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Outline

Feedback on m=2 n=1 RWM in q(a)<2  experiments
� Intelligent Shell  &  Clean Mode Control

Cylindrical MHD model of the RWM feedback
� sidebands aliasing
� feedback delays 
� radial/poloidal sensors
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RFX-mod  q(a)§2 tokamak

q(a)~ 1.8,     Bφ(a) =0.55T,    Ip=150kA,     pulse lenght ~1s

neR/ Bφ(a) ~ 7 (density limit for q(a)~2)

Te~200-300eV,      bN = b a Bφ(a)/Ip § 1.5 %Tm/MA

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

vessel: τv≈2.3ms
shell: δw=3mm, τw=100ms
coils: (Mc=4)µ(Nc=48), Dqc=2p/Mc,  Dfc=2p/Nc

plasma shell coils 

crv

vessel

rwia

δw

sensors: (Ms=4)µ(Ns=48) radial (Dqs=2p/Ms, Dfs=2p/Ns ) toroidal andpoloidal

R0=2m 
a=0.459m
rv=0.49m
rwi=0.51m
c=0.58m
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m=2, n=1 RWM

RWM:   gτw~4
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Feedback algorithms: radial sensors
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Intelligent Shell: sidebands pollution
Mc=Ms=4  , Nc=Ns=48
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Intelligent Shell: m=2, n=1 control
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Feedback algorithms: radial sensors
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Clean Mode Control on m=2, n=1
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Clean Mode Control on m=2, n=1

Ic2,1<200A  ~50-100 times smaller than Ic required by the dynamo modes

CMC works even with  Mc=1 Nc=6

6 (φ) x 1 (θ): 3.1%

48 (φ) x 4 (θ): 100%
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Outline

Feedback on m=2 n=1 RWM in q(a)<2  experiments
� Intelligent Shell  &  Clean Mode Control   (radial sensors)

Cylindrical MHD model of the RWM feedback
� sidebands aliasing
� feedback delays 
� radial/poloidal sensors
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The MHD model

� Cylindrical geometry, zero-b equilibrium
� Newcomb’s equation for Ψp,q = -i r brp,q, p=m+lµMc, q=n+kµNc
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Continuous-time/discrete-time  models

( ) ( )tw
dt
dKKRtV fdpcnmc 


 +=,

( ) ( ) fffd btwtw
dt
d
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( ) ( ) ffff btwtw
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Continuous-time Discrete-time

Delays: 1-pole filter τd
Delays: 
� 1-pole filter Tf
� true delay  ∆t π (∆t+Tf)

Vcm,n

tj+Tftj-Tf tj

fTkt =∆



21/11/2011 16th MHD Control Workshp
15

Intelligent Shell: m=2 n=1 RWM 
q(0)=0.82  
q(a)=1.78 bf  = br,DFT2,1(rwi)g=47s-1

Mc=Ms=4, Nc= Ns=48  Dqc=Dqs=2p/Mc, Dfc=Dfs=2p/Nc non-stabilizable

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

Mc=Ms=8,  Nc=Ns=6  Dqc=Dqs=2p/Mc, Dfc=Dfs=2p/Nc stabilizable

Mc=Ms=8,  Nc=Ns=6  Dqc=Dqs=p/Mc, Dfc=Dfs=p/Nc non-stabilizable

p=-2, q=1
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CMC simulations: RFX-mod case
Tf=0.4ms,   Dt=2Tf , Kd=τc Kpbf  = br2,1(rwi)

10-2

0,03 0,05

Kp=3000
Kp=3000 Kd=0

|br
2,1(rwi)| (mT)

t(s)
0.010

Experimental Kp

Simulations works also with 
Mc=1, Nc=6
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CMC simulations: comparison br, bq

Tf=0.4ms,   Dt=2Tf ,    Kd=τc Kp
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CMC simulations: τw=3ms

Tf=0.4ms,   Dt=2Tf     

Kd=τc Kp

Kp,max/ Kp,min < 1.3

g~47s-1 → g~672s-1
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Continuous-time/discrete-time  models

( ) ( )tw
dt
dKKRtV fdpcnmc 
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( ) ( ) ffff btwtw
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Continuous-time Discrete-time

Delays: 1-pole filter τd
Delays: 
� 1-pole filter Tf
� true delay  ∆t π (∆t+Tf)

τd=Tf+∆t+Tf

Vcm,n

tj+Tftj-Tf tj

fTkt =∆
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CMC simulations: τw=3ms

Tf=0.4ms,   Dt=2Tf     

Kd=τc Kp

Continuous-time model:

τd = Tf + Tf + Dt = 1.6ms 

1-pole filter delays are not 
equivalent to true delays
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CMC br: comparative table

1300

672

47

g(s-1)

