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Abstract

The paper demonstrates that an adaptive fuzzy controller can be used effectively for the control of the
temperature and density of the Tokamak fusion recator which is nonlinear and has dynamic uncertainties,
The dynamic uncertainties are non-parametric but state dependent. Thus the conventional adaptive
nonlinear control methods have difficulties to cope with the problem. The proposed adaptive fuzzy control-
ler can be used as a solution and performs well in a predetermined local space. Simulation result verifies
the effectiveness of the scheme,
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g Ao} o] & GA] gtebr)E 284 A (parametric uncertainty), 43 st2}v] €] 8} (linear parameterization) &
FEAQA Y Bl dhapriEd] ofEstd okt AghA e rhg o] Haskuo wEhA Aeiwlfo) o EaEE
FEA o BEA4Y S 2 Tokamak 3§29 Alojoll& ofgigo] oi11].

=R E e oA B8449S 2e Tokamak G20 &g HAA7|[12]8 A L3t AgHoa
Aojgtozy HAAE Aol7lo F848 AEFsA) E =89 AL the 2o} 2% A= Tokamak 3§
g2o] geist d o] tis) 7lEstA L, 33N E H S HAX AN E Ao, 4FAM= A EHo) M A
TE B Aolrle] s Hrsilth v e 2 5Pl e B =80 A8 350 AT FA S slest)

II. Tokamak =2 P2

Agize] 7hg s Bde Ea=v 229 Uk 9] F3F HFgh(volume average) 0.2 R H thS 1 ¢
£ 0219 =49 (zero dimensional model) & o} }[14].

A. 9} 2 3 & 2 (particle balance equation) :

d
R (1)

a7,
*1 n= 2] &7} M=) 2] °x[102/n]
= 172 F (supply of particle)[10%/né 5]
= 9] 2} 7}% A} ZH(particle confinement time) [s]

B. o4 x] # & 4] (energy balance equation) :

3L 4 P22 )
dt T
oAg71M T=Zegt=2v 2% [keV]
g = o 2] 7} A7+ (energy confinement time) [s]
Pa= <1 ¢} 2 714 (alpha particle heating) [ MW /7]
Paux = ¥ 2 7} ¥ (auxiliary heating) [ MW /nd]
Pb= Bremsstrahlung @A} &4 (radiation loss) [MW /nd]

4] (2)¢] Pa$} Pb & T9 ne) 32 E&3MA thS 3 g

P[,ZCZe/f nZTl/Z (3)
P,=(n?/4) {ov)E, (4)
o7 A {gv)=5.1x 1072 [In{T,) —2.1] (md/s) : -§ & ¥+-2- = (fusion reaction rate)

Ea=3.52[MeV]: &} ‘{J 2} ol 7
Zeff=1.5:Z¢°] & & gt(effective value of Z)

2 (2}9] =] By o2 RE 719E9 Fheating power) ] Pa+ Paux7t ollvi=] 4382 Pb+3nT/t ER
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P+am—m+@L (5)

4 =7 (ignition condition)-& &3¢l =t 7+E 7 ¥ (alpha heating power)o] o1z &H& 27e wolct,
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PaZPh+§"—T (6)
T

O

9] Ao 7t 3158 exo W&l TAlE B 29 19 2o(14]). 2ol & F K] HEHE Ao B
A Tlows} 3129 B8 A Thighel 5 7H7} Exgch B2 714 W9 (auxiliary heating power) Paux& 19 ¢
poojaoz Ed 4 (6)S HESER A4} dojubd) Ho] EetRvle] 2 129 HY Y Thigh7h=]
2714 geb, el ThigholAls Zabze) ¢tedo] A (8 limit) & WA =lof o o] 7t & &+ A
t} o]2 H35l7) 98 WES wWio] = whyo] 9lond, o] Wby M §¢ M (fusion power)o] FA|H o o
= zto}a] Al ®rH(density limit). waba Fepzvl £x g AHG3 A% Te( 19 KeV ) o} 3t2 {=jaf Fofof
std, 2t T(Tce £xdA §FF2E 24387 el e 1 AP E B sAA Fojof st ol & Bumn
Controle] gt e}k, Burn Control& 918 338 (fuel injection rate) S9} H.Z 7}E Paux & 2 Fo24 7}
=

A

1 o

-

'6 Pp + 3nT/,
m Lod
L=
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Trow Trign
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1 18 168 16888

