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Abstract

The active suppression of n=1 resonant field amplification (RFA) of intrinsic
error fields was previously shown to lead to pulse length extension at high
beta in NSTX. The correction of intrinsic n=3 error fields was also found to
maintain/increase plasma rotation near the plasma boundary resulting in
further pulse length extension for operation above the no-wall limit. More
recently, the optimal n=3 error field correction (EFC) was determined as a
function of plasma current indicating that n=3 intrinsic EF is most likely
related to the PF or TF coil system rather than the OH colil as is the case for
the n=1 intrinsic EF. Importantly, n=2 error fields were also investigated and
measured to be small, indicating odd-n (n=1 and 3) EFs are most prominent
In NSTX. Finally, the time response of the n=1 RFA suppression has been
optimized by optimizing the low-pass filtering and proportional gain to more
robustly control n=1 RFA and unstable n=1 RWMs. Overall, the combined
n=3 EFC and n=1 RFA and RWM control has been instrumental in reliably
Increasing the duration of operation above the no-wall limit. This improved
control was used in achieving record pulse-lengths on NSTX and is being
applied to a wide range of operating scenarios in NSTX.

This work was supported by DoE contract No. DE-AC02-76CHO03073.
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Effective EF and RWM control relies heavily on robust
detection of small (~1G) non-axisymmetric magnetic fields

* NSTX has powerful low-f mode Copper passive SS Vacuum
detection capabilities: conductor plates vessel
—54 sensors, 2 components of B: T =
30 radial (Bg) and 24 poloidal (Bp)
* 6 By's are ex-vessel saddle coils
— Toroidal mode-numbers n=1, 2, 3
* Only n=1 used in real-time thus far Br

» Several RWM/EF sensor
combinations used:

—Bpy + Bp

~Bru* Bry B, sensor

— By, + Bp with spatial offset P

— All sensors in combination Br sensor (n=1locked mode) /

_ 6 ex-vessel midplane control coils
* B, , + Bp_ described here

VALEN Model of NSTX (Columbia Univ.)
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The NSTX low-frequency mode detection system has
been instrumental in identifying vacuum error fields

(Displacement exaggerated

Error field detection & correction timeline: - _
to show tilting motion)

« 2001 — Primary vertical field coil (PF5)
identified as n=1 EF source, and was

_ _ _ ~—TFcoil
corrected in 2002 - sustained high 3

Br

¢ 2006 — Determined force (from OH leads) "1, sensor

at top of machine induces TF coil motion
1-2 mm at midplane relative to PF coils

- n=1 By EF at outboard midplane

LD RWMIEF
o ycoil

A

« 2007 — shimmed TF w.r.t. OH to minimize [ Lginn i,
relative motion of OH and TF g e

. . \.,\;““ \'~“_-_L\‘ . ‘;-.;_Ezf - :
— n=1 EF reduced, but not eliminated . ey == \

» 2007-2008 — identified n=3 intrinsic EF, find
no evidence of significant n=2 EF
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n=1 EF from TF coil motion is «< Iy, X |1, but has additional
time lags and non-linearities which complicate correction

OH coil current

FY2006 (pre-shim) :
FY2007

______ Eepny L RN} WY _—— =
o‘- .-"'.

Gauss

Time [s]

OH zero crossing precedes
minimum EF by 0.2s

TF motion produces 4-6 Gauss peak
n=1 EF at outboard side of vessel

~ EF amplitude changes
S slope with linear I, ramp
at fixed |¢

BR upper n=1 angle

EF phase flips more slowly and in
opposite direction following shimming

@ NSTX
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At high B, EF correction can aid sustainment of high toroidal rotation
needed for passive (rotational) stabilization of the RWM

