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Control of NTM's is an Important Objective for Tokamak

Fusion Energy

2/1 NTM can disrupt plasma if not stabilized m/n=2/1 NTM:
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Reliable Sustained Stabilization of NTM by

ECCD Requires Precise Active Control

NTM stabilization with electron cyclotron current drive (ECCD)

 The DIII-D NTM control system: detection, actuators, algorithms, experiments
* Integrated plasma control approach to design

* DIIlI-D NTM control upgrades for 2006

 Thoughts on NTM control in ITER

e Summary and conclusions
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ECCD Locadlized at Islands Can Replace Missing

Bootsirap Current and Stabilize NTM

e ECCD deposition must be 0
B~ 2.2, 095~ 3.5 accurately positioned at  n=2Mimov(G) of

co-cen Launcy 9=m/n rational surface 6f

BY 4 GYROTRONS where NTM island forms  Reem)oiaf, 1%

. m;:
— Alignment accuracy 10
128 F

required in DIII-D ~ 1 cm 125 ¢

0
i (A/em?)

15§

* EC total current drive (for 2
MW injected) ~30 kA ~2%|,

o R A

e NTM control achieved at
117865 2605.0000 ASDEX-U, JT-60U, DIII-D, FTl 05

| ISLAND |=
w~7cm
from ECE radiometer
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Essential Technology for DIlII-D NTM Control is
the 110 GHz 6 Gyrotron ECH/ECCD System
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NTM Conirol Requires Achieving and Sustaining

Dynamic Island/ECCD Alignment

N
[ Detect Mode Onset — Seareh &Sunpre.
Locate Island Locate ECCD Deposition
> Align < > -
v Target Lock
Detect Island )
No | Suppression No |

l Yes

Maintain Alignment

>  Active Tracking
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Detection: Island/ECCD Locating

e Island must be directly measured OR DIlI-D Shot: 106652 N
relevant resonant g-surface must be | /
located Al
* Indirectisland locating: (TORAY-GA
— Realtime equilibrium reconstruction ECC
with profile measurements (MSE) to 0.5 Ealcw tion)

determine g-surface location

* Directisland locating (2006 in DIII-D):

— ECE measurement to detect

ECCD FWHM ~2cm
~50% of island width
* Uncertainty in

calculated ECCD
location< 1 cm

N
flattened temperature profile

— Magnetics measurements for phase 2
e

 ECCD deposition locating:

— Pre-experiment calculation by

ray-tracing code (TORAY) at * Precision of g-surface

— Empirical determination in previous location <1 cm

experiment or present discharge L

12 14 16 18 2 22
R [m]
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Actuators: Variation of Plasma Position or Toroidal

Field Are Used to Regulate Alignment

Plasma surface ABr=0018T
. . “_J = AR=16cm
major radius can

~ Island be moved to shift

moved island relative to 2 fee
wrt 2f

©  ECCD : resonance
resonance . moved

wrt island

e |Toroidal field|can

| <1 cm shift in Rq

due to 2.3 cm be varied to shift
Rsurf shift + ECCD relative to “
profile evolution ]
island
106654 4450 \
- 106654 4550 ~ 107390 3625.0000

107390 2975.0000
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Several Algorithms Are Used to Accomplish and

Maintain Island/ECCD Alignment

e “Search and Suppress” algorithm to find optimal alignment with
systematic search

e “Target Lock” algorithm to determine optimal alignment rapidly

o “Active Tracking” algorithm to maintain q-surface/ECCD
alignment after island suppressed
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“Search and Suppress” Algorithm Uses Island

Response to Detect Island/ECCD Alignment

Uncertainty in locations of both island and , _
lllustration of Search/Suppress Action

ECCD comparable to alignment accuracy 003 . . : : .

Major Radius Displacement

required (~ 1 cm) = need systematic search

__ 002y ) * Search space limits
£ Step size
001+ * Search quantities
“Search and Suppress” algorithm: Dwell time
0 5 4 1 1 1 1 L 1
3 3.4 3.2 3.3 3.4 35 3.6 3.7 3.8 3.9 4

— Vary adlignment in steps (e.g. plasma major

. . . 60 T T T T T T T T
radius AR or foroidal field ABy) T—y e Normalizations
— Dwell for specified time to measure island g“o_ « Compensations |
response 20+ | | « Gains
— Freeze if island suppressed 0 , . .
3 3.1 3.2 33 34 35 3.6 . 37 3.8 3.9 4
1 —>»| |«— Filter phase lags
‘ T T . T T \ T T T I.
Adjustable feedback parameters include Filtered Island Size S};lpplzeizl(;n :
. . . e . threshold leve
filters, compensation for plasma motion and 30-5- Suppressigh rate | -
rotation threshold/value
03 3?1 3.2 3?3 3{4 35 3?6 3.7 ?8 3?9 4

t fs]

