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I. In-Vessel Control Coils (IVCC) system

— IVCC system is to be implemented in KSTAR, as an actuator to provide the control of vertical &
radial position control, field error correction (FEC), and resistive wall mode (RWM) feedback
stabilization.

II. Physical Requirements

— Vertical and radial position control coil

— FEC coil

— RWM control coil

— Other possible application including ELM control

III. Neoclassical Tearing Mode control using ECCD

— Active suppression of m/n = 3/2 and 2/1 NTMs will be pursued by using a 170GHz (2nd harmonic
resonant with KSTAR reference scenario of which toroidal field is 3.5 T at magnetic axis) ECCD
system for KSTAR. Results of a preliminary study and a prototype of control system are presented.

IV. Issues and future works
— KSTAR operation schedule is presented. Remained issues and future works of MHD control on the

basis of this schedule is addressed.

V. Summary
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KSTAR

In-Vessel Control Coils System
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Plasma control capability of the KSTAR IVCC syste'ﬁi"An

11/8/2006 MHD workshop 06




A schematic of KSTAR In-Vessel Control Coils (IVCC) sys S

- IVCC is a unified coil system using toroidal segmentation concept

« Each In-Vessel Control Coil is
divided into four toroidal
segments (at 4 positions in a
poloidal section at p1, p2, p3,
and p4, total 16 segments)

e Each segment is deformed to
have lead parts, of which a
proper connection can give a

loop for plasma position
control, FEC/RWM control.
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Advantages of the Segmented IVCC design are RETAR

e Simplification in the fabrication and installation.
* Improvement in the reliability of the coil system.
* Easy maintenance and repair.

e Saving in in-vessel space.

* More improved plasma control flexibility.

IVCC Installation is performed 1:10 mock-up of the KSTAR VV &
through three NBI and one RF type [Il]l::> IVCC shows that the installation

orts after main device assembl rinciple is possible. M|
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KSTAR

Cross sectional view of segments and connection for IC & FEC/RWM control coils

Eﬁ ) H Vertical Control ||

—- Upper FEC/RWM |

|| Radial Control

|| Radial ControI‘N_

g H Vertical Control ||
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Connection lines for position control and FEC/RWM coils in 3-D KSTAR

Upper Vertical Control Coil 4 Upper FEC/RWM Coils Upper Radial Control Coil

Lower Vertical Control Coil 4 Lower FEC/RWM Coils Lower Radial Control Coil
o § I ME
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KSTAR

Physical Requirements for

e Plasma Position Control
e Field Error Correction
e Resistive Wall Mode Control
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11/8/2006 MHD workshop 06 9 NERQC 2 8za7uE




KSTAR

Plasma Position Control
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Plasma vertical position control KSTAR

e The fast time-scale (~ 10 msec) plasma postion control is realized by
using two pairs of inner control coils ( IVC for vertical position control,

[RC for radial position control).

» A step response simulation has been used to calculate the IVC current

to hold a worst plasma (By=0.3, [,(3)=1.2, [ =2.0 MA, x=2.0) 2 cm
above mid-plane, and to bring 1t back to its original position within 200

msec. The maximum current (voltage) 1s found to be 42 kA-turns (123

V/turn).
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Plasma vertical position control (cont.) KSTAR

* Random disturbance simulation has been performed to evaluate the
IVC power supply requirements. The random displacements in Z
are characterized by AZ =1 mm, Aw=1/1,; t,= 18.0 msec (By=0.3,
1= 1.2). The maximum feedback current (voltage) 1s found to be 9.8
kA-turns (8V/turn).
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Plasma radial position control

11/8/2006 MHD workshop *08'® (<)

KSTAR

. . E———
« Power supply requirements for IRC are calculated for a high 3 plasma (By=

5.0, = 0.8, I, = 2 MA) undergoing 10 % drop in stored energy every 100
msec (~ Tg) with recovery. This 10% drop 1s assumed to be worst recoverable
event. The maximum feedback current (voltage) in IRC 1s found to be 22 kA-
turns (52 V/turn).
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KSTAR