Plasma current Shot 119609 carbon f, .,
, ‘ . A I
800 [ T ";“ S g t=460ms -
600 - | | : t=470ms ]
S 400 [ 115600 _ No EFC ? t=480ms 1
oL 0 With TF-EFC t=490ms
oL | | T 20 ]
. - _ Normalized toroidal beta _ : q:2
10- (w/o MSE) E
5 — r
4 o T 1 s o NOEFC N h
3 i approximate : / \ _‘ 1.0 11 Raditz ) 1.3 1.4
) ' no-wall limit ! !
02 03 04 05 0.6 Shot 119621 carbon f, ..,
Seconds 407 ‘ ‘ ‘ ]
. . r t=460ms 1
 Use real-time |, x I, incorporate ; t=470ms |
observed time-lag and non-linearity of EF l: t=480ms
.. .. . . : t=490ms ]
* Empirically minimize rotation damping near M :
g=2-3 for 100-200ms of reference shot HEEp =
— Extrapolate in time, balance m=2 against of
m=0 (non-resonant!) of EF from moving TF _ ;
— Correction coefficients must be altered for ob. W|th TF'EFC o
different q(p,t), startup, shape, etc. 1.0 M adiem 14
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Optimized By sensor usage improves detection of low-f n=1 mode,
enabling improved feedback suppression

of RFA and RWMs

Scan phase shift between Bp_;and Bp_ :

BP amplitude vs. phase difference

0.0030F
0.0025F-

0.0020
0.0015

Tesla

0.0010

0.0005
0.0000

=3
T
T

100

= [T
-
\

Amplitude ratio = n=1/SQRT(n=2 * n=3)

200 300

()

0 100

200 300 400

Relative phase shift between upper and lower B, sensors [Degrees]

Detected n=1 amplitude is
highest near 0° phase shift

— Consistent with simple up-down
average with small offset due to
mode helicity + sensor separation

But, n > 1 components are also
detected for “pure” n=1 mode
— mode finite amplitude effects
— eddy currents
— conducting wall non-axisymmetry
— sensor/detection imperfections

Improved discrimination between
n=1 and n > 1 obtained with
different U-L phase shift range

— 150-160° is found to be optimal

— Wider range of n=1 discrimination

Optimal shift increases n=1 signal / baseline by 2-3 x = higher stable feedback gain

@ NSTX
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Using optimized B, sensors in control system allows feedback to
provide most/all n=1 error field correction at high 8

* Previous n=1 EF correction required a priori estimate of intrinsic EF
« Additional sensors - detect modes with RWM helicity = increased signal to noise
* Improved detection = higher gain - EF correction using only feedback on RFA

EFC algorithm developed in FYO7:

« Use time with minimal intrinsic EF )
and RWM stabilized by rotation

* Intrinsic Q, collapse absent in 2007
-> purposely apply n=1 EF to
reduce rotation, destabilize RWM

* Find corrective feedback phase that
reduces applied EF currents

* Increase gain until applied EF
currents are nearly completely

amperes

nulled and plasma stability restored )

 Then turn off applied error field (1)

4001
200 -

Normalized beta

G,=0.

ap{r‘oximate: : Gp=0.
| no-wall limit | Gp=0.

0
5
r

RWMI/EF coil current (50ms smoothing)

AN

125320
125321

|
| 120322
! 125323

! Li
! TW

I |

I |

I |
|
|
I
|
|
|

.

0.2

04

06 0.8
seconds

1.0

- Use same gain/phase settings to suppress RFA from intrinsic EF and any unstable RWMs
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2008: n=1 feedback gain and low-pass

filter time-constant optimized at high current I,= 1.1MA

e Instead of applying known n=1
EF, used OHXTF EF

— 1.1MA uses full OH swing

» Use B U/L averaging and
Include n=3 EFC

* Increased gain scan by factor

of 3: from 0.7 > 2
— Response to n=1 RFA from

OHxTF error field changes
very little for Gp > 1

— System marginally stable at G,

= 2 for 1 p¢ as low as 1-2ms

Optimal control parameters:
GP — 1_1.5, TLPF: 2'5mS

ODOOOO
U U U TUU

1
- O

-5000

10000 |- Shots:

7]
s
é 128902
S 15000 [ 138005

128906
-20000 ~ 128910

OH current per turn

RWM coil 1 current per turn

2 300 } ? f

Il Y
L ‘ .q P " .‘ﬂ”'ﬁ'l‘"llii‘h hlh
500 i N

|i|'

“ H

! "‘|'ullf.‘{||-rl..r'.h"- ¥ J|".'. 'l i\ll\hh “‘

02 04

. 0.8
seconds
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Correction of intrinsic n=3 error fields important at high B

