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KSTAR Is a midize SC tokamak for high perf. & steadgtate op.
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What makes KSTAR unigue in the Fusion research landscape

Highly engineered SC magnets with ideal
symmetry & extremely low error field

Longpulse capable NBI systems with various
injection angles (3 beams * 2 sets)
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Exceptional toroidal symmetry:
with extremely low error fields
t. k. aduHemMd I YR
ripple, supporting stable high
performance plasma scenarios.

Versatile invessel control coils:
Enable effective ELM
suppression and divertor heat
load management.

In-vessel coils with flexible 3D mode control
(n=1, 2) up to 10 kHz

Longpulse heating systems:
Support sustained high

temperature plasmaperation
over 10 keVfor longdurations

Two i;naging
Views (HFS, LFS)

Advanced imaging diagnostics:
Provide deep insightato
plasma behavioand physics
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Advanced 2D/3D imaging diagnostics to validate
fundamental plasma physics
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KSTAR achievements in advanced scenario development

A Longpulse operation instandard Hmode (ITERelevant} ; F2) :

sustained up tdl02 s 5 hf“ T

A Development of novel operation modes it
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sustained up tat8 s 1 B |
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Advanced scenario development on W divertor environments

A W accumulation mitigation with Hmode:
V fully recovered Hnode performance (§4 ~ 0.97, £,< 16%)

V ECH + Strong shaping + PVD + Modergte-P T (keV)
A Reproduce ITB formation with high scenario: | - AR
037516_005262ms
V based on DHD highb, scenario ail > i
. . . . . . . F = - _ ms 7
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KSTAR DiagnosticsOverview

X ray Imaging Crystal Spectrosco
(Radial)

GEM X ray pinhole camera §
Soft X ray CCD camera
Vacuum UV Telescopg ~

Fast Reciprocating Probe A , \\\
Edge Probe Array GEM/SXCCD/VUV

HHHH‘ m

Scintillation Neutron Detectd ——f ~
Deposition Probe-. ‘-
\)
W

Tangential IR TV
IR Video Bolometer

Edge Reflectomete /PELLH(‘

Microwave Imaging Reflectomete
Collective Scattering Syste

Extreme UV Spectroscopy
Vacuum UV Spectroscopy

X ray Imaging Crystal Spectroscopy
(Tangential)

Two Color Interferometer
Dispersion Interferometer
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ECE Imaging
RF Spectrometer
THz Interferometer

Optical Pellet Diagnostics

Thomson Scattering Optics
Fast lon Loss Detector

DivertolR TV

Motional Stark Effect Diagnostics
Charge Exchange Spectroscopy (Toroidal)

Beam Emission Spectroscopy
Charge Exchange Spectroscopy (Poloidal)

Electron Cyclotron Emission Radiometer
Thomson Scattering Laser
Fast Visible Camera

Divertor Hdlpha
AXUV Bolometer

Fission Chamber
He3 Detector

Visible Spectrometry
(HalphaFilterscopdremsstrahlung Array)
Fast lon Blpha

InVessel Inspection System

Fast lon Blpha

Optical Pellet Diagnostics
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KSTAR Diagnostics Toroidal Layouts
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KSTAR Diagnostics Poroidal Layouts
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KSTAR Diagnosticg Categories

Provide optimum sensor data to control plasma in reaime

Control magnetics(position & shape), current, densijtgrofile, event(MHD, disruption)
Diagnostics stable & reliable measurements, fast-lome data processing
MD, Interferometer, ECE (+ECEI, MSE, CES, TS)

: Routine operation with sufficient resolution & accuracy
Profile ne, Te Ti, Vi, Ip, impurities, Zeff, Rtot, etc

Diagnostics INTEGRITSupport kinetic reconstruction

TS, Reflectometer, ECE, MSE, CES, XICS, Spectroscopy (+TClI, BES)

: Investigate underlying physics through comprehensive analysis
Fluctuation ne &Te/ core to edge / turbulence structure & transport

Diagnostics 2D measurementsspatial & temporal coverage, correlation analysis
ECEI, MIR, CSS, BES, RF Spectrometer, (+Doppler Reflectometer)

