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Feedback on m=2 n=1 RWM in q(a)<2 experiments

O Intelligent Shell & Clean Mode Control

Cylindrical MHD model of the RWM feedback

] sidebands aliasing
O feedback delays

O radial/poloidal sensors
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RFX-mod g(a)<2 tokamak /CO

Ri

q(a)~1.8,‘ B,(a) =0.55T, 1:=150kA, pulse lenght ~1s

n,R/ By(a) ~ 7 (density limit for q(a)~2)

T,~200-300eV, By=pBaBya)l, <1.5%Tm/MA

Feedback control of m=2, n=1 RWM
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RFX-mod layout /

plasma vessel  shell coils
|
5. | 2=0.459m
) | r.,=0.49m
[
) | r,=0.91m
| c=0.58m
a I, T, c ]

vessel: 1,=2.3ms
shell: 5,=3mm, 1,=100ms
coils: (M.=4)x(N.=48), A6.=2r/M., A¢p =2n/N_

sensors: (M=4)x(N.=48) radial (A6,=27/M,, Ap.=27/N ) toroidal and
poloidal
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— Ip(kA) no feedback
150

2.1
—q(a) no feedback br (rwi)| (mT)

~no feedback y=44s"

RWM: yt,,~4

100

—_— |
50\ |
W' 2
0 : : ; ; — 15 \ \ \ ! !
02 024 028 0,32 0,36 026 028 03 0,32 0,34
t(s) t(s)
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Feedback algorithms: radial sensors /com%o“

Intelligent Shell (IS) :

by =b"Fer =D bP (i) fi(p.g)  p=m+IxM,q=n+kxN,

Pq w

p,q _ ym,n
Ic _Ic
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Intelligent Shell: sidelbbands pollution CON(%ORX

M.=M_=4 , N_=N_=48

® |bP from | *' 4 |b P9 from 1 '
r vacuum C r vacuum C
0,6 \ \ \ \ \ 1 \ \ \ \
A
® O ’ 5
L : p=1, g=
p=-2, g=1 p=2, q=1 0.8 - 1
04 - .
06 - 1
0,4 - .
02" ,
=-3, =6
; [ ® - 0,2 - A A -
® ®
| | A A A
o ' | . | . | . | . | . | . | ‘ O A \‘ \A \A \A \A \‘ \A |
-6 12 8 -4 0 4 8 12 16 -16 -12 8 -4 0 4 8 12 16
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CONSORZIO RFX
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—Ip no feedback

—q(a) no feedback 2.1
LIS e g@) 1S b2"(r )| (mT)
150 ‘ ‘ 1
~ no feedback y=44s
* "—I1s y=265"
- 2,1
100 13 IS O ber |
J 0,6 -
50 |- / I
,H 12 02

02 025 03 035 04 026 028 03 0,32 034

t(é) t(s)
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Feedback algorithms: radial sensors /CNS(%ORX

Intelligent Shell (IS):

by =b"Fer =D b () fi(p.q)  p=m+IxM,q=n+kxN,

Pq w

p,q _ ym,n
]c _]c

Clean Mode Control (CMC):

4
by =b, prr = j Zqu’ x) (1M (x) dx = ™" (r)
0| (p.g)ez*~(m.n)
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Clean Mode Control on m=2, n=1

—Ip no feedback
o | (kA) IS —qd(a) no feedback
1 oMc ca@ s 21
p q(a) CMC b= (r )I (mT)
150 N

~no feedback y=44s"

|71S y=265"
|—CMC

100

0,6

0,2

02 03 04 05 0.26 0.3 034
t(s) t(s)
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CONSORZIO RFX

48 () x 4 (0): 100%

1.21<200A ~50-100 times smaller than | required by the dynamo

modes
CMC works even with M_=1 N_=6
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Feedback on m=2 n=1 RWM in q(a)<2 experiments

O Intelligent Shell & Clean Mode Control (radial sensors)

Cylindrical MHD model of the RWM feedback |

] sidebands aliasing
O feedback delays

O radial/poloidal sensors
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The MHD model 9

CONSORZIO RFX
Ricerca Formazione Innovazione

 Cylindrical geometry, zero-# equilibrium

1 Newcomb’s equation for WP9=-irbP9 p=m+IxM,, qg=n+kxN,

i, +
ow P Ow Pl v
1 Vessel T . =r .
v ot or
" ry—
ow P 52 DP>q
QShell x40, ‘gt - atz o orelnr]
oyl i ymon
. ]p,q ]p,q :Im,n Tm,n C ]m,n ~ C
4 Coils r P~ oc [P, ]! c o — it X
o
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Continuous-time/discrete-time models

Continuous-time

Delays: 1-pole filter t

21/11/2011

CONSORZIO RFX
Ricerca Formazione Innovazione

Discrete-time

Vm,n T
c Af—ka

t-Te 4 4t

ch=”(tj <1<t +Tf)=[Kp +K, g}wf(’j—fg)

d
Ty wa(t)+wf(t)=bf

Delays:
v' 1-pole filter T;

v true delay At + (At+T,)
14
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CONSORZIO RFX
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q(0)=0.82
q(a)=1.78

