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Real-time Stability Calculations for Plasma Control and
Disruption Avoidance

» For cost-effective commercial fusion power plants to be feasible, we
need to operate close to stability limits

* There must also be almost no disruption in fusion power reactors and
very few disruptions in ITER

« This necessitates real-time stability analysis for plasma control and

disruption avoidance
pii-b
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Steer the plasma away from unstable equilibria with

Real-time Stability Analysis and Control

Stable Equilibrium
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Steer the plasma away from unstable equilibria with
Real-time Stability Analysis and Control

Dil-D
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Steer the plasma away from unstable equilibria with

Real-time Stability Analysis and Control

Stable Equilibrium

Unstable Equilibrium

Unstable Mode Growth

At < 1s

Dil-D
NATIONAL FUSION FACILITY

1611-00446/5 E. Kolemen / San Jose / Nov 2016



Steer the plasma away from unstable equilibria with

Real-time Stability Analysis and Control

Stable Equilibrium

Unstable Equilibrium

Unstable Mode Growth

At < 1s

Dil-D
NATIONAL FUSION FACILITY

1611-00446/6 E. Kolemen / San Jose / Nov 2016



Steer the plasma away from unstable equilibria with

Real-time Stability Analysis and Control

Stable Equilibrium
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Unstable Equilibrium

- Develop fast algorithms to
analyze stability in real-time

Dil-D
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Real-time Computational Analysis for Fusion

Adds New Challenges

* In order to produce real-time stability computation useful for
control, we need to:

1. >>99% reliability
— Use a well known analysis and tested codes = Ideal MHD

2. Take the physicist out of the loop
— Automated Real-time Kinetic Equilibrium reconstruction

Dili-D
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1. Real-Time Kinetic Equilibrium Reconstruction

2. Real-time Stability Calculations

Dili-D
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Real Time Kinetic Equilibrium Reconstruction Will be

Implemented by Adding P and J Constiraints to EFIT

e EFIT solves the Grad-Shafranov Equation 10
, R="Roz

AP = —poR?p' — uisf f 19

Z " ROR

e P consirained by magnetics
e J consirained by magnetics and MSE

Dili-D
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Real Time Kinetic Equilibrium Reconstruction Will be

Implemented by Adding P and J Constiraints to EFIT

e EFIT solves the Grad-Shafranov Equation 10f
, R="Roz

A Y = —puoR%*p' — ugff _19f

Z 7 ROR

e P consirained by magnetics
e J consirained by magnetics and MSE

Newe Additional constraints in a kinetic EFIT:

- pis constrained by TS, CER, and fast ion
calculations

- J is further constrained by Jgs + Joum + JEccp
calculations

DIN-D With David Eldon and John Ferron
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Real Time Kinetic Equilibrium Reconstruction Difference

between regular versus kinetic-EFIT

80
T ol + Pedestal pressure gradient
Y and the resulting bootstrap
g 0 current introduces errors
& | _ throughout the profiles
0
12| - Critical to constrain
é 0.9| equilibria for stability
760-6 /‘ Kinetic EFIT | analysis
" 03 Regular EFIT

0. (MAGFMEL,

0.6 0.8 1.0
l-p N DINID #163518 2300ms
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Real-time Thomson Working at DIII-D

5 _Electron density (1019/m3) 40 Electron temperature (keV)

11  Real time profile fit —>

Qoo 0.25 0.50 0.75 1.00 725 9%P00 0.25 0.50 0.75 1.00 1.25
pN pN DIID #157806 2536.0 ms

- We acquire the Thomson data in real-time.

pm-p ° Calibrate and fit it & Input to auto-kefit
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RT-CER constraints on the Current and Pressure

