZ 52 25 n EZ 25, BRI E B pop £T28, bz, A7t LH AL Tk
LT shaping ORI FUTEIE TRV DO T, BERE DB R Lo i3 /VEHKSERE L O mai cxt
L.=L On 87—&60)VC‘\

( )
= ___Pn_ _P__ )
d[n (RB L//UO)L R" n) dyn R" ICOS (7)1 1) 771 IJ (3 21)
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LREETED,

(2) BREBEENE ol DEHAE

PepregtE BRIFESTROBMEL BEE AV TROISIHD 2,

2 I NECERICISC, [ 1070 TV B R A FHIT o R 1 O B BT EFRZE O E
| wéy |DBADIEERDDILLUI (K 3.8 Z:88), 723 0 13, Frv)b 1 IR EARMEBUREE
BRI B OE (& = ¢°% — ¢'7 ) T,

OELAFEERALED S NEOHE, ZONMZ BRI T 5, %S LT v INDLF v RN ER
D2 BHFHEVIIC woy GEHEE ST TRV D) EFREL.

) DT W <0 IR BF v 1 E— DN~ T vV i-1 ORZEHREEIT D,

o = (plil+ pli -1])/2

H AR AR R OF vy FA BB — 0o T B A

Pu = (Ail+ pli — 21)/2 25 BELFH R,

i) PUBOF v FANENGE . wog RKRMLEDOTF v F % 1Ll T

o = plil/2L7 %,

i) wog <0 BT v RN ENG A AT F v

DD, o DEINOBDEF ¥ F i LT, °"’S:‘ A __real-time
o = pli]/2:7 5, O\ reference
1. search max( h—qi ref) E
) ' 13.CDb h
QEHHEHEIALED g BAOEE, 0N B @ ! otween these
. , . o . 1 max(a—q ref)<0, search d
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D) FDTwog>0 IZRHMEL—DHNIHNZTFT ¥R case 2 - search max -q ref)
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111) W@ >0 b:f£é%“\7y;\r\/b7b§§?£b \i}I/E!_J_/EI\\ gﬁ&-f—:?ﬁ.v\,‘\/ 38 Eiﬁ.ﬁgj E Eﬁﬁo);tﬂ %3*&%

FNDHE o DIRKOLDEF ¥ Fb 1 ELT,
P =1+ plil)/2&3 5,

@EHAFTE T ASLED & BRI T UIRB(DEIVET v RN ERIT B IEEICET DT LI ENE
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TETEBN, ZOHAET o R EFEHER LS5,

BIEHHIERERDO AN TILZLLT B, F7bb, —HEM B LI | woy [ D 0 DR B AR
B> FARATIUIHIRISI A B8 CL o) B ZALS TRV UL EALS TR DTN, o 1325
EL72<Th pop HEALT 0T, NAEEIL poy % P b—BSEBINH 4 %) 2 BT B,

(3) [EiERENEH

EROZENONHIEZE APDIEACEE py & p1 DETHBITBINHIET 2,

d 3¢

ZI;(A@ =—a(pep — ,DC{;)

o DEALT [degree/sl Thd, BT T 5L,
A0 == [ (peo — PR+ Agity)

Pop < PLOEFA  THZERMPT OTEY o BT,
Ad(t,) iTEEC, HAEBR 1A=t i 21T B B AR AV
Do BT DR EAREIR/AME(q,,,,,) T, R EARIR/IMET
8 () HIILIEIERC T B,

Fio, R T 2RI B R EA N BRI ORE
UIAEZ AT, LH VAT AWNZITHTA AL 0° 0
B 360° THLOT, MIMHZELHEL CREL-ZENED
5 AT OIS 360 BT, Z0%. 270° = Ag =
360° 726 Ag=0" (SRR, 180° < Agd<270° 72
5AP=180" (RMREMEFELEEH , FERHEIHE
FHE(bR) ~525 5,

3.3. 4 NU—EREDHERE

Iz >y 7 version 1(20044F 9 A 7 BB OERULEN
THEA)THL 280 HE TR AU — 37 LAl B el
LT&Tz, version 2 (20044F 9 A 27 FEDEERLIEND
B CIEZNEEEL, LH BREIERE—FI2T 551
AT b5,

P

0.35

(3-22)

2
<1IN >
S

w

025+ .
60 0 60 120 180 240
A¢[deg]
<1/ Nf >=m1+m2cos(AD-m3)rmicos(2(AG-m5))
([l I5—
mi 0.29583 0.00024997
m2 0.025525 0.00042991
m3 -85.022 0.45793
m4 0.0023413 0.00025884
m5 -30.337 3.9638
A28 8.6447¢-07 NA

39 <1I/N,D>OEIEEICHT HIRTEY
(B) ERM2FT Y LT2/854A—4(TF)

N Lpn - -
BB 7, = 2" 13 <]—\1[7> (LI B LDHAE 2d B00, BRENEWE 1, % — BT B ic,
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T — PERDISHIZ <—]—vlz—> IR ERBIUTHIE 5,
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P =I,nRA1/N;) (3-29)

2
/"