— y=47s" b; = by per® (i) ‘

M.=M_=4, N.= N.=48 A6_=A6.=27/M., A¢p.=A¢ ;=27/N. non-stabilizable

Benchmark: m=1,n=6 RWM can be stabilized

p=_2, q:']

M.=M =8, N_.=N=6 A6_=A0.=2n/M,, A¢p.=A¢p.=2n/N. stabilizable

M.=M_=8, N_=N=6 A6_=A6.=r/M., A¢p.=A¢,=n/N_, non-stabilizable
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CMC simulations: RFX-mod case // e

bf = br2’1(rwi) ‘

1072

21/11/2011

b *(r )| (mT)

—K =300 |
\ --K =3000 K =0
p d

0.01 0.03

t(s)

T=0.4ms, At=2T,, K=, K,

Experimental K,

Simulations works also with
M.=1, N_=6
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/ CONSORZIO RFX

b; = b21(r,), b =ib2(r,) | T=0.4ms, At=2T, Ky=1 K,
2
102 - _ ]
b=b (r,,) K =3000 w0l e~
R R U bf=be(rwi) Kp=562 | B |
= z Vi ' <
S S 0 °on
= - 11 T
3 N oo L <
NéL 10 | |
0.01 Y Y 0,001 0,01
t(s) t(s)
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CMC simulations: t,,=3ms CONO

—Kp—900

—Kp=937

----- K =1250 y~47s1 - y~672s"
_ T=0.4ms, At=2T,
|_
S
TE Ke=7c K,
=~ 10*| _ ]
~ . b=b (r )

i | Kp,max/ Kp,min <13

10_6 | | |
0 001 002 003 0,04

t(s)
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Continuous-time/discrete-time models

Continuous-time

Delays: 1-pole filter t

|

T4= AT,

21/11/2011

CONSORZIO RFX
Ricerca Formazione Innovazione

Discrete-time

Vm,n T
c Af—ka

t-Te 4 4t

ch’”(tj St<t +Tf)=Rc[Kp + Ky g}wf(tj—/;)

d
Ty wa(t)+wf(t)=bf

Delays:
v' 1-pole filter T;

v true delay At + (At+T,)
19
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CMC simulations: t,,=3ms

Ib2'(r )| (mT)

=900 --—--- Kp=5000 cont.
=937 —Kp=25000 cont.
=1250

T=0.4ms, At=2T, |

bf=br(rwi) 7

Ke=Tc K,

Continuous-time model;

T4= T+ T:+ At =1.6ms

21/11/2011

Il
0,02

t(s)

0,01 0,03

0,04

1-pole filter delays are not
equivalent to true delays
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1, (ms) [y(s™) T, - At CMC b,
Ky, max! K
47 T~0.4ms | 17
(T, 1,) At=2T;
672 T~0.1ms |8
At=T;
1300 T~0.1ms [ 4.7
At=T;

Kg=T, Kp

21/11/2011
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CMC br: comparative table /

cvC or comparaive toble

ONSORZIO RFX
cerca Formazione Innovazione




CONSORZIO RFX

Ri

bf = br2’1(rwi) B} [br2’1(rwi) ]vac ‘

T~0.1ms, At=T;
K=T, Kp

Not stabilized

22
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CONSORZIO RFX
Ricerca Formazione Innovazione

(ms) [T,-At |CMC b, CMC b, vessel  shell
Kp,maxl Kp,min Kp,maxl Kp,min Z J
/
% o,
100 T=0.4ms |17 12 2 -
(1, 1) At=2T, ? 4
T=0.1ms |8 16 2
- At=T L
(Tw~ Ty ) f a r I
T=0.1ms | 4.7 1.07
At=T,
Ke=Tc Kp N : M :
Shielding + discrete-time feedback
23
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Shielding + discrete-time feedback

16th MHD Control Workshp

T.- At |{CMC b, CMC b,
K, max! K K, max! K

T~0.4ms | 17 /

(1, T,) At=2T;
T~0.1ms | 8 53
At=T;
T~=0.1ms | 4.7 4
At=T;

Ke=Tc Kp M

CONSORZIO RFX
Ricerca Formazione Innovazione

vessel




1, (ms) |T;-At |CMC b, CMC b, Explicit MC
KP,maxI Kp,min Kp,maxl Kp,min b_f = ibaz"l(rwi) B
[Ib02’1(rwi) ]vac
100 T~0.4ms | 17 12 /
(Tw>> TV) At=2Tf
3 T=0.1ms |8 1.6 4
(n %) 50
0 T=0.1ms | 4.7 1.07 1.04
At=T,
Ka=Te Kp Shielding + discrete-time feedback
21/11/2011

CONSORZIO RFX
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Conclusions //ozo