- Research on transient event & specific physics phenomena
Radiation & EP radiation & SPI IRVB, SXR, AXUV, FVC, OPD

Diagnostics energetic particle FILD, FIDA, neutron diagnostics
divertor LP, TS, VS, VUV, IR, neutral diagnostics

KE E SRl KSTAR
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Korea will accelerate FPP development with CPD prografm@ntative)

2035
4

0 8 ° .
@ [ ITER Construction ITER Operation (@ burning)

*

KSTAR 1.0 Upgrade KSTAR 2.0

Virtual KSTAR
Public - lead ‘

CompactrRilot l - —
through PPP Constructlon Operatlon I Operat|on I

: ' : Burning technology Tritium breeding & eIectr|C|ty
(Proposmg not decided yet)g ‘l

2040 2045
’

Private - Iead

Fusion acceleration program Fusion Commer;cia/ization
(PLUGN, Engineering
Ecosystem, Infréacilitieg)

K-DEMO or FPP
Design Optimization & Construction

PPP : PubliPrivate Partnership, CPD : Compact Pilot Devik®EMO : Korean Demonstration Fusion ReactbRRFusionPowerPlant)
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Korea will accelerate FPP development with CPD prografm@ntative)

Major radius, RO 1.8 m ~3.5m ~6.8m

Minor radius, a 0.5m ~1.1m ~2.2m

Elongation, k 2.0 ~2.0 ~2.0

Field on axis, BO 35T >6.3T ~7.25T

Plasma current, Ip 2.0 MA ~ 7.7 MA ~ 13 MA
I’b_et?il\T R ; 370_ ______ :3_,3 _______ ~ _3,6 o -l Strategic contributions from
| 1 KSTAR experiments and
\H98 ~15 ~15 ~1.28 _'l collaborations

Q ~55 ~ 20

fGW (ne/nGW) ~0.95 ~1.1

Fusion power ~ 300 MW ~ 1500 MW

SC NbT| Nb3Sn HTS /LTS NbT| Nb3Sn *  CPD: Compact Pilot Device

Divertor / PFC ~ 10 MW/n? ~15 MW/n? ~ 20 MW/n? A ED.EN'O - Korean Demonstration

usion Reactor
C, W . (W) )

* Operational parameters of CPD are subject to change based on conditions.
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KSTAR is optimal machine

for high-performance long-pulse experiments (up to now)

AKSTAR can achieve higherformance plasma (with NBI & ECH)

AKSTAR has longulse capability (with SC magnet)

AKSTAR has advanced 2D diagnostics & actuators (RMP, SPI)

t KSTAR can test advanced scenario with adaptive RT control schemes

over the wall saturation time

BUT

A KSTAR has limited size & marginal heating power

A KSTAR does not planning DT operation

t What can we do withKSTAR for DEMO study in future?
KFEEE -
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Innovative Al/ML based technologies could open

high confinement window for compact devices

ABP requires advanced scenario currently not available, and CPD more
APerformance vs. Stability

Alssues of big machine are stability, CPD requires both

ACPD needs operation on marginal boundary, too narrow window
ACan Scenario make breakthrough? Control might

_Faie
= e

Boston Dynamics

DARPA robotics challenge (2015) Boston Dynamics (2018)

KSTAR
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Al Can Be Widely Applied in Fusion Research

APlasma Control and Optimization
AAI models highdimensional, nonlinear plasma dynamics to optimize control parameters in real time.
AMaintains plasma stability, improves confinement, and enables predictive adjustments.
AAutonomous Operation
AAI enables automated and adaptive operation of tokamak systems.
AReduces human intervention while maintaining safety and performance targets.
ADevice Design Optimization
AAI aids in optimizing reactor components and overall system configuration.
AAccelerates design cycles and evaluates numerous design scenarios efficiently.
ADataDriven Modeling and Knowledge Extraction
AAI provides surrogate models for complex simulations and processes massive experimental dataset
ADetects patterns, predicts outcomes, identifies anomalies, and uncovers new physical insights.
APredictive Maintenance, Safety, and Experimental Guidance

AAI predicts equipment failures, monitors system health, and enhances operational safety.
ASuggests optimal experimental parameters and supports rapid, efficient research cycles.