Plasma current

800 n N,
| : | M
| : l
| I
< : | +300A
: : “J—'l
0 l : X
Normalized toroidal beta
5 — T T
4
3 |
5 |
1 :
0 :
RWM coil 1 current per turn
300 F T _
w I I I I I ]
9 - | | | | | ]
) — | | I | | —
o : + + }
E L I I I I ]
© — | | | | 1
0.0 0.2 . . . . ]

Seconds

* Pulse-length depends on
polarity of applied n=3
— Anti-corrective polarity
disrupts I, and B

* Plasmas operate above n=1

1¢= no-wall limit > RFA

— slows rotation =
— destabilizes n=1 RWM

» Correction current
magnitude for n=3 similar to
that for n=1 correction

— Applied n=3 |Bg| is = 6G at
outboard midplane

— Fortuitous phase match
between intrinsic n=3 EF
and field coils can apply

» Assessing n=3 EF sources...

n > 1 error fields not commonly addressed in present devices, or in ITER

@ NSTX APS-DPP 2008 - Optimized EFC in NSTX (J. Menard) Wednesday, November 19, 2008 10



2008: Attempt to determine source of n=3 error field

Method: Assess n=3 error field vs. vertical field (PF5 coil), toroidal field

Corrective = solid

n=3 field applied at t=0.25s

Anti-corrective = dashed

Shot 128043, 128046 carbon f

rotation

Shot 128899, 128898 carbon f___;i.n

30[ ' 30T
25| - 25| .
L R=105cm | R=105cm
20 L R=110cm 20 ;R=110cm
T 15F T 150 X [/
[ R=120cm - R=120cm  \\/F/
10} 10| >
5 5 -
0:. N T T . | 0:\\|\\\_
0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (s) Time (s)
* |, = 750kA - lower VF * I, = 1.1MA - higher VF
* Lower TF, same q « Same TF = lower q
I NSTX APS-DPP 2008 - Optimized EFC in NSTX (J. Menard) Wednesday, November 19, 2008 11



Pulse length is unreliable guide for optimal EF correction

» The pulse durations of many shots
at the highest current tested = 1.1MA

1100 kA XP823 Data

are limited by available OH flux,
rather than n=3 applied field

» Pulse duration at fixed n=3 field can

also exhibit significant variation

- Use plasma angular momentum
as the metric for optimization

1.5_ '
"E‘ L
[=F] L
L)
E 1.0_
'E—V:—-——o—z—-o"*"'o""
: b=
(=] | ¢
E‘ 0.5 -
g | s
(TN

0.0l . . .

-1000 -500 0 500 1000
EFC Current (A)
800kA XP701 data

1.5 ' '
S
Q
1]
: N o ‘
a -
= s
E - 0 o
a | o
E‘ 0.5 -
5 I
L

U.ﬂ | 1 1 1 |

-1000 -500 0 500 1000

EFC Current (A)
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Method utilized to determine optimal n=3 correction

o Compute total plasma angular momentum
— Use up to 5 kinetic profile time-slices before collapse

 Fit angular momentum data vs. correction coil current
— Fit to quadratic and cubic function of correction coil current

Total plasma angular momentum: | lasma = jpmass (v) Qu(w) R*dV

| |
Electron density [102°m-a] 4 Zetrective 25 Rotation frequency [kHz] !
06 % 1 T T T [ T T T T ] 7 . . : ; | |
PRl ey ] : ] : ]
L ST o £ NQ\ | F ] a o ] / \

G | b 20

0.4r \X 3 ng i
L 4 £ ] 15*
| [+ 4 I

koo e—o— -0 oo OO

0.2} i 1of
, i i
E 5p /
0.0l ‘ ‘ . . 0 : . ‘ . ‘ ] 0 | | . . :
00 _ 02 _ %é_anps?ﬁ? ” j'” D00z 04 08 0B 10 b0 0z 04 08 08 10 y /
Shot = 128899, time = 0.56700000s, fit index =2 Shot = 128899, time = 0. ﬁmgmoos, fit index = 2 Shot = 128899, time = 0,3%37'3&0005, fit index = 2 i
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Optimal n=3 error field correction fit for lower I, lower B

Angular momentum computed at times shown  Cypbic fit likely influenced by lack of data at +600A

12 ﬁﬂ Does cubic over-estimate optimal correction current?
10 "
S os RN 1,.=0.75MA n=3 error field correction
—“g:g‘_ :IL:]: |L 3 R L D e
0.0 0.2 a4 0.6 0.8 1.0 1.2
TE L
6; i
<4 0.14 -162.A (quadratic)
2_
6.-
0.