Field Error Correction
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. . KSTAR
Field error calculation

1 2m2r
* Definition of Fourier “m =5 0p _[ _[Br cos(ng—mb)dody,
harmonics A and oY
A3-mode s = 1 B.sin(ng—m@0)dbd
mn 27[2B0 ‘(’)-'([ r ( ¢ ) ¢9

_ |2 2
‘_ cmn+Smn’

2 2 2 12 :
- = [A21 +0.84;, +0.2 Au] : based on DIII-D scaling

B, : magnetic field at the geometrical axis (3.5 T for KSTAR)

* B. : error field component normal to (2, 1) surface, over which the integration
1s carried out

» Correction current then calculated to reduce the estimated field error below the
following threshold values for locked modes;

A, =1x107", 4 =2x10" (m = 1, 3, 4),
A,=2x10" 4 ,=4x10" (m = 3,5), 4, . =2%x10"
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Field error calculation (cont.) KSTAR

» Field error magnitude calculated, considering possible all sources;
— PF coil winding irregularities
— Bus and lead wires
— Welded joints of V V
— PF &TF coil misalignments and manufacturing error (shift, tilt)

* fotal 232 sources considered
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Calculated field error from PF winding

PF No A+ Ao+
1 2.10 2.74
2 Oo.11 O0.01
3 0.34 O0.05
4 0.35 Oo.11
5 1.16 1.04
S 0.89 0.24
7 0.13 0.64

O 0 0O 0 o0 O 0

Aa
22
.09
.18
.18
.35
.32
22

© 0 0O O O O

O

A\ +
.89

.05
.05
.02
.28
.O7
.O7

AS— mods

0.09
0.23
0.25
1.20
O0.55

O0.67

(+ 10%)

KSTAR

v" Considered PF coil currents are at Start Of Flattop (SOF), when plasma density and
rotation allow lower field error, of reference discharge condition as

PE 1o, 1 ) J / 0 I
ol corrent (W) 3546 016 00 038 1A% 51 .88
v ~ 10 % of the threshold value
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Field error from PF and TF bus-lines K5TAR

— ( 10-6) .
coll A1 Ao Ag1 Ay Ag— mode Ago Agz Aso
CSH 7.37 2.82 0.56 0.38 4.37 0.25 0.12 0.04
CS2 4.95 1.13 0.61 0.24 2.54 0.27 0.18 0.05
cs3 1P 2.06 1.36 0.49 5.24 0.53 0.26 0.11
CS3 3.03 1.39 0.72 0.32 2.05 0.30 0.14 0.07
CS4 5.91 0.71 0.83 0.16 2.83 0.31 0.08 0.08
CS4 1.69 0.79 0.42 0.18 1.16 0.17 0.08 0.04
PF5 1.24 0.59 0.30 0.10 0.85 0.18 0.06 0.04
PF5 0.56 0.25 0.13 0.04 0.37 0.05 0.02 0.01
PF6 0.11 0.05 0.03 0.02 0.07 0.05 0.01 0.01
PF6 0.28 0.20 0.09 0.03 0.25 0.06 0.02 0.01
PF7 0.51 0.50 0.29 0.09 0.61 0.25 0.08 0.04
TF 1.69 0.81 0.34 0.13 1.15 0.30 0.10 0.03

» This 1s calculated on the basis of 1MAt coil currents
* The results show ~ 1 % of threshold values : minor field error source

— Field error from PF bus-line is proportional to PF coil current.

o § L OIPME
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» For SOF (Start of Flattop) coil current :

Field error from vacuum vessel weld joints (L, > 1)

(* 107)

Hr A Ao Py Au P8 mode Pg A Ps
1.05 0.30 0.20 0.16 0.09 0.28 0.08 0.04 0.02
1.10 0.57 0.42 0.32 0.15 0.56 0.17 0.10 0.03
115 0.87 0.62 0.44 0.24 0.83 0.20 0.14 0.10
1.20 117 0.82 0.59 0.33 1.11 0.28 0.17 0.14
1.25 1.47 1.07 0.71 0.37 1.41 0.37 0.21 0.13
130 @D 125 085 046 @O 044 025 017

* [t makes field error ~ 10 % of the threshold value.

