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« Scenario development: determination of plasma characteristics to achieve
experimental goals of ITER

* Q=Pfusion/Pt0taI ~10
* Burn time > 400s
* Alternatives: inductive, advanced inductive (e.g. hybrid) and pre-DT operation

* Heating and current drive effects 10 ————— e Ve ol
* HL transitions 8 g /o3 et
. 6F>D
* Shape evolution gl
. . 4 ;\1)
* Performance for differing shapes %@I
* First wall design OH Colls £ gl
inVS2 O F
. Icri]rcuit N E',I
e System constraints ~e2p?
* Superconducting coil limits: UFC = B¢ vs | coil load line -4 :*GI
* Plasma mapping to divertor -6 8I
* Interaction with walls 87 PF6  Gaplocations
[ for shape control 1
* Heating and current drive 0 T s s 10 12

« Control - feedback for shape, vertical stability and heating and current drive
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Equilibrium design: user variations or constrained equilibria

Fixed boundary (seldom used now)
* no changes in boundary - good for equilibrium studies
* fastest running

Prescribed boundary evolution (most often used)
* 2D-interpolation between fiducial shape boundaries read in at startup
* nearly as fast as fixed boundary but requires shape evolution file

Backing out mode

* Prescribed boundary evolution with free-boundary solution each time step
* Factor of 2 or 3 slower due to free-boundary convergence time

* Gives “feed-forward” currents for controlled evolution

Forward, free-boundary

* Uses controller for shape and vertical instability control

* Feed-forward currents from “backing out” to define shape evolution

* Time-consuming and more difficult to run, e.g. ~ 20,000 free-boundary solves.
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* Revised scenario to update current ITER design .t
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* Modification of coil geometry g1of S TSC
> 120, \
* Change in first wall geometry 2 10p

100j

S i¥o ool
N * Corsica

* New |limits on coil currents sol

70 orsc

* Change in startup using breakdown simulations

] (1) Ohmic DT
113.8s

" /1 (2) L-modeDT
| 164.8s

4 H-modeDT

1 500.0s

o Tped-keV

» Updated operating space, equilibrium study

* Confirm consistency of time-dependent
scenarios with operating space

* Mapping of scenarios onto operating space

Volt-sec

260.8s
1 (9) H-modeH
253.2s

* multiple scenarios run: DT, DD, H, Ohmic

e Current density profile consistent with transport
* Neoclassical conductivity and bootstrap current
* [iIme-average saw tooth model




e JCT2001 controller with VS1 circuit

* Feed-forward currents from
backing out

* Controlled shape and vertical
position

Verhcal stab|l|ty assessed

11111

1:7 1

]8‘ ' -
) 11
p

16} stabf/10
gaumaVST/10

14

1.2

1.0 P

0%

0.6 / ( ,\( \\J
04 M

o2f S MUA]
0

0 100 200 300 400 S00 600 700
ame - S

Figure 12 Scenario stability paramlers;

internal inductance li3, vertical growth rate

gammaVST, and stability parameter stabf

where stabf=1+1./gammaVSTAauLR and

taulLR is the L/R time.
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ITER contract results used with permission (1. Casper IDM report_M45W9Z_v1)

Backing out simulations with coil current limits

Heating feedback control to reduce Te-Overshoot

LtoH transition model
* Martin power threshold: Piot, Paux, Puiamin

* Y.R. Martin et al Journal of Physics 123 (2008) 012033

* Densﬂy proﬂle evolutlon model: Neaxs, Nel, NeH
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Figure 6 Details of the L-to-H transition during

ramp up; feedback Py in shaded region.
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Figure 7 Details of the H-to-L transition during
ramp down.
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Figure 4. Heating waveforms, radiated power

and fusion performance factor Q

Figure 5. Waveforms of I,-MA, Power-MA for
Paw, Prus.Pugewesn @nd on-axis electron density
evolution Nesys between assumed density for L-
(Neawst) and H-mode (Nesysw) States. Shaded
area is under Py« feedback control.