Actuator limits prevent plasma-limiter contact
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“Target Lock” Algorithm Samples Island Response

Dynamically to Home-In on Optimal Alignment

* Search & Suppress: systematic search for optimal
alignment can be slow (~400-500 ms)

¥ Control Enabled |
N —> A
* “Target Lock” algorithm: . sL
— Builds probability function for optimal alignment g :
based on dynamically acquired island % 3]:—
response to motion :E B
— Contains modified Rutherford equation model g" 15:_
of island response < |
— Initial sweep to produce first map of probability "q'; 10;
function = 53_
— Short “jitters” refine search, converge to optimal [
b 00O T |
* In principle faster than Search & Suppress: 15 1 155]_ ' 15
— In practice requires careful tuning of control ET'ITill‘get locked at

parameters and good signal conditioning (high . .
optimal alignment

noise sensitivity)

@g 0:0 GENERAL ATOMICS
IONAL FL/SID FACINTY




“Active Tracking” Maintains Alignment and

Suppression of Mode

e Afterisland suppressed, DII-D Shot: 122896

Search and Suppress
A .‘I‘. [ 0-50 )

o/

evolution in equilibrium

detunes alignment

N
(=]
5 S A
W

150
 “Active Tracking” maintains E; :
alignment as profile evolves
o ; o B /  (TORAY-GA
>S5 realiime Q-protiie i 03 a2 13¢ 1 ECCD calculation)
(realtime equilibrium 0.5 | : :
) 8-
reconstruction E— 0.0} 6 Mode suppressed
2% 4t .
— Feedback on rational g- i |
5 i 2
surface without island os i | \V \
- Assumesnochangein i e Rgin '
ECCD location (not good 1'”W
assumption when density _y 5+ P | < >
varies and refraction is [3.; s Resonance location
. 1.34} -
large) ool mm 8. 1 . tracks gq-surface motion
10 15 2 25 4500 5000 5500 6000 6500
R (m) (ms)
See La Haye BO3.14 Mon AM
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Search/Suppress + Active Tracking Stabilizes Mode
and Maintains Alignment with g-Surface Feedback

O Shoty 122889 searchi& suppress
ot ~2 cm FWHM

132 134 1368 135 14

1.35

1.37 ¢

1.36

135}

L 1 L 1 L 1 134 L L L
12 14 165 18 =2 22 4500 2000 =500 Bo0a G500

R [r] ]
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New Paradigm of Systematic Design for High

Confidence Performance: Integrated Plasma Control

PHYSICS - NEWPHY,S- N
Yo,
R
_ Sx
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W o \ PR %
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s Sty (@
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A¥ ALGORITHM
v¢ (INCLUDES PLASMA RESPONSE
MODEL, ACTUATOR MODELS
CONTROL SYSTEM . 3
N ST DIAGNOSTICS, POWER SUPPLIES)
y/
%,
2 TEST
4{% IMPLEMENTATION EXPERIMENTAL
):QG v VALIDATION
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New Paradigm of Systematic Design for High

Confidence Performance: Integrated Plasma Control
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Integrated Plasma Control Simulations Allow

Systematic Design and Testing of Controllers

. Confrol-level simulations:

. . . DIlI-D TOKAMAK
sufficient detail to describe COMKANDS —y T
10 TEST MODE
relevant elements of control ACTUATORS SWITCH
action PLASMA /|
CONTROL
COMPUTER
. Simulations connectto actual | | | | | | |
DIII-D Plasma Control System to
. ) DIAGNOSTIC
allow verification of SIGNALS
. . INPUT TO PCS
implementation, performance -

* Essential capability for

commissioning high-confidence

confrollers e
Ax1s mmetric Plasma/ NTM Physms Model
b Con uctor Model ((ES Sawteeth\E/ |7 =
«  Allows developmentandfesting | = —— M . Noise ¥

without consuming experimental ' {
fime o Lt g | Mddi

e saiha, 1 {—Rulthe

wwww E
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Simulations Allow Development of Algorithms and

Testing of Actual PCS Implementation

Simulations of Good and Bad Control

0.06 . : . . , =t . __Bad control: 60
Major Radius Displacement == V== / . )
0.04 - F = = =mmowm ] l_ -y .| ms dwell tlme ls
E EELY. — : . too short...
0.02 - = ]
Good control: /
100 ms dwell — 7 3.1 52 33 84 85 36 37 38 39 \ .
allows time to &0 I : l . l : l | , Ideal alignment
detect mode Island Size oyl location
. —_ aU -1
suppression 2 ",
) h",
20 . |
Suppression -
N I S threshold = = = 7 ... suppression
3 3.1 3.2 3.3 3.4 3.5 4 delayed by - 400
1 .
‘ ' ' ' ' ms relative to
Filtered Island Size :s\\
_ good control case
o]
= 05 ]
| Suppression )
. . . threshold i : :
3 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4

t [s]
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Simulations Confirm Performance of Actual
Algorithm Implementation Prior to Use in Experiment