K= E G = T KSTAR




Why is Alwell-suited for plasma control

AHigh-dimensional, nonlinear dynamics
APlasma is a chaotic system with many coupled variables (temperature, density, currents, magnetic fields,
turbulence).
ATraditional controllers use simplified models and cannot capture the full physics.
AAI can learn effective strategies directly from experimental data and adapt to complex behavior.

AMulti -objective optimization
APlasma control must balance competing goals: stability, confinement efficiency, lofgulse sustainment, and
machine protection.
A Achieving this requires synthesizing diverse sensor inputs and control actuators.
A Al handles highdimensional inputs and enables reaime trade-offs between objectives.

AGlobal optimization capability
A Classical controllers often converge to local optima, limiting performance.
A Al can explore nonlinear solution spaces, find better global strategies, and improve overall operation
robustness.

ARealtime response and adaptability
APlasma instabilities evolve on millisecond timescales and require fast corrective action.
AOnce trained, Al models run inference extremely quickly, suitable for feedback control.Al can also adapt
online, improving resilience to unforeseen plasma conditions.

K EEE
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Why is Alnot suited for plasma control

Al ack of physics understanding
A-1T 00 1)y 11T AAT Oh AOPAAEAIT U AAAD 1 AAOT EIT C OUOOAI On
A Al lacks a deep understanding, hard to develop, validate, or improve models based on physical insight.
AlIn safety-critical plasma control, Al decisions can be unreliable.

AData limitations
ATraining Al requires large, diverse, higlguality datasets.
APlasma experiments are costly and limited in number, and conditions vary across devices.
A Simulations help but are not perfect representations of real plasma behavior.

AExtensive trialand-error required
AMany Al approaches rely on iterative trialind-error to learn effective control policies.
Aln real plasma experiments, each trial is expensive, tim@nsuming, and potentially risky.
AUnlike simulations or controlled lab experiments, repeated errors in a fusion reactor could damage equipment
or compromise safety, limiting the practical applicability of Al.

ARisk of catastrophic errors
APlasma disruptions can damage reactors within milliseconds.
AWrong Al actions could lead to irreversible damage before humans can intervene.
ATraditional controllers provide safer, welHested responses.

KrEEE - I
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How to develop KSTAR as an innovative Al control bed

Physics informed Neural Network
Physicsdriven/Al-aided Analysis
Synthetic Diagnostics

Optimization Combined Analysis

AHigh-dimensional, nonlinear dynamics

AGlobal optimization beyond local maxima Diagnostics

AOptimization of multiple objectives 1/ + Utilization

ARealtime decisionmaking ‘ Qd\tfanfed
ctuator

Al ack of physics understanding

Data Standardization

AData limitations .
: : Adaptive
ARisk of catastrophic errors PCS

AExtensive triakand-error required e
relevan

Machine
KFE ot21oY g PHOf L X| ¢ KSTAR

Burning plasma Environments

Longpulse Experiment
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KSTAR will equip full W wall on 2027 campaign

Reacter relevant Machine

AW monoblock divertor + W coated tiles
AW divertor was installed & commissioned before 2023 campaign
APeak heat flux: 4.3 MW/m2 (@) 10 MW/m2 (W)
AW tile mock-up was fabricated & tested

ATiles will be installed after 2025/2026 campaign

W coating equipments (NILPRP, Romania)

_— g —

o o
roy

. _outer target P -
/ -‘-\.\\-. ]

KSTAR
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KSTAR Irvessel renovation offers more flexibility

(or optimization for future device) Reacter relevant Machine

ADiagnostics (sight of view secured)

AExpanded access for edge/divertor imaging & probes

Almproved resolution of boundary plasma & impurity transport
Aln-Vessel Control Coils (rearranged)

AEnhanced flexibility in plasma shaping

ABetter ELM/disruption control and advanced scenario development
AAdvanced Divertor Concepts

AModular divertor with diagnostics & actuators

AOptions for upper divertor (double/single null)
AEnhanced Passive Control

Alnstallation of dedicated runaway electron mitigation coil
AOptimization of passive stabilizers for improved vertical stability SPARC