] Stable q(a)<2 operations at RFX-mod allowed by proper
feedback

1 Radial sensors can be used within the CMC - [Y. Liu, J.B. Lister,
Nucl. Fusion 47 (2007) 648]

4 Full coils coverage not required (M_.=1, N_.=6)
O Sidebands removal can be considered an electro-technical issue

O Future experiments: shaping, sensors downgrade & poloidal

O MHD model reproduces fairly well the experiment

O Importance of the discretization of the feedback (not equivalent
to 1-pole filter delays)

O Poloidal sensors: combined discretization and shielding effects

26
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CONSORZIO RFX
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Spare slides

27
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CONSORZIO RFX
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0,1
= - -
/

i} / |
RFX-mod | RFX-mod ,’
vessel shell /

0,06 -
<
l_)
>~
0,02 -
1,05

The ideal mode is stabilized by the vacuum vessel
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211172011



The MHD model: feedback variable /m%o“

CMC: b=b""(r,,)  b~i b (r,,) ‘

Raw control: b, =" = be"—’ (r0i) £+ (P> q)
p.q

p=m+IxMg, g=n+kxNg
bf =1 gf}gFT ZiZbg’q(rwi)
pq

‘Explicit Mode Control:  b,= b,"(r,,;) —[b,""(r,,)]vac

bf: I bgm’n(rwi)_i[bﬂm’n(rwi)]vac

29
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Equilibrium example //CORX

Hodo = 1(r) By

1,5 L 5 1,8
u(r)=260/a [1-(r/a)7] ——_
1,6 - i
60=0.28; a=1.2
1L |
14 Q(0)=0.82 i
q(a)=1.78
0,5 - - |
00 Ol1 012 013 014 r=a ’ 0 0,1 0,2 0,3 014 r=a

r(m) r(m) 30
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' ~no feedback y=47s"
"7IS K =7500 y=17s"
—IS Kp=12500
IS Kp=18750

21/11/2011

CONSORZIO RFX
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b = b, per® ()

M.=M_=4
N.=N.=48
AQ=A0,=2rIM,
Ap =Ap=27/Ng

T~0.1ms, At=T;

Ky=T, Kp

31
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152 " no feedback y=25s
--1S K =3000 K =t K
— p d ¢ p
= —I|S K =3000 K =0
= ~ N p d
% -~
= Neo
o N
10 » »
0,01 0,03 0,05
t(s)

21/11/2011

CONSORZIO RFX
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b; = br,DFT1 O(ri)

M.=M=4
N.=N.=48
AQ=A0,=2rIM,
Ap =Ap =21/N

T~=0.4ms, At=2T,

32
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CMC simulations: RFX-mod case CO

T~0.4ms, At=2T; K =1,K,

—b=b () K =3000

- Wi 2

10% --b=b (r ) K =3000 K =0

foors wi P d 8
30 [ \
- \
£ ] ’ \ |
N i / \
~~~ /

:._ i $ 20 / \\ O<

s I ' ‘ p
. - ' \ .
O / —~~
o | o - / \\ <
o ' ! -

10 | / \
] d,’ N \ |
N\ \
7/
| /7 \\ W\ 7\
) | o ”I/ U \
0.01 , 0,03 0,05 0,001 0,01
(s) t(s)
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CMC simulations: RFX-mod case CO

Coils downgrade: M_=1, N_.=6 ‘

—b=b (r,) K =3000

““b=b(r ) K=7x10* M =1 N =6
foor wi p C C

2
1072
30 |
’I;\ ~~ I o=~ <
£ < | N S \ N
= - 1% .
- — ' o~
L; N 13 __— \( \\ <
- - I 1\ \ ~
o 17 \ \
o 10 L 1\ \
el I \ \ 7
I N\ \
. =< \
S - \
- ‘\‘ \ -
0,01 0,03 0,05 0,001 0,01
t(s) t(s) a4
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CMC simulations: t,=3ms /

RFX-mod upgrade:
T~=0.1ms, At=T;

C y \ \\ . _Kp=7500
107 - \ ) S P Kp=10625 Kp,max/ Kp,min ~ 8

/I;\ .:-f.-: W \:, .
= é‘h RE —K =900
= B RN _
= BN —K =937 K =T, K,
=0 N --K =1250
— \ P
(q\|
O

0,03 0,05

35

211172011



CMC simulations: ’CW:O

21/11/2011

y~47s" — y~672s" > y~1300s"

T=0.1ms, At=T, |

—Kp=900
—Kp=937
- Kp=4375
C Kp=5625

Kg=T, Kp

K, may! K

p,max p,min

~4.7

0,03

t(s)
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Explicit mode control t,,=100ms

bf = br2’1(rwi) B [br2’1(rwi) ]vac ‘

T=0.1ms, At=T;

— Kp=31 2
Kg=T, Kp
—K =937
p
— Kp=1 250 Not stabilized
-- Kp=3000
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b, : "Explicit Mode Control’ vs raw ®
confrol

—Kp=1125 be 'Explicit Mode Control'
) W—K =1125 b_ raw control |\/|C=|\/|S=4
102 | p 0
— N.=N. =48
E |
— T,~3MS
i
L | * T=0.1ms, At=T,
O
: ‘ : ‘ Kd=TC Kp
0 0,01 0,02 0.03

t(s)
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