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* Reduce heat flux to the divertors in NSTX-U and ITER

snowflake — secondary x-point placed next to primary x-point.
x-divertor — secondary x-point placed near outer strike point.

* Snowflake is possible on NSTX-U [1], but coil currents too high for ITER [2].
* X-divertor is possible on ITER (3], but no studies on how to achieve transition.
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* Maintain shape via isoflux method (mi
boundary and control points).

* Use reference tracking on the x-point positions.

* NSTXU - Linear Quadratic Integral control (LQI) oy’

+ ITER -~ Model Predictive Control (MPC)

flux error b
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Dynamics Model

The vacuum vessel elements, poloidal field (PF) coils, and plasma are treated as
toroidally looped circuits:

= R,I, + ‘.vn. coil + \Ap»u. plasma

Vo, coit = Mualy
Flux change due to induced currents,

M o,
Farstasma = Zp
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Fhux change due to plasma motion. Computed
a 0 Grad 31

8l = X80,

Output Model

Control plasma current, x-point positions, strike point positions, and shape.
Z=l, re 2 Turite Zetrite ]r
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Write the output equation in the linearized frame (to match dynamics) .
e =2~ Ziarget

NZ ~ Zsarget)
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Flux response % obtained via linearization to Grad-Shafranov equation [4).

Control strategy: use linear quadratic integral (LQJ) with set-point tracking on the x-
point positions. Use proportional control to maintain plasma shape.

Set point tracking:
A" +Bu" =0 o Fr
= [e]-le o] ()
u=-Kxr = =—-K(x—-z")+u"
Final feedback law:
u=~Ky(x - Fer)+ Fyr + K; L'(M - r)dr
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ITER Control

Control strategy: coil current limits and output constraints are a concern. Use Model
Predictive Control (MPC) with target tracking.

-1
% o2 os o8 08 10 12
e st

"
"
L

LS
»
0
»

o

"
00 02 o0« 08 08 10 12
Tive I8

Reference trajectory cost function:
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Use model dynamics and output equation to predict N steps into the future.
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Constrained variables include the coil A d Constraints
currents, applied coil voltages, power ¥ Cobs T
characteristics, and shape. L L] J ¥
PF1 <48 kA <15%
. . R N . PF2 <55 kA <L5W
Constraints written in the linearized PFY <SSkA <15W
reference frame, in terms of the Pré SN _|_<15W
Sadeant, i PES <52kA <15
optimization variable PF6 <S2KkA  <LSW
S <4SkA <15W
. GIL <dSkA <15W
Example: G <4SKA <15W
s 15w
Gv<g v=tg+u cs3u <4SKA <15
g | o s <isw |
GU < §-Géy G = blockding (G...G) §:i= «/T..-yr T = Iv-.'f.-‘--.'f]"
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NSTX-U
* Atime-variant plasma model coupled with LQI control can create the snowflake
divertor and gives good tracking error (<1cm).
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* For a 10MA plasma, can transition to x-divertor while maintaining constraints.
+ All physical ¢ have been impli d except for series connection between
CS1U and CSIL.
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Matrix form of circuit equation gives state-space dynamics: c 4‘ \B CcAS-B *+ Identify the ti iant pl dels p! in the
i NSTXU ramp-up phase, so(hat shape control can be
(o] = [ R[] o [t e Mt ][] G A during ramp-up allows for more cons
" e e Cost function minimization simplifies to: ENU'Y into H-mode.)
II minimize Jo = OTHU + 270 * Implement series connection on ITER CS1U/L and identify E e g
80 = A()SI + B(t)sv Hom F'QF « R, fom FTQ(Exs - #) under which conditions the x-divertor can still be created. e
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