* Field error 1s proportional to the deviation of relative permeability from unity.

11/8/2006 MHD workshop ’06
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3-Mode Harmonics for 2mm installation errors
o (1.0E-6)
PF | Shift Tilt Elongation
1 | P 9.17 0.0017
2 10.02 6.85 0.0018
3 7.71 4.74 0.0010
4 5.73 3.31 0.0008
5 4.28 1.49 0.0009
6 8.43 4.33 0.0010
7 8.19 5.93 0.0014
11/8/2006 MHD workshop 06 20
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* (31ves max.
~10% of field
error threshold
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Field error from manufacturing and misalignment should be treated statistically KSTAR

* Using the random number simulation (1000000 ~ 1500000 sampling) to reduce the

calculation size

* Normal distribution

fx)=— exp[— xz]

o~N2T 20°

j" £ (x)dx = 0.6827
o : standard deviation

» Unit distribution

L —A<x<A

f(x)=42A"

0, otherwise

A : the accuracy of alignment

Ol FOJ A
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Calculated field error considering all the sources KSTAR

e 1/1 and 2/1 modes
are expected to be

c=1mm, Ho= 1.10 H
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Field error correction current requirement is calculated

KSTAR

Ao/
-

—.—befOI'e IA11 T

—.—before 1&21
after A11
after A21

S

Accumulated probability

0.2
0.0 J 1 1 1 L 1 L

A (107

Before and after error correction with the correction

current limit 6.5 kA when 6=1 mm, p =1.10
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e Maximum 13 kA of
correction current is

necessary to correct field

error up to n =2 mode

with 99.8 % confidence

when standard deviation

O = 1.5 mm, magnetic

permeability of the
welded joint . = 1.1
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KSTAR

Resistive Wall Mode
Control
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RWM control — model for calculation feran

A toroidal, circular, surface plasma model (r=a) with resistive wall at r=b
and feedback coils at r=f 1s considered. Feedback coils and resistive wall are
modeled by surface current distributions at r=b and r=f, respectively.

 Sensors are assumed to be located at r=b with same poloidal and toroidal

angular extends (A0 and A¢) as corresponding feedback coils.

A feedback coil
00 |
JA\G)
A
o §2HOIAME
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Idel MHD stability for the reversed-shear mode

— b=0.3a
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— ballooning

1 2 3 4 5
Toroidal mode number (n)

11/8/2006 MHD workshop ’06

26

KSTAR

 Ballooning stable up
to By =5.8

e Continuous conformal

limit wall with plasma-wall

separation b < 0.3a
can make kink limit to
exceed ballooning
limit

for KSTAR b ~0.15a

v RWM control is important
to get a high-beta plasma
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Passive stabilization by toroidal plasma rotation fTAR
¢ Toroidal rotation frequency in KSTAR
calculated by balancing momentum input by NBI & momentum loss by anomalous

transport and assuming T,, ~ Tz with T, by ITER-89 scaling
e/ = (Vg Pgqcos yp 1y )/ (V, Vp <n>eVy)
~ 0.015 H
~0.069

where o, = V,/2nRq, Alfven frequency, and we assumed the KSTAR parameter values,
Vy=120keV, yy ~30°, Vo, =16 m?, P, =2.7 MW (baseline NBI power),
<n>= 0.5x 102 m3, and H= 2.
¢ Rotational stabilization might be possible
(@) Op ipreshord ~ 0-033 for TPX passive plate, similar to KSTAR
(cf. D.J. Ward, Phys. Plasmas 3 3653 (1996))

PBl/z(MW) / <n>172 (1020 m3 )

factor

* FEC is important, to avoid the rotation damping by field error amplification

above no-wall beta limit

o § L OIPME
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Active control of resistive wall mode : I. cylinder model K$TAR

A feedback coil is
56 %

A 4

A0

Resistive shell

A
v

Ad

Feedback coils (current density distribution)