: ' """

rrr

LR o
(U} o

Uxs

=
-
s

Sczoely - |
e © o o o
- - v >

A " A " ' b " A " A b ——

Analytic density profiles

Temperature profiles from Coppi-Tang transport model

Current from neoclassical conductivity and bootstrap

vartlter Qug)

Figure 1 Assumed analytic
density profiles for H-mode at
300s in Ip flattop burn; alpha

particle density is calculated and

reduces the density of D and T
in the core and changes Zay

Figure 2 Electron and lon
temperature profiles at 300s
from the re-normalized CT
transport model. Py heating to
electrons is coupled to the ions

by draq.
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Figure 3 <Jpyy> - MA/m total
flux-surface-averaged current
and the q profile at 300s. Note
the sawtooth radius to 40% of
the minor radius as is usual for
the baseline scenario.



* Re-design ramp down shapes to
maintain contact with diverter

* Heating control in ramp down
* Avoid coil current and magnetic field

limits

* Maintain coil forces under maximum

values allowed

a1 — L100-MA \ ]
I m a
lune - S
Figure 8 Waveforms for CS coil utilization factors
(UFC) where values of UFC > 1 violate the coil
current and/or magnetic field limits. All coils are
within limits of safe operation.
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Figure 10. Net and Repulsive forces on the
CS coils. The coils are far from force limits

during the entire scenario.
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Figure 9 Waveforms for PF coil utilization factors
(UFC) where values of UFC > 1 violate the coil
current and/or magnetic field limits. All coils are
within limits of safe operation.
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Figure 11 Plasma
boundary evolution
from limited on inside
wall (dashed lines) to
diverted in ramp up,
flattop, and ramp
down. The diverted
shape is maintained
during the full ramp
down.



 H He, and D
scenarios
* |,/2=7.5MA
* B1/2=2.65T

from 15MA
development
applied

On-going
development
ITER/ITPA by

Sun Hee Kim, >

please
collaborate

atest models

Mass scaling: H-plasma has too high H-mode threshold (Martin)

(@) Hydrogen scenario (c) Deuterium scenario

(b) Helium scenario
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* Modeling by Sun Hee Kim
* QOriginally completed as Monaco post doc at ITER

* Now at ITER - scenario updated and being submitted to Nucl. Fusion
* Backing out and forward controlled scenario simulations with additions

 Full source modeling: NBI, ECH/ECCD, LH and ICH
* NBIl (NFREYA+orbit model) internal to CORSICA
* EC from TORAY-GA with permission from General Atomics
* | H from LSC (code modules library)
* |CH from TORIC with permission from IPP-Garching

* Pedestal model based on EPED1 (PPCF 46, P. Snyder et al, GA)
* O-parameter fit
* Uses hyperbolic-tangent edge density model
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Powers [MW] and Q

Tailored 15MA scenario for advanced-inductive: l,=12.5MA, Br=5T

with heating and current drive to control g-profile

Heating, current, density and Ze# evolution for burn time of ~1000s

Flux consumption: optimization to avoid current limits uses pre-

magnetization advance (initial breakdown flux)

Shape evolution from 15MA inductive scenario; not optimized
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3 9 inputs : (I

at end of ramp up and

end of burn

to maintain g>11in
progress

n,(P) = ng {(1 —73) (cl

p° 1’le,pedﬂ

Q4 outputs : (Apedﬂ Pped> Atop’ Ptop)

* Evolution of g-profile.
Optimization of sources

4
¢ped

* Current density profiles

<J*B>/<B/R> [MA/m]

* Pedestal model evolution
[ A hyperbolic tangent shape pedestal density profile applied [PPCF46, P. Snyder].
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[ Multi-dimensional interpolation/extrapolation (up to 9 input dimensions)
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* Evolution similar to backing out case

e Coil currents: Top full duration both cases and bottom is ramp up
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ITER JCT 2001 controller
from A. Portone