DI-D Sim. Shot: 325074

Integrated plasma
control design and
simulation resulted in
successful NTM
control in first-time
use on DIII-D:

=> High confidence
control implementation

=> Ability to
commission algorithms

12 14 16 16 2 22
R [m]
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DIlI-D Control Elements 2006: Multi-mode, Modulation,

Alignment Drift Compensation, Mirror Steering

Mirror steering:

Langmuir
probes

. 1d ~0.1
e Multiple modes: launcher 0.1 deg/ms=~0

cm/ms ~1cm/10ms

' — Latency/acceleration
\ time < 10 ms << dwell

Toroidal fimes ~ 50-100 ms
axis é
), ~

mirror steering, additional
gyrotrons
* Improved power efficiency

' Poloidal
axis

via ECCD modulation

* Improved Detection:

— ECE detection of island

- Shot: 117862 | | Predictor
— Island phase detection EC('::D of matches
osition
with fast magnetics P | TORAY
change ~ .

calculation

* Improved Accuracy:

I I
t 1

compensation for — Density

Quantities jjj
deposition drift due to Used in £

Density
] peaking
2560 T”r?eO‘OIOms] 35‘00 4(;00 45‘00 5000 factor
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NTM Control in ITER Will Need Many Elements

Already Operational in DIII-D

170 GHz Gyrotrons: 20 MW delivered power Robust. algorlthms.; .
supervisory coordination

— Capable of 3/2 or 2/1 suppression in ITER j

— Modulation may improve effectiveness 8 :

20 MW ECCD power,
modulation improves

* Realtime equilibrium reconstruction for oL

tracking rational surface/island -

Detection:

*  Robust algorithms for detection, alignment, * Equilibrium
reconstruction + profile

measurements

mcen I PR AN

and active tracking

* Verification of actual PCS implementation * Realtime EC deposition

calculation (future)

against simulations essential for

commissioning = integrated plasma control -10 ————

PR R T | L T ra—
2 4 & B 10 12 14

Most of these essential tools
have already been demonstrated
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Stabilization of NTMs Through Active Control Has

Reached a High Level of Performance in DIlI-D

e Active NTM control in DIII-D:
— Aligns island/ECCD, stabilizes 3/2 or 2/1 NTM (separately), maintains suppression

— Is an experimental tool, no longer limited to a research topic

* Integrated plasma control method enables high-confidence, high reliability
control performance:

— Systematic design of controllers based on control-level models

— Verification of controller performance, including operation of actual control hardware and
software against simulations

— NTM control successful in first-time use on DIII-D due to integrated plasma control

*  Most elements required for ITER NTM control are now in hand but further
development still needed:

— Faster robust algorithms

— Internal measurement solution for profile reconstruction

— Realtime EC deposition calculation
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Modified Rutherford Equation Describes Stabilizing

Effect of Current Drive in NTM Islands

Classical stability _
T, dw L
R = Ar+0A'r+a, Jos Za ]y
rodt o Jy W

Island growth/decay ECCD effect on A’

* Modified Rutherford equation:

— Describes growth/damping rate of island

2 .
marg K Jec
3w’ : j
\ bsd,
Y
ECCD stabilization

— Island suppressed by negative A" and current drive replacing missing bootstrap current

* Requires sufficient current driven inside island

— Deposition sufficiently well-aligned with island (effectiveness factor K, )

— Deposition profile sufficiently narrow

* Continuous current drive stabilizes because co-current drive effect is greater in island

than at X-point
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Active Tracking of q-Surface Motion Enables

Preemptive NTM Suppression

117865

/<4 (a)
Pgeam (MW) — Beam power
ECHPWR (MW) and BN are
. increased...

BN
L |
_Real-ti =
"‘ 'H’M‘ "' Hﬂ}yw‘w JK ‘ | "
M ¥ | g T NS AN
_J’]* WHR nLRqSng iy
- eal- -time i =
129.5 Ll ... N TERTTRR RO b P k : .
30.07 n=1MIRNOV Sawteeth n=2 MIRNOV (G) min=2/1 ()
_ 20.0 and fishbones <€ N7
\1.0‘Q__ "‘ ?lltfrmomc
0.0 L0 L ., .
1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000
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