] Core CER channels

0105 163802at3000ms : already acquired
~ 005} 1 E
§ 0.00F 1:7'" l:l_}g_ém gétﬁgmoo%
0.05F 0 20 i g
040F.__: N X Edge CER chords for
16 18 2.0 2.2 4
R (m) pedestal are added
this year
5 Real time CER chords
=} ' ' i . . erye
£ [ . qulbrq.hon and fitting
S3 . B for getting lon
2 0 3 temperature and
1 O O, density are to be
N . o tested this run
1.6 1.8 2.0 2.2 24 .
R (m) campaign
Dii-b
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Fast lon Approximation Tool (FIAT) provides quick

access to fast ion profiles (Bill Eggert)

* Fast ion pressure:

Fast lon Pressure Approximation

7 L soites007 | FLAT surveys 1000s of shots

éo_m — Read fast ion profiles from

$ o.0s0f = ONETWO results

EZ:: | — Fit fast ion profiles w/ Gaussian
0_072'0 IZTRANSP Coé?;'nputed Fast ilgn Pressure -0 & record ompli’rude and width

Lo - = Fast function for

estimating fast ion profiles
Ther e moe e o then can be used in real-

time

Dili-D
NATIONAL FUSION FACILITY

1611-00446/15 E. Kolemen / San Jose / Nov 2016



Add soft constraints on the Current and Pressure to RT EFIT

Soft constraints

Soft constraint from TS, from MSE .
CER Measurements measurements Soft constraint from
+ fast ion approximation ‘ current calculated w/

TS, CER measurements

l/ (Jest+Jon)
+ /
p
J
_|_
™
b ¢

« RT-Thomson (two years ago), RT-CER (this year)
Din-b
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auto_KEFIT is Built on the Assumption that There is No
User Input During the Workflow (David Eldon)

OMFIT['auto_kEFIT']['GUIS']['auto_kEFIT_GUI']

Devic—e = 'DIID’ < J_ . .
Shot = (161409 - »| ¢ Offline Testing
Times [ms] = [[2500, 3000, 3500] ? .
Radius of time window for generating EFIT constraints (ms) = 25.0 d ? Sta rted a Onll ne
Select approximation/quality level Developmeni
Form constraint from dataset = |e|ectron_and_ion_fits o d ?
Method for estimating fast ion profiles = |FlAT_resuIt o d ?
- °
User interface | Developer interface | o PICk your Shot &
(] °
timing and press
<<< GO >>> < 2 GO!
Plots
. ] ] ] . . \ . ] L]
Basics | CER | Thomson | Profile fits | Constraints ‘ EFIT‘ ° Alm: N o) H uman
EFIT information and comparisons °
Do EFIT comparison at time = |[3500 d ? I nierve nhon
EFIT comparison plot ? req Uiremen‘l'

v Include kinetic EFIT in EFIT comparison plot d ?

v Include baseline EFIT in EFIT comparison plot d ?

v Include BENCHMARK kinetic EFIT in EFIT comparison plot d ?

v Include EFITO4 in comparison plot (used in mapping) d ?

v Include kinetic constraints in EFIT comparison plot d ?

Kinetic vs. baseline EFIT comparison will be available when both kinetic and baseline EFITs have been generated.
Generate baseline (non-kinetic) EFIT for comparison ’ ?

Dili-p The developer interface with one GO button
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1. RT-Kinetic EFIT

2. Real-time Stability Calculations

Dili-D
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How can we achieve ri-Stability calculations

(Alex Glasser)

* Need for Control:
— Two time scales of crucial importance are

* Energy confinement time,Tg, = pressure profile to equilibrate
Current relaxation time, g, = plasma current density profile to equilibrate

— In DIII-D, 7 ~200 ms & Tz is ~2 s, in ITER both > seconds.

- How to get it:

— The fastest Stability Calculations: Single core DCON 5 s for
n=1 and 10 s for n=2.