Expansion of diagnostics sight Of view

DIlI-D

t More flexible and robust plasma operation
Validated testbed for ITER/CPD optimization $ - - g
Higher experimental efficiency & future device relevance S EXEmAIErOTRE oo b
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KSTAR requires more power to touch

high pressure operation regimes Reacter relevant Machine

A ] _ ) 0o D* beam neutralization
NBI1 (operating) : 100 kV D+ / arc discharge e
. . . . 0.8 - —— Negas
A3 ion sources are arranged horizontally in the miglane . — Hegas
ANBI2 (operating) : 100 kV D+ / arc discharge £ o
A3 ion sources are arranged vertically (two offixis + one oraxis) 2o
ANBI3 (considering) : > 200 kV D+ beam 5041
. . . . . £ 0.3
s Noly Aconfigure for efficient off -axis current drive. =
AMost proficient, versatile, and matured o1
xer  Alnnovative; never tried seriously > 200 keV-RB 55 5 5% 5% 5% we
B Eb [keV]
102 m
903 . Under same beam power 2 MW
Plasma center Tangential radius A A o .
Inboard o ‘ R, =148 m 1600 5 120 -
limiter . ¢ZZ 5 < R,=1.72m = 100
Passive 4 j;'? . . \ R=lim ‘:“;‘ NBI—2 g 1200 f s [ ] % 80 1
R=142 : ‘.‘\'a 7_ K ‘, 0-:”;76% :?:ai 800 i . é 60
w,. . ‘.\-.i_" = : u : k‘ f 400 ] T B Electron| 7 % i ]
N &S CE 134 m /| | ® ion m 20
NBI_3 “:'.\""“ - T 0 T = TOtar 0 50 100 150 200 250
candidate location Beam energy [keV] Beam energy [keV]
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KSTAR will extrapolate experimental results

using digital twin technology Digital Twin

AVirtual tokamak platform is being developed for real time visualization &
system engineering design
AVirtual KSTAR will expand its capabilities to advanced simulation & Al control

simulation verification

A D | shot desiﬁn to evaluate BP ﬁhxsics -
O O experimental data ' AR

extrapolate results to BP

K=~ EEEERERER KSTAR
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New KSTAR PCS based on ITER RTF
proposes KSTAR as an universal control testbed | Plasma Control System

A Flexible interface for multi-channel networks

A Reduced hardware dependency and improved usabilit

A Fully isolated interlock system for device protection
against plasma control failures

A Enhanced system interoperability and data consistenc
through IMAS-based standardization

A Limited time for realtime
operation

A Centralized diagnostics
signal processing

AUsing ITER Redlime Framework as a test bed for ITERCS,
supported by the ITER CODAC team and international collaborators (e.g., GA)

AThe current PCS will operate in parallel until the new PCS is fully established.
AEstablishing the originality of KSTAR PCS while gaining development experience
AExploring the expansion toward Atbased operation

K E SRt ma e KSTAR




Diagnostics data should be fully utilized

Diagnostics

ABetter control needs more data

ADiagnostics are limited in DEMQ@adiation hardness, limited space)

AConventional interpretation of diagnostics (raw data to physics parameters)
causes loss of data

Alntegrated analysis of multidiagnostics supported by synthetic method
maximizes data utilization

ACombined with control algorithm, design of diagnostics can be optimized

0.00175 -
—— N=3 from TS+TCI+BES

DG - -~ N=3 from TS+TCl
S 0.00125 A { N=3from BES meas.

tio

< 0.00100 -

p

2 0.00075 -

i

2 0.00050 A
0.00025 -

estimated densityprofile

from KSTARTS+TCI+BES data L
o.oo000-q T mm——

2100 2150 2200 2250 2300
R [mm]
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KSTAR Diagnostics are equipping RT capabilities

