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Machine Learning for Scenario Development

Plasma Discharge Scenario

Waveforms for elongation, triangularity, plasma size and position and plasma current
Series of MHD equilibriums (e.g. for every 20 ms of a scenario)

Heating and density tools in use
Calculated performance metrics

Manual Scenario Development

Trial and error approach
Constrained MHD reconstruction
Feasibility analysis

Needs control algorithms developed
separately (PID controllers using
isoflux)
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Proposed Approach with ML

High level target definition in terms of
plasma performance metrics
Automated or semi-automated
waveform search

Optimizations of discharge-long
characteristics



Recent Applications of Reinforcement Learning

for Magnetic Control
TCV DIll-D
RL Algorithm: MPO RL Algorithm: SAC
Control: Coils’ voltages Control: Power system commands
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Degrave, J. et al., Magnetic control of tokamak

plasmas through deep reinforcement
learning. Nature 2022

G.F. Subbotin et a1, vermonstration of
reconstruction-free static magnetic control
of DIII-D plasma with deep reinforcement
learning. Nuclear Fusion 2026
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Scenario Development as a Control Task

Algorithm inputs:

e Plasma Shape and Position

e Plasma Current

e Caoils' Currents

e Target shape and plasma current
Outputs:

e Control signals (coils’ voltages)
Control Environment:

e Start: near breakdown plasma state

e Evolving MHD

e Pinned within a shot random kinetics
Objective:

e Geometric proximity, Ip at its target
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Testing of the Approach on EAST

T=0.00000

Start with Ip = T95kA

e Ramp up to 300 kA

e Elongate plasma and move X points
to the target position

e Actuators = Coils’ voltages
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NSFsim as a Simulation Environment

time = 3140.00 ms

NSF simulator (NSFsim) is an IMAS-compatible advanced Grad-
Shafranov 1.5-D axisymmetric (2D solver with a 1D kinetic component),
time-dependent, transport-modeling, free boundary in external

magnetic field tokamak plasma simulation code.

NSFsim is based on the renowned DINA simulation approach with more
than 30 years of experience in numerous tokamak experiments and

control.
NSFsim is extremely fast, 5-10 simulation steps per second

Randall Clark, Validation of NSFsim as a Grad-Shafranov equilibrium

solver at DIII-D, Fusion Engineering and Design 2025
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Training Scheme
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Agent Policy Update Algorithm

e Data preprocessing (low- . .
pass filtering, derivatives o EnEnEnes coIIectlo_n .
calculation) e Learned value function (Critic)

e Neural network e Learned world model

e Post processing model e Policy update procedure (using the
output to actions appropriate RL algorithm)

actions

A 4

Environment
e Reward calculation

NSF Simulator

——
e GS solver
e Plasma
evolution
simulation

Reward value
Observations




Reward and Episode Termination Definition

Reward
Components:
o |lp-Ip_targetl
e [X]- XI_targetl
o [X2-X2_targetl
e ILCFS - LCFS_targetl (64 points)

Preprocessing

e Scaling and normalization
o exp(-Ax)

Weighting and Averaging: Smooth Max
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Termination
e Equilibrium Loss
e Plasma Current < 0.7 Initial value
e Minor Radius < 0.3m
e Either of X-points distance > 0.5m



RL Environment and Infrastructure

RL Training Task m I fl OW'

gpu machine

50 workers Ray cluster t

cpu machines




Semi Automated Workflow
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Define Control Environment
(Device, Available Actuators, Observables)

Define High Level Metrics
(Ip, Plasma Shape, Te/ne profile, safety factor)

Train the Agent
(Tweak Weights and Hyperparams for objectives)

Set Targets, Run the Simulation

Review the Episode




Future Work

e Simulation capabilities for control
1. Coupling with transport codes
2. New device replicas
e Scenario Development Capabilities
1. Coils’ flux consumption optimization
2. Include kinetics control with ECRH, ICRH or NBI
3. Automated hyperparameters search
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