Two implementations

» Internal to Corsica for speed

» Corsica coupled to
Matlab/Simulink for design
flexibility - Bill Meyer

CORSICA

Running on
Cluster of
Linux
Computers

MDSplus
scerver

E \ Display
MDSip

Communications
RPC &

MDSip

Xwindows
—r & jScope

MATLAB

CS and PF voltages for ~
shape and current > DCORSICA gaps
_:Q plasma current
+ nonlinear
PF voltage for plasma coil response
vertical stability simulator dz¢
> dt
Transfer Vertical Stability  Transfer
function 2 Fast Controller function 1
1 z = Ax +By’- { 1
7‘ 0.0075s+1 . 7| |ly=Cx+Dul [0,0035+1
Saturation Delay
—DE 7~ z' = Ax +By
y =Cx +Du
Power supply Slow Shape and  Diagnostics
transfer Current Control  transfer
function function

* Fiducial states for controller references
» Plasma current and gaps

node

» T.A. Casper, et al., Fus. Eng.

Design 83 (2008) 552-556.

» Pfand CS coil currents

» Reference gap positions “backed out” in

scenario control simulation
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e CORSICA was the first

code added to the

ITER IMAS (Integrated
modeling and analysis

suite) ... S. Pinches,
American Physical

Society meeting 2013.

 CORSICA-matlab
coupled code used to

demonstrate ITER
PCSSP operation
Plasma Control
System Simulation
Platform

Text

output

CORSICA-based Plasma Simulator

» CORSICA implemented as single workflow component
» Example: Free-boundary 12.5 MA hybrid scenario

— Realistic sources and external Z controller

1 EZC Window: forDocl (on cO1b03.iter.org) -0

Terminal

FXpt(*) = 5.104, zxpt(*)
loopy =  0.010, zaxis
I - 15.046, ibs
pohmic =  ©0.832, pNB
1(3) = 0.727, beta
q(0) = 0.997, q_edge
VAct =  -1.000  1.000
0.342  -0.152
iAct = -32.381 -14.963
-6.549  -3.484
Gap 2,394 1.714

t = 2.303490+02 dt
matlab hook

delays off

apply control voltages
wait for matlab

return to trans

matlab control-3.648450+02-
-2.87400D+00 2.87400D+00
+00 1.47191D-01 4.31119D+
-2.87400D+00  2.87400D+00
+60 -4.08648D-01 3.76424D+
powerTot =  1.250020+02
pThreshMartin =  8.08588D

Fle Edit View Terminal Tabs Help

-3.372, rminor 1
0.579, raxis 6.
3.331, iNB = o,
0
1
0

©.000, pEC
- 2.828, beta N
- 3.533, qmin =
1.000 -1.000 1.
-0.422  1.000 -6.
-21.574 13.643  20.8
10250 18.661
-6.060  ©.834 5.2

2.500000-02;  CPU time(]]

7.35516D-146
2.87400D+00 -2.87400D+00|
00 -1.32885D+00 -2.87332D)
2.87400D+00 -2.87400D+00|
80 -7.22989D-01 -8.28395D)