RT Diagnostics

Short- Fulk name Main Roles in RT Progress/Current Status Future Plans/Remarks
Two-Color V Full 5chord RT measurement is routinely available A Extends total chord number up to 10 (8 by FY 20
TCI | f RT Lineand Profile g Control V Density profile control was demonstrated by a collaboration with Princeton for more accurate ne profile reconstruction
nterterometer University A Automation and feedback alignment for robustness
. i V Neuratnetwork (NNjbased RTalculation was demonstrated successfully by .
TS Thomson Scattering RTT, profile - measurement facilitating GPU & 5 GSPS digitizer A Ready for RTecontrol in the PCS
Current densityjand g profile to PCS vV RT .cur_rent Qen3|ty profill to .KSTAR PCS via it FFT modult_as from analog A Will be integrated and tested in FY 2025
MSE Motional Stark Effe polarization signal. Local test is complete and delivered on site.
ftMS'_E system to DECAF | KSTAR Test Cell | ECE Screen Room  Optical }| | rit ECEl and | Main Diagnosiics Rm |
for pItCh angle and deltaB E \/( A-to-D | Expansion box connected (Igzlﬁatrl\?:) i dr/\tngffr:;nt ;;;OSBKFSVZ:\‘E ;;‘ﬁ':’agg]‘is i
E|ectr0nCyc|otron V| (192 ch) | to main ECEI rit computer "] Jcomputer > :
s . rt Te and Te data ] " i
Emission (Imagin . e iGuwbsus Zzznl | (meoar) : S
ECE()) Radi t( ging) streaming to DECAF Py T R e oV r et A InDECAF system, led by Columbia Univ. USA,
adiometer 3 (includes T;éRL) ﬁ‘ms,@‘il \/::Jmputer =y > (Disruption Event Characterization & Forecasting)
1 calibrations 73 c ! 1
Magnetic rt-MHD spectrogram by rt FFT | €———1G 10 MDSPus 1| (moecar) ! . .
MD Diagnostics streaming to DECAF | \/(ri{_t' Vosomputer | gy | i1 [aoecar Lisomeseus ] A mostrt systems are mstallgd and mtegratec_].
|V calioration 16 oy | XEM—————— i i1 [ devetopment [ rem | ! A Test and integrated operation of each part is
€ » s i :: computer ' .
[ MSE;oGnip:At:rSPI Dolptin i Ii E ongomng
rt-Vs (toroidal rotation velocity) and B Rl T o s !
Charge EXChange Ti (ion Temperature) to DECAF iMaim Diagnostics Room :E__F:('ES_E{??T ___________________ i
CES ********************************** '~ All'software development under GIT
SpeCtra KSTAR \/L= installed version control
. V NNbased RT calculation without heating neutral beam modulation A To be applied for RT beta control & locked mode
RT{and Ti ©the KSTAR PCS V that extends RT capability significantly detection
gﬂee:gzlt?oer:?gg?l:g?ntgifﬂdyﬁgzgzmon V One DBalpha channel has been usedPCS w/ RT measurement since 2020. Thd More advanced{H transition related physics study
. . ) . algorithm is based on artificial neuraétwork. and control
VSS | Visible Spectroscop] identification.
RT control of impurity Sources V' One impurity filter channel and one visible bremsstrahlung (VB) are being rdady W avoidance scenario will be developed based
purity for PCS connection. RT impurity signal
. V Up to 6 RT channels are installed and demonstrated under RT feedback col A Extends application for specific experiments.
LP Langmuir Probes Rl (Saturated current) measuremen divertor detachment A Increase the number of RT channiélsecessary
IRVB Infra-Red Video RT Radiation power distribution V RT feedback loop of radiation front control by $¢eding has been established | A Many potential subjects of RT control applications
Bolometer in 2D image and demonstrated its working A w/ system optimization and improvements

K= EEEEE =T
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KSTAR RT DiagnostigsTCl & IRVB

RT Diagnostics

Two Color Interferometer Infra-Red Video Bolometer

ARealtime (RT) linedensity and profile measurements R Feedback Loop Scheme |
from 5-channel Tangential TCI A
AReady for RT density profile (distribution) control
A Started with pedestal top control by Princeton Univ.
(by M. S. Kim)
AWill be extended up to 10 chords with installation of
a new 2nd unit. (8 of 10 as of 2025)