- 154

0.12 - '“2)
i o

<

0.10 - § |

Plasma angular momentum [Js]

i -306.A (cubic fit)
0.08 S I R T Y N T NN S RS SN SO N S
-600 -400 -200 0 200

400 600
RWM coil #1 current [A]

time (sec.)
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Optimal n=3 error field correction fit for lower I, higher B+

Angular momentum computed at times shown Cubic fit results in 38% higher
12F ; correction current than quadratic fit
Z 0.8f T 5
= 06F i . -
Soat o 1,=0.81MA n=3 error field correction
X (NN R D e
o-?}.o 02 04 ,,06 08 10 12
TE e
BE i w
5F L |
sa ? 0.20 -166.A (quadratic)
2_
h): *E i 1
- “‘:-_ 2 0.18 - ¢ 2
o ME r 1 B
— 05¢ g & ;
S 0.0F -
s 05 s 016 %—1&:’— .
E 1.0E = | /% I
- |
g . 2 Y ).
g o 0141 ¢ | -
i £ ’ |
o ]
® o i ! -
n % 012F -229.A (cubic fit) .
% Cl 1 ‘ L L L ‘ 1 L L ‘ L 1 1 | L L 1 | 1 1 L | 1 1 1 | 1 17
z -600 -400 -200 O 200 400 600

n=

RWM coil #1 current [A]

time (sec.)
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Optimal n=3 error field correction fit for higher I, higher B+

Angular momentum computed at times shown Cubic fit results in 24% higher

[§]
3

correction current than quadratic fit

T

I.=1.1MA n=3 error field correction

o

(=]

%]
—_—e = ——— -
—— e - - -

Ba

I‘\.
II'J I'm
1 N
! |
| 10.
|
| _ — -

0.18 - -177.A (quadratic) _

o O=NLhOo~ o
A e e e | t

0.16:—

0.14}

0.12} '

Plasma angular momentum [Js]

1RWM (G) FT @ R=130cm (kHz) " 1 Con T (KA)

0.10 |- -
0'08 1 ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! L]
i 10] T il -1000 -500 0 500 1000
00 02 641! 06 0.8 1.0 12 RWM coil #1 current [A]
time (sec.)
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Assessment of most probable n=3 error field source

1.25

1.15

11

1.05

Normalized Currents

1.3

1.2

—e—Normalized plasma current
—=Normalized vertical field coil current
== Normalized toroidal field coil current
X =>e=Normalized EFC current (quadratic fit)
| —¥—Normalized EFC current (cubic fit fit) /
/ //
0.7 0.8 0.9 1 11

Plasma Current [MA]

1.2

anti-correlated with
possible EF sources:
— Vertical field (VF)
— Toroidal field (TF)

2. Quadratic-fit EFC correlated with
plasma, VF, and TF currents

3. Quadratic-fit EFC slope most
closely matches VF, TF slopes

4. Correlation coefficients between
Quadratic-fit EFC and VF and TF:

— R2=0.99 for VF
— R2=0.71for TF

e Conclusions:
— Most probable source of n=3 EF is vertical field (PF5), but TF is also possible source
— Phase of intrinsic n=3 EF cannot be determined — further EFC optimization possible
— Torque variation with Iz, COnsistent with 6B2 dependence - consistent with NTV

@ NSTX
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No significant n=2 intrinsic error field identified

 Shot duration and duration of high 3, and rotation reduced with applied n=2
* Results independent of phase & amplitude for 0.5kA, 1kA - n=2 intrinsic EF < 500A