An eigenvalue equation set of RWM growth rate including feedback coil effect is

(2—%}/—87%%2:6 where
C’lmé/m z(l/f)Uligd (I)m z])[l//]m = bé/

S5 (W y=r+e
Blmé/m =(1Ll00-lk5kj +1/f[Ul€gp ®n15y][ij]r=b +l§lk[ a r= j’f 8)4/

A= OUE "0V ]
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- 12

10

Growth rate as a function of gain

Complete

Partial (A6___=2n/5)

open

KSTAR

-
3
-

0
0 (m)
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Critical gain as a function of coil position
500 o
450 |
a00 F q,=2.95
350 |
5 _ 300
o L
250
200 |
150 |
L N 1 N 1 N 1 N 1 N
1.0 } 12 1.4 16 1.8 2.0
IVCC Position flb

The required feedback current is estimated
to be 2.4 kA-turns.

o6
-lk = ____________é;p(l)k
2R Adu,
=~ —=200%(7/30)x(7/6)x053x B,/ ,
=24 kA




Other possible applications of KSTAR IVCC for advanced physics studies are KSTAR

* Edge Localized Mode control

—  ELM suppresion by n=1 or 2 (due to the geometry of the [VCC system) resonant magnetic
perturbation with currents up to 6 kA (ref. DIII-D case : 4 kA)

* Tearing mode control
—  Suppression/generation of tearing modes by resonant or non-resonant helical magnetic
perturbations

* Plasma rotation and transport control
—  Local & temporal reduction of plasma rotation by magnetic islands generated using helical
perturbation
—  Fluctuation suppression by local flow shear
—  Need to check the possibility of the enhancement of electron transport or the
destabilization of tearing or NTM modes.

* Impurity transport control
—  Static island generation near plasma edge
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KSTAR

Neoclassical Tearing Mode
Control : a preliminary work
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NTM control-

« Reference Plasma: The reference
Double Null (DN) plasma parameters
are presented in Table 1 (column 2).
The EFIT model developed at GA was
used to produce an equilibrium close
to these parameters.

L

p=0.7
for q=2/1 |

I

11/8/2006 MHD workshop ’06

|
0 =0.55 /
for q=3/2 /
0.2 04 . 0.6 0.8 . 1.0
P

Plasma KSTAR

Parameters Reference DN
Equilibrium

Eqdsk File

B, 35T

I 2.0 MA

R, 1.8 m

a 0.5m

K, 2.0

o, 0.8

B 0 4%

B, 3.5

1)

L(3) 0.8

Qo5

* EFIT calculates li(1); 1i(3) ~ 0.8 * Ii(1);

available

Reference EFIT

£010004.01020
35T
2.0 MA
1.79 m
0.501 m
2.00
0.80

4%

KSTAR

EFIT equilibrium profiles used in TORAY-GA code

High li EFIT

£010004.01000

35T

2.0 MA

1.79 m

0.499 m

2.01

0.80

4%

3.51

1.14

~0.9%

3.83

(--) Information not

From J. Leuer, GA Engineering Physics Memo (July 30, 2004).
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/home/ysbae/prater/bae/run200610_3.5tesla/toray.nc_60_150
TTT [ TTT [T TT [T TT [T TT[TTT

Geometry for 170 GHz ray tracing and EC-wave injection angles

KSTAR

R

e.g. o= 30 deg, = 30 deg

150 [T I ] [ I ] i A
/home/ysbae/prater/bae/run200610_3.5tesld/toray.nc_60_150; Fri Oct 27 10:49:32 20(
BN A asaaaaan RREEEEESS: RARRERERES RRREREERE: T RAERRRERE ™
100
200 -
- ]
—_ S 0 »
£ o g
) Z |
71002— -
-50 F B
200~ =
/home/ysbadprater/bae/run200610_3.5tesla/toray.nc_60_150; Fri C ]
TN T T E ]
-1001 70 GHz B00L L L Lo L Loy
d 300 200 100 0 100 200 300
Harm. X (cm)
Resonance Layer
-
| |
>150_|I\I|1II|II\|III|III|FI"D\“;W|_M a. pOIOIdaI angle
120 140 160 180 200 220 240 . u
R em B: toroidal angle
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Mirror pivot position