T [(keV]
323 1. 58 U= (power densities) o] Ea}Zn}l 2Eof ME HE
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d(nT)/dt =nT +nT (8)
r=(1/n) d(nT)/dt—nT 9)
1), ()9 4 (9)8 APt TS AL 9L 5 Uk
=L (p 4P, -2 L -y (10)
3n 193 n Tp

YA UE ng A ES x, €5 T2 FHHEF5 x, ST AoiYe u, Paux® 9 w22 AWk 2 (1) 4

(10)2 21(3),(4) 9+ 2¥sted ohe-3} 22 MIMO(multi-input multi-output) B 48 e} W@ oz AT
3.cl= _(;12‘1"*"”1 (11)
xy=C,{ o0 x,—C3x, x5 —C L. 100 Uyt (12)

2 =0, 1T Gyt TGy T T e T e
(=l 1
g, apxlay
C,=(3.52 X 10%)/12
a7l M Cy=0.1042 Z,
o1l 111
Y 1, axixm afxix”
{ovy=5.1%10"2 [In{x,) —2.1]

A(11), (12) & A 2H oh& 3 2o},
x1:f1(%)+g11(%)u1+g12(§)“z (13)
x2=f2(x)+g21(x)u1+g22(x)uz

fl(;) ==C1x fz(;) :(,‘2<au>x1—(,‘3x1x0‘25 =Cy%,
o] 7] A gulx)=1. &n(x) = —xy/x|
gi(x) =0 &x(x) =100./(4.82y)
V. H& mHX| Ho{7] A
g fi(x) 9 folx)E A7) 98 fuzzy logic system & o83 7ro] AAST, WX v, x.9 A
FAg vhge] HFUE Bt}

U={(x, %) 0.1<x,<2,01<x,<20.}

499 5x59 pointE WEar b3 72
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\:\:\

(Ifx, is O/\l and x, is OAI Then f,(x
Rri:? Ifx11501andx;155 Then f;(x
H1f x) is O 1 and x, is 10 Then f,(x) =
fx s O 1 and x, is lo Then f,(x

£ fuzzy rule baseE 2] (13) .82 FE BHET}

) =6 1) and fz(;) =051, 1)

01(1 2) and f 2(1 2)
11, and fg(Bf) =013

0141, ¢y and f> ) =01y
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- N AN _ —
b X1 1s0.1 and X2 is 20. Then fl(x) :01(1. 3) and fg(x) :9‘_)(1'5

f
R(/S' ViIf 2y s 2 and X5 18 O/\l Then f1(x) =65 1; and f(x) = s, 1,
R(;'Z’: If xis 2 and x, is 5 Then f1(x) =05 5 and fo{x) =0 4
R(,) VIf xy s 2. and x, is 10. Then f(x) =05 5 and f5(x) = s, 3
R(,) YiIf xy s 2/.\ and x, is 1%\. Then f,(x) =0 ;, and fo(x) = a5 4
R(; UIf xy s 5. and Xy is 20. Then F1(x) =855 and fo(x) =6y 5

(R dwrzhr A @3 th3 2o
(R2) R”l P f xy is FU and xyis F52 Then f1(%) =011, 12 and fo(x) =051, 100
L1=1, 2,---,M1 (M1==5)
L2=1, 2,---,M2 (M2=5)
o 7)ol A fuzzy set F &= &3} 7ho] A ojgict

N\ VN VAN as AN
F}ZO.I,F'§=(.5,F§=1 =15, F{=2.
AN N\ Vas

1«";=0.1,F§=5.,F§=10 Fi=15., F3=20.
#F{t(xi) =exp[ — (<xi_xiL')/5,-L")2 ]
fuzzy rule base (R1)3% (R2)2%-¥] f(x) 2} f,(x) ¢ fuzzy model th& 3 @t}

A M, N M, M,

fi(x) 1121 Ig; 01, . o LT 1HFh (%)) / 3_‘ T (f],wlupu(x, )]

AN M, M, M, M,

H@=Y ¥ 6 unw (T )] L S (TTE urn(x)] (14
=1 1221 i L= 2= i

N
A7NNA 0; (11 12, 1=1, 25 4(25)9] adaptive algorithmel] o]l F = ol (R2)9] 6, 1y, 1B E I o]A
fuzzy basis function-g T2 3} 2+o] & 23} =}

