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> Observation: plasma state (shape profiles) — Dynamic model for tearing-instability prediction

» Action: Beam power, ECRH, PF coil current

» Reward: Fusion Gain, no Tearing instability
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\ ! |
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X Thomson scattering Plasma B Electron cyclotron radiofrequency ! |
+  CER spectroscopy Possible tearing instability B Neutral beam injection ]
Fig.1|The overall architecture of the tearing-avoidance systeminthe orange. b, The heating, currentdrive and control actuators used in this work.
DIII-D tokamak. a, The selected diagnostic systems used in this work: ¢, Schematic description of the tearing-avoidance control, including
magnetics, Thomsonscattering (1S) and charge-exchange recombination preprocessing, high-level control by a DNN and low-level control by a PCS.
(CER) spectroscopy. The possible tearing instability of m/n = 2/1is shownin d, The Alcontroller based on the DNN.

@ v J. Seo, et al., Nature 626 (2024) 747
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Fig.3|The Al-based tearing-avoidance experimentsin DIII-D. a, The
observationofthe Al controller; the preprocessed profiles of electron density,
electron temperature, ionrotation, safety factor and plasma pressure.b, The
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Real-time plasma profiles observation (t)
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Figure 1. Neural network architecture for multimodal prediction of kinetic equilibrium profiles.

CAKE: Consistent Automatic Kinetic Equilibrium reconstruction

RTCAKENN: ML based real-time kinetic profile reconstruction

v R.Shousha, et al., Nucl. Fusion 64 (2024) 026006

v' Z.A. Xing, et al., Fusion Eng. Design 163 (2021) 112163
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Real-time plasma profiles prediction (t+At)

O Approximate the profile (t + At) from given
* 1D profiles (t)
« 0D plasma parameters (t)

« actuator settings (t + At)

DIII-D Shot 175970, 1200ms ;E = f(x,u),
1

—— previous
— {TUE
=== prediction

Data-driven model

X1 = Xt _I_f(xta U,

G

v'J. Abbate, et al., Nuclear Fusion 61 (2021) 046027.
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O JETTO transport code has been used to
predict T, T;, n., and rotation on JET

scenarios

O TRANSP has been used to predict Te and
Ti on DIII-D scenarios with GLF23 or

TGLF to calculate transport coefficients,
and NUBEAM for beam deposition

O OMFIT’s STEP workflow seeks
consistency among these quantities via
core-pedestal and impurity transport

coupling.

Predictive simulation codes
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Dynamic model for tearing-instability prediction
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Develop an operation trajectory design algorithm
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Extended DataFig. 6| Time trace ofthe normalized fusion gain for discharge 193280, where contour colorillustrates the tearability. The RL control (s)

successfully drives plasma through the valley of tearability. Extended DataFig.8|Control experimentsunder the different plasma conditions by adding RF heating. In the Al-controlled discharge (193282), the plasma
current control issuddenly lostat ¢ =3.1s, but the tearability control is still working after that.

J. Seo, et al, Nucl. Fusion 61 (2021) 106010; J. Seo, et al, NF 62 (2022) 086049 24



High level
BRI
=AE

»

a Diagnostics (Al observation)
2 Time =
[ © E:
§ 101 €5 5] =
i3 \ SEs = 5 254 \,\
5% Raw (TS) a2 Raw (TS) . = Raw (CER)
= 0+ —Fitted wE 0 —Fitted S 0{—Fitted
Al ] 0 1 - 0 1 s 0 1
controller Flux coordinate Flux coordinate = Flux coordinate

5.0

2.54

Reconstructed
by EFIT

o
i

o
I

T

0

Safety factor

Flux coordinate

1

Plasma pressure
(kPa)

Reconstructed

Flux coordinate

Time traces of discharges ngsg EW!EEOUt ﬁ:; c Plasma shape adjustment (low-level control) Scaled
—_ without ;
£ . — 193280 (with Al) 193273 (2.5 5) 193280 (2.0's) 193280 (3.5 5) 193280 (5.05) ! C“:rggt
5 I 4= {1 Without . g O With Al 4=, m With Al
3z M i A% A ’” D P7 0.75
£2 | —_ u
7 1 0.50
5 04 1 | A
T — .1 . FPcs gz n L
2 4ol ! Al-controlled Al 0
gg (high level) S
—> ES 5 J I [ | -0.25
3] 1
o 0 e’ — : : : -0.50
2 E Al-controlled N4 =0.75
5 061 i (high level) N /53— PF coils
Qs -1.00
— T2 204
g b5 ! I3 d Individual beam adjustment (low-level control)
= g T T r r r T 8= 2
o) s Plasma 2
o= Tearing and} ! 25 response — %
© 0o disruption {|i 0l «— 3 g
58 201 (without A i} 4 2.4 26 28 230
gﬁ { Tearing stable (with Al) g 12345678 128345678 12345678 12345678
2 04 —= | | Beam index | |
1
kel é 2 :Jerf]z:zs(lfe bx Alcontiolied e1 0 %_l ll i: l‘ — Predicted tearability (193273)
é’ g ) ’ 1 ' i 1 — Predicted tearability (193280)
= 1 1
287 ] 0 frreemanvasens il e T .
898 o 5 - '
£ 1 2 3 4 5 6 ' 1 2 3 4 5 6
Time (s) Time (s)

Fig.3|The Al-based tearing-avoidance experimentsinDIII-D. a, The
observationofthe Al controller; the preprocessed profiles of electron density,
electron temperature,ionrotation, safety factor and plasmapressure.b, The
timetraces of discharges 193266 (stablereference), 193273 (unstablereference)
and193280. Discharge 193280 is the Al-controlled one. ¢, The low-level coil

current control by the PCS and the plasmaboundary variation. Scaled currents
of poloidal field (PF) coils areshownincolour.d, The low-level individual
beampower control by the PCS. e, The estimated tearability for discharges
193273and 193280.

Lower level
& PFHE
BT RINEE

25



Al Controller based on another DNN model

O The tearing-avoidance controller, another DNN model, is trained using the deep deterministic policy
gradient method, which is implemented using Keras-RL (https://keras.io/).
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Fully physics-based framework
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