PP AEZEITHLT <7vl—> BEEALM 8.9( ) LRSI,

(LINZY = m, + m, cos(Ag—my) + m, cos(2(Ag = my)) DBIBILTT /T B2, FIITR 3.9(F) 0

3Dl B, LIehio T, fLHZE Ag SR E T, /U — 37 VT ol Py, BV TRORXTEE %,
m, + m, cos(—m;,) + m, cos(—2m)
m, + m, cos(Ag—m,)+m, cos(2((Ad—ms))
Ppp 1INEARZE A =0 ORFOMEE G TCAFTHILET D, 0< Ag <180 DREF TITHK T 11%HRE,
TR EN T — I K ERER IR THILRD, o THITIZ P(AP) 3 RF FHEDBEKAN

PRI ZIRBIRNEINT Pyp TN~ — P B b TATIT D,

(3-24)

P(Ag) ZPPP

3. 3. 5 ERAHTILHIBUNIISA OBIS IR

FIEITIZ BIRSH OB NELRY, ERBENLE O RIERR AL I X032 T & 2 TR
ERHD, PLTFO2oDr—2A0BA., FRFHTd NI, RS2 BRIz RaZ L £28<,
=21 TERSWERNBERRUT I, BOMFHEHELESEN—BULGE

B OEAERFR =NV CF 7F ax—2 T RG24 5,

r—22: TERZAELHNBERRL T, BOMFHALEES BT U

ZOBA. 8. 2. STHRAF1 Dy 7 CIIBRBMLE N 0B 720, FIEIAIERET 5, (62T, BEEILE R
EDTDIT, NI = ATy PRI B CRBR T =F— 3 20BN D5, ZHEIERSHT, T =& ATy
WRIZ T BHERE 2 DD, BEOREWEBE T L, NV —% T A3 B ET 20 Th o,

3.4 REFES/MIBHEEESREER/IMESIH
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BT T IO ETRD BL R LV R T A—Z R E LT 7 MERR G S 085, AR
VT T IR T DI R T A—F R MENTRY, Z AU R 25505 MIE . 2R/ MET
b, BRFEF MBI EIEREARER L T O NERHSEEEITB)OSMUNL B2 HI RL TLH s JT-60
KB THDILTND, 10T, BERER/MIEZKET DI LY ITB 2K LT T X~ OHERER
) _ESEDHTENERTED, Tz, BRMRER/MEIARLEMEORA LKL TRY., g, 1VF B (1.0,
1.5, 2.0, 2.5...) ¥R TR R EI 2D, ZOT0, IRV PREEITIR BRI 245 50%/ME
EAHAE DT PN EEIT/2D, LA EMD ZEREUR ML BRI & 22 2R 505/ ME R O M iE A/ A T
Zeblin,
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3. 4.1 REFHAHERMIE-RMEDF
ST IS RRRBA A R ORIC KRS 5,

q= K% tan(y). r=ap. K= '\/(1+ x*)/2 (3-25)

K IEFTEE (bla) . a: FFR<KIEHER b 7 TR TR AR

R IME R/MEEIIZDOZEM S q(o) &7 B R/ N2 IEE VTSRO D LB N DD, &
AR ENERENDTOIC, BHE 5 BELUTF CRUBRMERE R o0 2 0ERDD, EITHNMEILE
FHINNT, 2 WEBEFIA 589127,

3. 4. 2 R2R¥E/NMIEFIH

TR IMEE( 0, ) ERET HEEIE, BURALDSMU O/ B TEIRBEBIL , NETBLEITN
MO/ CEWBRENIT 2, N TEEHTLROINTRD,
NCAR FE E TS — 2 BT

dP v re

—d—;— =-a, Sgn(pCD - pqn{in)(p(/min - pq:;zfm ) (3—26)
N~ B CRATAIC I AT

d e |

-d_f = "az (p aqniin - p (;Z;'n ) (8-27)

Q. O BEOERTHD, T, BROF —F =Rz LHE Ad L BHRBEUHRE p., OBEIE.

Pep =6.194x107° Ag~2.093x1072 Tz,

3. 4. 3 R2FRBE/MEFH

LR ME(G,,,) % T BB 2R BMIBLVIMIT LH U —2/N8LT5 /2R
HRAMIEIVPAEIT LH NU—2KET D, RERBF/MER R E T HEXTIR L SRR /IMIB F A
BT LH NU—%2/hET2 /2585 MIE LV SMAIIT LH /37 —% K& 75,

RTEXHT L,

dP .
firfa @ﬁ@\“%ézcﬁéfﬁmﬂﬂi—d? ==L, SEPcn = LyminGoin — D) 3 B IEEDTES,  (3-28)

/<7~[ﬁlﬁf{ﬁ$ﬁ&:iéfﬁ%ﬂﬂi% = B,y (@ —4'L) s B HEDER (3-29)

3. 4. 4 RE/RYMF/MIE -B/MERFFHIH

W2 X, B ERER ML E L2 SRR IMER T — LALF I LY RIS CE A MU BT
BB, BIEDLZA, RFEHTHS,
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