Radiation Front Control Results

#34538 and #34543

—— feedback on
—— feedback off

RT-Reconstructed
2D Image ~20 Hz

RT-IRVB

E
5 00 WAL
o
—0.1
No PVD PVD D2 0.3V Balance point radiated power ¢ 2 4 6 8 1o 12 14
.. @KSTAR #36999 @KSTAR #37096 N o
) ! 3251 "\ —— pedestal top m = — Vevanz
— Target = 22
—_ 3001 L Error O =
" 275 o1
u\E 2.50 ] 2 4 6 8 10 12 14
S Target O] Time [s]
= 225 &

— [Pty mpCont;r“olled PFTdestaltop Density

17 18 19 20 21 22 14.0 14.5 15.0 15.5 16.0

Kp =-1.35,Ki =-57.4 Kp =-1.35, Ki = -57.4

AIRVB could capture the movement of
radiation front which is important for
detachment study

AA closedloop established via RTRVB enablec
the radiation front control in feedback.

lamp [KA]

o
w

b Rl’MP (a}ﬁtuator) Caomimands

17 18 19 20 21 2 140 145 150 155 16.0
time [s] time [s]
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First demonstration of disruption avoidance Physics based RT control

using multiple realime DECAF events RT Diagnostics

e Retssenteen | o | i | s APhysicbased disruption event characterization and
i/ Ato-D | Expansion box connected | (Dolphin) I velopment | data server & MDSPlus _ | . :
o2 | manecel meamper [ | Fonguter [ > forecasting (DECAF*) has been implemented
ey | e | . Aln 2024, the number of DECAF Events is expanded to eight
| | TMECE computer | pgiphin Dolphin 1] ftMHD | 1G to MDSPlus : . . .
| ftneuces o) [ netork avtch [ | omputr > to examine various physical phenomena
e g e B . ADECAF successfully produced offormal event onset

incltdes brofle PSR ____] - v [ mDECAF |LSMDSPus 15! . ] o ]
I Moty r— I Ll L M. " forecasts with high accuracy and sufficiently early warning
T MSE';:nip“f:f P'iglp_m_n ______ I L *S.A. Sabbagh, et al, Phys. Plasmas30 (2023) 032506 2 COLUMBIA UNIVERSITY /) ) pppy_

éé?ﬁﬁ'a‘f%i"{?f'c'ﬁ, R : PCS :
MenDRoosicsReon o BEERER .
KSTAR \/= installed ) égrz%frtww:gﬁﬁ;velmmem Hnder GIT > VDE> Accuracy (TP + TN/ (P + N)) | —% VDE )i

mmm KSTAR EEl NSTX H MAST-U ‘
100.0 — //—fﬁT
] o0 7% 100.0/‘7992% 100.0% 100.0&98-6% 100.0% | 1;|

AThe multi-Event feedback 5=

now cues KSTAR actuators

to produce disruption avoidance .
Aln the 2024 DECAF experiment, OO ptmiss ovimard | opimees |

disruption avoidance is demonstrated ety R i

High accuracy disruption prediction by Disruption avoidance with DECAF VEtEvent feedback
DECAF VDE Event in KSTAR, MAEaGnd NSTX using plasma shape control
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Synthetic diagnhostics supports combined analysis

and dESign Optimizati()n Synthetic Diagnostics

Alntegrates multiple diagnostics consistently
AEnables simultaneous interpretation of diverse measurements within the same physics
framework, improving reliability of plasma state reconstruction.

AGuides diagnostic system design
A Allows virtual testing of diagnostic layouts and performance, supporting optimal
placement, resolution, and coverage before hardware implementation.

AProvides realistic inputs for control
A Generates measurementike signals from simulations, ensuring that control strategies
and scenario optimization are validated under practical diagnostic constraints.

t  Synthetic forward model developments for KSTAR diagnostics are ongoing
ECE, ECEI, BES, Lyman alpha, ...

KSTAR

K= E G = T



Combined analysis of multiple diagnostics

maximizes data utilization Combined Analysis

ACompensates for limited measurements in burning plasmas:
AData fusion methods (e.g., Bayesian inference) extract maximal information
when diagnostic access is constrained by harsh reactor conditions.

Almproves accuracy and robustness:
AJoint interpretation reduces uncertainties and resolves inconsistencies across different diagnostics.

AReconstructs hidden plasma states:
AEnables reliable estimation of key parameters not directly accessible by any single diagnostic.