Tf=0.1ms 
Dt=Tf

Tf=0.1ms
Dt=Tf

Tf=0.4ms 
Dt=2Tf

Tf - Dt

4.7

8

17

CMC br
Kp,max/ Kp,min

0

3  
(τw≈≈≈≈ τv )

100  
(τwá τv)

τw (ms) 

Kd=τc Kp
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Explicit mode control τw=100ms

Tf=0.1ms,   Dt=Tf     
Kd=τc Kp

bf  = br2,1(rwi) - [br2,1(rwi) ]vac

Not stabilized
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CMC br, bq : comparative table

shell

rv

vessel

rwia

δw

Shielding + discrete-time feedback

Tf=0.1ms 
Dt=Tf

Tf=0.1ms
Dt=Tf

Tf=0.4ms 
Dt=2Tf

Tf - Dt

4.7

8

17

CMC br
Kp,max/ Kp,min

1.070

1.63  
(τw≈≈≈≈ τv )

12 100  
(τwá τv)

CMC bq

Kp,max/ Kp,min

τw (ms) 

Kd=τc Kp
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CMC br, bq : comparative table

Tf=0.1ms 
Dt=Tf

Tf=0.1ms
Dt=Tf

Tf=0.4ms 
Dt=2Tf

Tf - Dt

4.7

8

17

CMC br
Kp,max/ Kp,min

40

5.33  
(τw≈≈≈≈ τv )

/100  
(τwá τv)

CMC bq

Kp,max/ Kp,min

τw (ms) 

Shielding + discrete-time feedback

shell

rv

vessel

rwia

δw

Kd=τc Kp
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CMC br, bq : comparative table

Tf=0.1ms 
Dt=Tf

Tf=0.1ms
Dt=Tf

Tf=0.4ms 
Dt=2Tf

Tf - Dt

1.07

1.6

12

CMC bq

Kp,max/ Kp,min

4.7

8

17

CMC br
Kp,max/ Kp,min

1.040

43  
(τw≈≈≈≈ τv )

/100  
(τwá τv)

Explicit MC
bf  = ibq

2,1(rwi) -[ibq
2,1(rwi) ]vac

τw (ms) 

Kd=τc Kp Shielding + discrete-time feedback
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Conclusions
� Stable q(a)<2 operations at RFX-mod allowed by  proper 
feedback
� Radial sensors can be used within the CMC → [Y. Liu, J.B. Lister, 
Nucl. Fusion 47 (2007) 648]
� Full coils coverage not required (Mc=1, Nc=6)
� Sidebands removal can be considered an electro-technical issue
� Future experiments: shaping, sensors downgrade  &  poloidal
� MHD model reproduces fairly well the experiment
� Importance of the discretization of the feedback (not equivalent 
to 1-pole filter delays) 
� Poloidal sensors: combined discretization and shielding effects
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Spare slides
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MARS-F stability analysis for m=2, n=1
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The ideal mode is stabilized by the vacuum vessel
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The MHD model: feedback variable

CMC:                bf=brm,n(rwi)      bf=i bqm,n(rwi)
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Raw control:
p=m+lµMs, q=n+kµNs

‘Explicit Mode Control’:       bf = brm,n(rwi) –[brm,n(rwi)]vac

bf = i bqm,n(rwi)–i[bq
m,n(rwi)]vac
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Equilibrium example
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Intelligent Shell: m=2 n=1 RWM 
bf  = br,DFT2,1(rwi)

Mc=Ms=4  
Nc=Ns=48 
Dqc=Dqs=2p/Ms
Dfc=Dfs=2p/Ns

Tf=0.1ms, Dt=Tf

Kd=τc Kp

10-2

2 10-2

0,01 0,03 0,05

no feedback  γ=47s-1

IS  Kp=7500  γ=17s
-1

IS  Kp=12500
IS  Kp=18750

b r2,1
(r w
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t(s)

q(0)=0.82  
q(a)=1.78
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Intelligent Shell: m=1 n=6 RWM
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bf  = br,DFT1,6(rwi)

Mc=Ms=4  
Nc=Ns=48
Dqc=Dqs=2p/Ms
Dfc=Dfs=2p/Ns

Tf=0.4ms,   Dt=2Tf
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CMC simulations: RFX-mod case
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CMC simulations: RFX-mod case
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Coils downgrade:    Mc=1, Nc=6
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CMC simulations: τw=3ms

Kp,max/ Kp,min ~ 8

Kd=τc Kp

RFX-mod upgrade: 
Tf=0.1ms,   Dt=Tf
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CMC simulations: τw=0

Tf=0.1ms,   Dt=Tf

Kp,max/ Kp,min ~ 4.7

Kd=τc Kp

g~47s-1 → g~672s-1  → g~1300s-1
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Explicit mode control τw=100ms

Tf=0.1ms,   Dt=Tf     
Kd=τc Kp
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Not stabilized
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bq : ‘Explicit Mode Control’ vs  raw 
control
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