M, M,

120G = [Ty ) T 2 T (6))] (15)

1=1 L2=1

aejw L () 2R [TA | M, dimensional vector &(x) 7} RHE oI AH (14) 4] & chg3} gol 4 4 2

~ /.\ AN

£ 18 =07 Ex)

A A AN

Solx 1 0:) =0} &(x) (16)

2 A D ~ D

flx) i= f1(x10)), folx16)]
Reference Model-& 21(17)3} o] ¢t st pHAE 2EE AHad 13) 3 7)) =5E 2(18)9] Error
Dynarnic Equat1on°] oo} =y 2](19)9] A o] &L~ HE < Error Dynamic Equation©] #}(20)x o] &
o] )

?i(ml [ Xoni (8t

Ji‘mz z‘{m{xrnz +Bm (4] (17)
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el X x

2| T x| | %

' AN

[6.1 —a €y o, [xl +B, 71]+[/\1 1}_[ /\1] | B & 741} (18)
e 2 X 7 fe=Ff2 f2 &21 8] | %

u B g1 &7t J:i x r1l Uy
[”2j|_[:g21 g22j| (—|:f21+A’”[xg:|+3'"l:rZ:I_[usz]) (19)
_ € fl f1 [usl
e[ ]

(7F4 1) A9 Ul A £ (x) ¢ norme] ok 443 f#o]l o] 8} Al (bounded) ¥ T,

= f (< frforxel, f(x):=[f(x), f(0)]

("2} 1) Lyapunov function candidate V,& #](21) 3} o] & 2|8} 1 supervisory control #,2 2! (22)9} o]
dHsd (FHH1) & BN BRAS f(x) (x U)o tha) 4(20) 9] # ol wpa V.o A 7re gty
EVoVdd ook ZAG A 4(23)8 22T 5 vk

(37 : 7% #2)

1;::% or p; o)
—PelBy/IPel?] |e|\|P||(|f |+ /%), B L if VOV
0,ifV,.<T (22)
) I’ls;sw (23)
A3 oz (FEgda)E g & A
(B54de)
_ 7 -
lel < (2- )05 forall x € U,
A
(57) 2 (23) o2 5H
<V
Lo lersterpocy 20
2 e 2
lel2< 2
Abr
el (2= for all ¥ E L,
. - ~on
a9 1 =9 Al 4vector 0, % 0, % 2317198 22 (adaptive law) & 2(25)9} 2ol Folstd 4,7} 6,9 Y

2ES (2607 gol ddE = He)olE A71E boundA 2 4= AvH 121
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O= Y, Pcél(x) if (tr(@O) M) or if (1r(@O) = Mand e’ POE(x) =0)
O= Y, PelT(x)+ 7, e P&(x)/tr(©@6")] Oif (tr(OO) 2 M and e” PO(x) {0) (25)
tr(ee) <M (26)

V,AIBH0IM U Y HE

B Ao M 4730l dAlG Aolr)e J5s Hrtety] dAs HFE AlEHoIA S FAsH . Confinement
time 9 1,3 o] &9 ulel JeirtA 2 FHS e 2 A7 e A (7) 2 E8¥ confinement lawe] B34 4
& O3 2o] 7HA 792 Y Ah

1) constant confinment law:1=m==0
2) Bohn diffusion:1=0, m=—1
3) neoclassical diffusion:1=—1, m=0.5
Al gd o] ol A ALEg FEAA O FFELS T B