(R=2.8m,Z=-0.3m)

- Lower row in Equatorial Port
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2
J_. (MA/m’)

Driven current density profiles ( = 30 deg)

0.4

0.3

0.2

0.1

0.0

3/2

20°

0.4

0.5

0.6

1.0

KSTAR

Profiles of the driven current density for poloidal launched angles and for 5 MW
of EC power injected as X2-mode with § = 30 deg. When o is around 30 deg, the
current induced on the q = 2 surface is highest.

11/8/2006 MHD workshop ’06
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Rsu (plasma radial position control)

Conceptual Design of KSTAR NTM Control System

ECCD launching angle, phase modulation

A 4

ECCD

(170GHz, 5MW)

RT Steering Mirror
(2.8m, -0.3m)

Mirnov

KSTAR

CNupPLEX|

NUclear Plasma EXperiments

TORAY
Island width,
phase |  NTMController |,
(in the PCS) ECCD deposition location,
Y driven current, profile
w>w, w<w,
Island width (w)
T2 &*
Island location
Island phase

ECE

’| ECE Algorithm [*]

g=3/2, 2/1 location

2" Harmonic resonance of
170GHz EC wave (R = 2.1m)

11/8/2006 MHD workshop ’06

Diagnostics (MSE, ECE, Mirnov, ...)

35

[*]:Y.S. Park et al 2006 Plasma Phys. Control. Fusion

»| Real-time MSE-EFIT
(g-profile reconstruction)
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KSTAR

CNuPLEX

NUclear Plasma EXperiments

Calculation of MRE Under KSTAR Ref. DN Equilibrium

e Modified Rutherford Equation :

(2)
Where each term is related to (1) Conventional tearing mode stability, (2) Profile scale lengths,
(3) Transport threshold, w, (4) Polarization threshold, w,,

* Finally, the term of (5) is our concerned and a function of the ratio of external current and bootstrap
current. Others are functions of equilibrium quantities.

- [ AR where rf current efficiency, n=n,(1+ 25;./w’)" exp[—(54R/36,.)’]
ec & TRy 5.8 0, - FWHM of Gaussian RF current density profile
EC EC
AR : offset between center of current drive and center of island

By numerical estimation of K, by F.W. Perkins ['], ['] - F.W. Perkins et al 2000 Bull. of APS

Kz( w ARJ _ (8‘15“77)

W 2R Jic
Opc Opc ’w '
Opc =0.03m, n,=0.4 are assumed in ideal alignment case (AR=0)
11/8/2006 MHD workshop ’06

in case of un-modulated ECCD

JBs
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Growth rate, dw/dt (cm/sec)

5

Marginal Stability Limit of 3/2 NTM in KSTAR DN plasma of reference

scenario :
| I

=0.18

p,marg

4.

0p =07

p, marg

>w_
crit

(a) : Mode onset at w
seed

=w

(b) : Mode saturation at w____ -

(c) : By lowering ,B mode vanish at ,B =p =w

p,marg’ seed marg

unstable

crit ! marg

11/8/2006 MHD workshop ’06

4 6 8 10 12 14
Island width, w (cm)
%ﬁ;@ SEOUL
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KSTAR
CNupPLEX

NUclear Plasma EXperiments

mm=3/2

Ar, =-3

£=0.217

r,=0.39 m

L /L, =4.46, 4.35, 4.30

ot = 1.8 cmt

T, =062 sec

w

B, is assumed to be decreased with
increasing island size ( B, is ~25%
decreased at saturated island)

L, is assumed to be increased as
increasing island size ( L, is ~80%
increased at saturated island because
the pressure profile is broaden by
increasing island size)

":Rc uu.a.urroq;u. 15




Plasma radial
position control

In-Vessel Control Coil
(Control Actuator)

|

Feedback voltage

NilNController

Diagram of Prototype KSTAR NTM Control Simulator

KSTAR-PERI

KSTAR

CNupPLEX

NUclear Plasma EXperiments

(Linear; Non=rigidiPlasma
Response Model)

g-surface location

(PID:Controel)

ECCD

ECCD deposition location

11/8/2006 MHD workshop ’06

g-surface location,
plasma radial location

NiiViStability/Model

(Modified' Rutherford Eq.)