+01

Kepler workflow
engine

Z controller
 Z position
*PFI&V

CORSICA

Graphical
output

M Hosokawa, S H Kim, T Casper & LLNL CORSICA colleagues

oltag g 4 MATLAB R2012b EE]
@o|ali ONK(BaR | rom FETRETEIETo] R 2]
= New Variabl Al Code =T 2
G 92 O gememe @ g e L Anayae Code (88 | B0 @ oererences | 2 @ communiy
g £} openvariable > Runand Time
New New Open ||Compare Impor  Save . Simulink Layour (S Setpath el ) Request Support
seript v v Data  Workspace (7 Clear Workspace | G commands | by | > -
= AL = vaRisLE I cooe I ENVIRONMENT 1 RESOURCES
4= (51 5 3/ » home » ITER » caspert » matlabiTER » -
Current Folder Command Window ® Workspace
(@ New to MATLAB? Watch this Video, see Examples, or read Getting Started x [Name 2 [value
® ooV ct2001vs3/Corsica Subsysten/ddz input port O sample tine = [-1, 0]  [a] [ AC <11x]]
[ contia mat ct2001vs3/Corsica Subsysten/ddz output port O sample time = [-1, 0] H Ace <4x4
) corsica.mexa64 ct2001vs3/Corsica Subsystem/ddzdt input port O sample time = [-1, 0] e <11x1|
4] corsicaconnect.mexa64 ct2001vs3/Corsica Subsysten/ddzdt output port O sample time = [-1, 01 | | [Bcc [1.450
2 64 £2001 sica Subsysten/dg input port O sample time = [-1, 0] H cc <11x1]
[@ corsicasink.mexa64 ct2001vs3/Corsica Subsysten/dg output port O sample time = [-1, 0] FH Cec [1.450
[@ corsicasourcaimisnacs ct2001vs3/Corsica Subsysten/nc input port O sample time = [-1, 0] Fipc 1
3 jct2001vs 3.mdl ct2001vs3/Corsica Subsysten/mc input port 1 sample tine = [-1, 0] e p—
() jct2001vs3.mdl.autosave ct2001vs3/Corsica Subsysten/nt
-l i le tine = [-1, O Command Histo
Diibeintso input port 0 sanp , 1y
jct2001vs3/Corsica Subsysten/nt T pHeatFB
%:'bml“::"“‘” input port 1 sawple tine = [-1, 0] ey
& 'agp. jct2001vs3/Corsica Subsysten/vs input port O sample time = [-1, 0] % 10, 013 11:0
matlab.mat jct2001vs3/Corsica Subsysten/vs input port 1 sample time = [-1, 0] O
(4| pHeatFB.slx 3ct2001vs3/Corsica Subsysten/vs3 input port O sample time = [-1, 0] jstart_sin
L pHeatfBshx.autosave jct2001vs3/Corsica Subsysten/vs3 input port 1 sample time = [-1, 0] +~jct2003vs3
| pHeatfB.shx.unknown ver... Y fe 3o ~| |.jct2001vs3
> Jct2001vs3 * (=]

jct2001vs3

Fle Edit View Display Diagram Simulation Analysis Code Tools Help

~ [o5 Normal [~ -

(@ [@ Terminal

I : Terminal

®
ot
q
= VG Sauraton oz
=
o
=
VG Satuaten
V3 Satuton
Gorsca Sutsystom
— eys ﬁ ‘ [vo rtems in Trash

O forDocl (on c01b03 iter.org) [ 4 wmATLAB R20120

(B vortages

[ ® jct2001vs3 +

= HEl [ | 1w
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e Feedback control of DT neutron rate
using P, (analytic shape)

e P ~ 500MW, Q~10

* Feedback “on” in shaded regions
* st — 1.9x1020
* 2nd — 2 5x1020; power limited to

~2.15x1020

* 3rd - 0.75x1020 but error in programming
feedback off time

« Early and late use pre-programmed P,

* T. A. Casper, presented at ITPA meeting
San Diego, 2012. Unpublished ITER
results used with permission.
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* J.Snipes, et al Controlling ITER Plasma Operation Scenarios, 39th EPS
Conference on Plama Physics, Stockholm, Sweden 6 July 2012

i —— 1 N/N
" v - T D
200 {ref 1.0
B 1 0.9
4001 {4 0.8
0.75
= i 1 0.5
= 3001 .
c i 1 1.25
o 2.33
o2 2007 110*Ip-MA_
- 1 Paux—MW
L, lapninlising
100 / .
[/
L, oA
, -
O f_ﬁ PN T SR TN TN (RN TN SN YA NN TN NN SN NN S N S R
0 100 200 300 400 500 600
time-s

CORSICA simulations of the fusion power produced for
various values of nT/nD in the core for the 15MA
inductive scenario with flat density profiles.