KSTAR
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Bayesian inference for plasma density profile estimation
. TS + TCl + BES

Combined Analysis
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Sensor fusion: magnetic piclkup colil + Hall sensor

Combined Analysis

@ A) T OACOAOT O CAT AOAOAO
ARadiation induced electromotive force

AThermo-electromotive force C
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= ACATT OAT 01T O EAOA o6, 1 xé“_l_?o
, ALimited high-frequency response
E t |kamanriter ASensitivity to radiation .
2 , . . . 0

3 | |SensorFusion - R 5sceptibility to electromagnetic noise e
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9] v L

2 FAAAAAAAAA ACoil + Hall sensor : No drift and High SNR

-1 T T T T 1.0 Accurate, but not precise
0 2 4 6 8 10 — —— Estimated B
Synthetic Hall sensor 5 -—- true B — =

_ 10 Average SNR ~ 1 E 0.5 7
& e 0.0
g 00 %’ Average SNR ~30 ®
()
%\ —0.5 1 —— Hall probe B [05, = 0.1T] = 05 | | I?eak SNI,? ~ 100
= === true B "0 2 4 6 8 10

-1.0 ' é z||_ é é 20 Time [s] Precise and accurate

Time [s] Data Fusion estimate magnetic field exactly Jaewook Kim et al., Nucl. Fusion 65, 046008 (2025)
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Hall sensor was installed on KSTAR

& compared with Magnetic probe results

BP technologies

AThe performance tests were carried out to resolve the nonlinear
drift issue of inductive coil.

AThe signal characteristics will be investigated for the heatip due
to the radiation from plasma column during long pulse discharge.

Inductive magnetic .
meesurngs, % [PP
izl

Equatorial

The difference between HS & MP3B>
port C

was mostly within +~1 mT (< 5%)

Amplitude diff. btwn. MP and Hall Sensor-1 (2023 & 2024 )

2
1F
E o
£ I =B
A
A % o m : E
HaII sensor + magnetic probe at \<,] 2
[ m]
the front of equatorlal port C - o
- 3 [ White : vacuum shots (without BT)
R | LT gray : v m shots (only BT)
Outside VV : Hall sensor L | LT yeliow a;;‘;m:s:;s" v o
(sensitivity : 364.8 mV/T for § Al e

I('=E

Typical time evolutions in the hall sensor measurement

KSTAR SHOT #34696

—  HS-1@(R,2) = (5.243 m, 0.0 m)




We need more actuators

Actuator
AActuators in DEMO are more limited(magnet, fuel/seeding, H&CD) Top ECCD
not bidirectional, (increasing density/power) Ve
and coupled(control of single parameter is not intuitive) i .

AMore actuators with difference types in different position ”

o ! ’

o ! '
oo [ « vt \

oy P

Z [m]

Actuator Candidates for KSTAR Upgrade

Aalternative IVCQor relevant control experiment with current IVCC) 3
Acontrollable on/off -axis H & CINBI, ECH, ivessel LHCD, top ECCD, ...) . \ |
Avarius type of fueling/seeding/pellet injectors S -
Amore innovate actuators and passive controlle(RE mitigation coil, passive stabilizer)

o
(@,
Norm. power

t KSTAR as the best machine to develop & verify Al/ML control algorithm for
burning plasma highperformance operation
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IVCC is significantly beneficial for burning plasma

but difficult to iImplement Actuator - Coil

KSTAR Adaptive RMP ELM control w/ flexible IVCC
#31189

i Amplitude optimization

2.65

N,max

fl(p )A:H

Amplitude

Preemptive Edgelocalized RMP onset _ _
Fast ion confinement enhancement:

reducing RMPrelated disadvantage
through tailoring spectrum

S. K. Kim, Nature Comm. (2024) / R. Shousha, Nucl. Fusion (2024) M. Kim, Nucl. Fusion (2023)

AIVCC is a powerful tool for stabilizing vertical instability, controlling ELMs and RWMs.

AChallenges at the reactor stage: massive radiation and heat threatening its availability,
and difficult maintenance as an invessel component

t (Under consideration) durable or disposable IVCC, aessel CC

KSTAR
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