NTM island width,
growth rate

(Const. Deposition)

38

ECCD current density,
deposition location,
driving efficiency, spot size

J 52 NIERC 28ze7es
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Calculation results KSTAR
e CNuPLEX

NUclear Plasma EXperiments

® Growths of seed islands under different j /¢

8
7 - jECIjBS =0
e Calculation with a e
prototype control simulator o
. 3r
shows that the ratio of 2
1k
ECCD and Bootstrap ol . . . o
. . 0.0 0.1 0.2 . 0.3 0.4 05
current j/Jgs ~ 3 can rime (se)
stabilize the 3/2 NTM at ® Growth rates of seed islands under different j./j5
20
reference KSTAR DN 1of
discharge g o 5, =3 cm
2 10}
5 7= 0.4
S 20¢ AR=0cm
-30 - (Perfectly aligned)
a0l
0.0

0.3 0.4 0.5
Time (sec)
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KSTAR

Issues and future works
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KSTAR OPERATION SCHEDULE

[Initial 10years]

KSTAR

|
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
a1 a2[e3][@4|a1|a2|a3 @4 | al[e2][a3][as|al [e2][a3 a4 | a1[a2][a3][qs|a1[ae2[a3[qs| ai[a2/a3]/ a4/ al[a2][a3[a4 | a1l |[a2]|a3]|as 01\02\03\04!
Phase 1 Phase 2 _
‘ | ) ' i !
Milestones Commissio Initial Operation Long—Pulse Operation -
I ] i I i
‘ ! ‘ ‘ ‘
‘ ! ‘ ‘ ‘
‘ ! ‘ ‘ ‘
Construct : Long—Pulse ! ‘ | | Advanced
¥inish 3 Operation Start | i § Operation Start
‘ ! ‘ ‘ !
‘ | ‘ ‘ !
‘ ‘ ‘ !
Operation Campaign ‘ 2nd | 3rd | 5th | 6th 7th | 8th |
Operation Mode First—Plasma Circular Shaped L mode ong-Pulse Hybrid mode Long—Pulse RS mode
phmlc Ohmlq: H mode Hybrid mode |
‘ ‘ i ‘ ‘ !
imental i ives - Plasma Start-Up - Limiter Circular - Weekly Shaped - Divertor D-Shape - H-mode Exp. - Long-Pulse H-mode Exp. - Hybrid mode Exp. - Long-Pulse -RS m(:pde Formation
Experlm | Ob]eCt ) lasma Plasma - Position & Shape - Field Error Correction -ELM Conﬁol - High-Beta H-mode Exp. Hybride-mode Exp - RWM Control
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KSTAR
Issues and future works s

e Before year of 2010, we should establish/install the control algorithm
for IVCC and NTM control since IVCC and Power Supply (PS) for
position control and ECCD (baseline) will be installed during year of
2010 and PS for FEC/RWM control will be installed 1n year of 2011.

e Studies on field error measurement and correction algorithm are
underway.

e Suppression of type-I ELM using a sub-coil of IVCC system 1s under
search.

e More calculation, especially bootstrap current, is needed to know
required power for NTM control.

e Control of another MHD activity, such as Sawtooth and disruption,
will be required.
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Summary KSTAR

e IVCC are to be implemented in KSTAR, as an actuator to provide the
control of vertical & radial position, FEC, and RWM feedback
stabilization.

e Physical requirements for plasma position control, FEC, and RWM
control are calculated and the results are already adopted in IVCC and
PS design value. Applications of IVCC for another MHD activities
control are considered.

e A preliminary work for NTM suppression using 170 GHz ECCD 1s
done. More calculation 1s needed to know required power for NTM

control.
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