17

b

gm’
40
TS
350:

o e P U —— I T T —— W RR—

2 4 & K 10 1214 1618 2022 24
NN - dmemsionloss

Fig. 3 Fusion power scaling with N1/Np
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Very early CORSICA ITER scenario studies
and MSE design

15MA Inductive case

Neutral beam HNB4 in Port #3; ITER
technical report GAO FDR 1 02-07-13R1.0

Design version: P. Lotte, ITPA report, Padua,

|ta|y’ 20083 fﬂl’l’Bl’l’ERslmuhﬂonwithl’hs:lme' () Separatrix evoution
30

N
o
T—r—r

-
=]

FIG. 2. Simulation results at t=350 s for the ITB discharge simulation: (a)
electron and beam densities, (b) simulated intensities detected for both sig-
nal and signal plus noise, sin and cosine components and (c) true and mea-
sured pitch angles indicating good measurement capabilities in the core with
some degradation in measurements at larger radii assuming only photon
noise is present.

Power - MW, Q - dimensionless

FIG. 1. ITER internal transport barrier (ITB) simulation showing (a) time
histories of the heating powers and (b) time variation of the separatrix
shapes during discharge evolution with the MSE detector locations indicated

(+).
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* For example, Nonlinear ELM simulations with BOUT++ code

2.5x10°

2.0x10°

1.5x10°

1.0x10°

5.0x10*

0.65 0.90 0.95 1.0 105
normalized yp

Figure 7. (a) The pressure (Pa) and current profiles J, (A m %)
from Corsica transport code: the dotted-dashed line 7,y = 4.5 keV,
the solid line for 7,y = 5.5keV and dashed line 7}y = 6.5keV. The
parallel current is scaled down by a factor of 10 on the plot.

2.5x10° T T 8
~N
2.0x10°F
16
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S 14 8
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4+ X.Q. Xu, et al., Nucl.
Fusion 51 (2011) 103004

Figure 9. The radial profiles of pressure P, (dashed curve) and
safety factor g (solid curve). It is over-plotted for the linear radial
mode structures of toroidal mode number n = 35 with various
poloidal Fourier harmonics for ideal MHD model. Here mesh size is
n, = 1028 and n, = 256.

« Several papers use data from CORSICA scenario studies, a few recent are:
+ A. Loarte, et al. Nucl. Fusion 54 (2014) 033007
+ Y. Sun, et al. Nucl. Fusion 53 (2013) 093010
+ P. Maget et al. Nucl. Fusion 53 (2013) 093011
+ T.E. Evans et al. Nucl. Fusion 53 (2013) 093029
+ M. Becoulet et al. Nucl. Fusion 52 (2012) 054003
+ S. Saarelma, et al Nucl. Fusion 52 (2012) 103020
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CORSICA has revised many operation scenarios
* 15MA Inductive baseline and a 5.5MA reduced inductive scenario
* Advance inductive for long pulse operation

* pre-DT operations for startup of ITER experiment (low activation)
* DT fueling performance

Several ITER internal design studies supported by CORSICA scenarios and
equilibrium analysis

Latest simulation data provided for world fusion community research and
participation in research efforts

Innovative research supported ... former Monaco post doc at ITER

* Application of the parareal algorithm to CORSICA simulations of advance
plasma operation scenarios, D. Samaddar, et al 39th EPS Converence on
Plasma Physics 2-6 July, 2012, Stockholm, Sweden, paper 2.140

* Time parallelization of advanced operation scenario simulations of ITER
plasma, D. Samaddar, et al, Journal of Physics: Conference Series 410 (2013)

012032 20