— Parallelizihng DCON

Parallelize the coordinate fransfer
Parallelize into subdomains (ODE)

— Initial results show we can get to ~200 ms computation time

Dili-D
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1611-00446/19 E. Kolemen / San Jose / Nov 2016



Stability Analysis: Using RT-EFIT + DCON

 Start with non-resistive DCON with the wall
- Solves the ideal MHD (low toroidal number)
« Using the Energy Principle

W = %/ dx [Q*+J - £ x Q+ (- VP)(V &) +vP(V-€)?]
Q

m The =, which minimizes the ‘action’ 0WWp is seen to satisfy the
Euler-Lagrange equation:

/
(F=, +K=,) — (K=, +GZ,) =0

« Convert the problem to a 2-point BVP (with analyticity condition
at singular points) because it allows fast computation methods

‘:l) = A(y) (q) with q(0) = 0, p(1) = 0, and KIF'Kq =0

Di- (
NATIONAL FUSION FACILITY
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Parallelize integration for multiple cores with

state transition mairix and domain decomposition

O(p) = A()®(y) wim  D(th) =1
qi1\ 0
( 0 ) — ¢(¢n, ¢n—1) N ¢(¢27 ¢1)¢(¢17 ¢O) (pO)

Solutions’ Order of Magnitude with Interval Subdivision
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Radial coordinate ¢

Dili-D
NATIONAL FUSION FACILITY

1611-00446/21



Parallelize integration for multiple cores with

state transition matrix and domain decomposition

®(y) = A(Y)D(y) with  D(thy) =1

(%1) = O (Y, Yn—1) - ®(2,91)P (1, tho) (I?o)

<1 second computation time in first test
(~200 ms expected )

Intel Phi Xeon (77 CPUs) installed on DIII-D

Dili-D
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Parallelize integration for multiple cores with

state transition mairix and domain decomposition

O(p) = A(Y)®(y) win  D(th) =1
qi1\ 0
( 0 ) — ¢(¢n, wn—l) N ¢(¢27 ¢1)¢(¢17 ¢0) (pO)

Solutions’ Order of Magnitude with Interval Subdivision
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Integration at singular surface (1)

- State transition matrices may be inverted to integrate out from
singular surfaces rather than in, ensuring only analytic
solutions are integrated

¢_1(¢17 ¢2) — ¢(¢27 ¢1)

Near singular surface

,BA’!USL-ACDW 0.e6 0.68 0.7 0.72 0.74 0.76 0.78

Radial coordinate 9
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Integration at singular surface (2)

- State transition matrices may be inverted to integrate out from
singular surfaces rather than in, ensuring only analytic
solutions are integrated

& (11, 92) = D (2, 1)

5 I I T T 5
4 4~
oss a singular surface in the Integration across a singular surface with lefthand
t subinterval rsal

3r 3

2= 2

10 1-

| g i

0 Q pesres

1 -1-
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‘ 0.751 0.752 0.753 0.754 0.755 0.756 0.757 0.758 0.759 0.751 0.752 0.753 0.754 0.755 0.756 0.757 0.758 0.759
NATH / !

P ¥

1611-00446/25



: Real-fime Stability Calculations for Plasma

Contirol and Disruption Avoidance

30

NG o] - Develop the system for ITER on current
: . L 123209 machines

—— EC&LH (t=320s)

20"'\\ \\
15¢

1ol  Each server will run a different variation

B B et \\ of a profile parameter (e.g. increase
NBI power, reduce edge current eic.)

T, [keV] &n_[10""m™)

0 02 04 06 08 |
ptor

* Project the stability in the future.

a 2.0" ref. Jpl, t=120s

 If approaching stability boundary
change/control the profiles

e ‘ — Calculate multiple profile variations
Rl = choose the best path

p’"_pITER Profile Control Simulation
" (Kim and Lister NF 2012)
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Conclusions

- Avutomated kinetic equilibrium reconstructions is implemented at
DIll-D = Real-time under development

- Real-time methods for ideal stability calculations based on DCON
are under development at DIlI-D

« Aim: Control profiles evolution to keep the plasma away form the
stability boundaries

— First to be tested at DIII-D

— Then, implemented at ITER
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