2=0.9, p=3, Zeff=1.5

AR A Qg $AGH Ul e = 7sdh], mzkel] diall 21(11)-(13) S22 E f*=0.92 x 103232 A s
A}, a1, XA U ])“1‘(‘5 2 19)4 G matrix7} nonsingulare]th, 2}(25) 9] error norm boundi= |e| =
0.01% Xl"*a}‘ﬂ“ﬂ ol $lsf I"=0.01, Ap, =2000.2 Gttt 21(25) 9] setn)g 5L e Fo| vl
27125 (R1)AA ALE g8 AHgstd et 34 (setpoint) (25 102°/m], To[kel” ]+ Density-Temperature
43w (phase plane)oll A A(1, 15)—>B(0.5, 15)—=C(0.5, 5)—=D(1.5, 5 —=E(1.5 14)—A’(1, 14)=>B’(0.6,
14)—>C’(0.6, 6)>D’(1.4, 6) > E’(1.4, 13)—> A’(1, 13)>B"(0.7, 13)>C"0.7, 7)—-»D"(1.3, 7)—>E"(1.3, 10)
-0(1, 1oz ¥agA Aoy 19 2-19 63 o] A H error bound 0.01W el A 7| &R FF 0] & o] FoiX
T USE ¢ F Utk 53 AEdAM e l=m=0, A~EM=1=0, m= -1, A~OA=1=-1, m=0.52 13}
mztol Hatd ol B3t 3 E error boundo| Wl & FF Ao ZolFolA T Y& ¢ 5 Uk 2P 7L
Aolgdd, 1 85 Zehn 8l matrix 09 tracegl, 1% 9+ confinement law s}etv| €] 13} me] A3 W s
Z}zk vepd T},

» Terperature(keV) 16 Denaity(18°28/n"3)

1.4

. A S £ i -
Ay

: : | |
) ““—*ﬁ{———_\_ ) ! "h\ ’ \.\..k

; 9.81&
: [ !
LL%L&/ f i o - \

5 : i 8.4

f B.2
B H i [ L L L N L s L

] 8.5 1 1.5 2 8 18 28 3 49 ] 1] mn ]
Density(18°28/2*3) Time(Step/8.81 sec)
—— Phase Plane Trajecty — Satpoint 3 xni(Reference) —e— x1{Density)

12! 2. Density-Temperature Phase Plane Trajectory 33 3. Density Trajectory
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Tenperature (keV)

15 | St

A W
IR

] A I 1 1 1 1
8 19 2 e L 58 68 ™ )
Time(Step/0.81 sec)

— Setpoint ¢ xnZ{Refersnce) —»— x2(Tenperaturs)

12! 4. Temperature Trajectory

omsbcnsitybrorel&l‘mumbmel

9.981

9.005 |

-8.01 Aesiaites

-9.815 — 1 L 1 t L 1
8 13 2 38 L] ] 68 7 68
Time(Step/8.81 sec)

~o— Density el=xi-xml —— Temp. €2:x2-xn2

712! 5. Density & Temperature Tracking Error

Morn of Error Vectar(el & e2)
8812

8.81 — NP
N e I

9.806 | l

PR N
F——

8 \ L ) L . ! )
] 18 ] 0 49 S8 2] ™ -]

Time(Step/B.81 gec)

—— Norn of Rrror Vector

2! 6. Norm of Tracking Error Vector

V. d

2

Fo| X Tokamak #1822 Burn Controlol

Control wl(18°28/n"3 sec)t u2(/n"3)

5 8 8 &

Time(Step/8.B1 sec)

——ul(Coutrol §) —— u2(Control Paux)

2! 7. Control Inputs ul(S) & u2(Paux)

Trace of Parameter Matrix

168
149
128 M
189 — e
88
60
49
Y]
) L L ) L o L )
] 18 p..) » L] 58 68 m 80

Tine(Step/8.81 sec)

—— Trace

2l 8. Trace of Paramenter Matrix

8 slklus of 1 & » {of Dynanic Equation)

0.4
8.2
]
-8.2 |
8.4
-8.6
2.8
Y l |
-1.2 1 L L 2 L L L
8 18 28 38 49 8 o8 7 ]
Time(Step/B.81 sec)

——Value of | —s—Value of »

2| 9. Values of 1 & m (of Dynamic Equation)

=
[
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« B WA A 7HG FejolE BEAAS zh HAE AE BEFR A&t dEte Aojee
ebd-g 1Y

LG Aol E SS9t P, BY AR Ay Mskgo] AgEE Folng AoldHol AH = g3kl o
ARyt BagRes YAt

HE
V=g eTPe
1 - S
V= L (AL PHPA,) et 2e” PUS =f)+2e Pul
1 _ oo
== e" Qe+e’ P(f—f)+e Pu
1 - - oL
T A, lel2te Pf —f)+el Pu,
1 - - S
= T A, lel?+ el NPl f—Ffl+e Pu,
1 - - o0 = -
Y Ao lelZ+Tel IPI U fIELFD +el Pu,
1 - _ A _
< = Ao lelPFleliPl LI+ Q=) B
1 -
_? l()min Ie|2
<0
V,,S;S%
WOED.
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