12 1 12f . ; 12 :
< 1.0F 4 1288537 10fF | S 1202 t0F 128864:60
s 08 1A 1288587 0.8F 123850 150 1 081 128865 150
odlbeid | 1288637 o06F 1122;38886619:9% 4 06F 128867:90 1
o 04p 4 04f 1o8s62 60 0.4\ 128868: 120
- 0.2F 3 o2k o8870-60 4 02 128869:30
0.0 ER ' 0.0 3
0.0 0.2 0.4 0.6 0.8 y 0.0 0.2 0.8
7 7
6F 6F
5F 5F
& 4 ab
aE aE
2E 2F
1E L"\, 1E
0 . 0
0.0 0.2 0.4 0.6 0.8 0.
~~ 12— " T T T 1.2F
5 10F 1.0
< osf 0.8F
N 0.61 06F
Il 0.4F 0.4f
c 0.2F 0.2F
0.0 E 0.0F
© 0.0 0.2 0.4 0.6 08 0.0 0.2 0.4 0.6 08 0.0 0.2 0.4 0.6 0.8
— 14F 3 1af ] 3 BE |
—~ 12 = 12F 3 E
NN 1ok 4 10F 4 10F \
TT 8 T e ] % |
6E 1 e E
T af E N3 || E
2F = 2E 3 E
O 0k E ok | E 0E |
0.0 0.2 0.4 0.6 0.8 0.0 0.8 pd
50 50F ; 50
mﬂ. a0E a0E 40 E
a0f
~ - AE
= ]
= 9 20F 2
10F
10F
0.0 0.2 0.4 06 0.8 0.0 0.2 04 06 0.8 0.0 02 04
Time (sec) Time (sec) Time (sec)
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Applied n=2 field results in systematic decrease in rotation

. XP805, R=105.293 cm XP805, R=124.611 cm XP805, R=135.503 cm
| | 20( | | IS [ '
5 5 5 |
B 3 3
S o 15
8 g 5
1-.0 1_.0
time (sec) time (sec)
Color Code Decrease Occurs
3 Reference Shots A he Enti
7 Shots with 500 A n=2 Cross the kEntire

Profile

v

4 Shots with 1000A n=2

Toroidal Rotation (kHz)

Radius (cm)
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n=3 EFC + n=1 feedback was successfully applied
to wide range of plasma current = 0.75-1.1MA

Pulses run reliably until nearly all OH flux is consumed

Plasma current

1000 | TS AN A -

- | | e -

800 o N

- | | | -

600 I | | ]

e - . 128907 | I —
400 " 128911 ! : .

i 128913 b

200 | 128922 l -

0 L 128925 : : | ——

OH Coil Current

L l 1
0 0.2 04 0.6 0.8 1.0 1.2 14

OH coil current limit

@ NSTX
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Optimized n=3 EFC + n=1 feedback + Lithium -
record NSTX pulse-lengths

Previous

New record
record
pulse length pulse length
* Flux consumption reduced ) | /
following LITER experiments ;£ = =
— Lower V at lower P 600 [~ 7
HooP NE! < 400 | 116313 ]

129125

!
!
!
!

200

\

|

OH current per turn
I I

* Li + optimized EFC - &
— Avoid late n=1 rotating mode < of
— Rotation sustained
— By = 5 sustained 3-4 14
—record pulse-length = 1.8s

Neutral Beam Power

T vy o n " PPy A“.“.W
had i | T oy A \ihJ Bl il kil g il hindhd i
W" L Ao e

\

\
| \
| \
I \
| \
] J

[NCY | I T A A

05 1.0 15
seconds
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n=3 error correction combined with n=1 RFA/RWM
feedback control increases g and rotation, and extends pulse

Frequency (kHz)

 MHD spectrogram w/o n=1

feedback and n=3 correction

I N T .-
Shot 116318, n= 1 2 3 4
1007 T T T T
Bo[ PR ]
I "5“ 1 ‘ :-r~, R i
o gl S ‘7], ]
[ T« W e o AR e
L i ¥ 3 A ¥ I
o "l L / N ; fi‘ .
r W | . A
— AT
20| ‘nwm ; f wu‘kl _
W bl
ol ’ \” e L . Rt

1 - ]
0.2 04 0.6 0.8
Time (s)

n=1 mode drops B

|

) L Red with control
I Black w/o control

By (MA/(mTesla)
N

0.5 1.0 1.5
time (s)

* MHD spectrogram with n=1
feedback and n=3 correction

100[

4

Frequency (kHz)

]

I N T ..
Shot 120125, n= 1 2 3 4

\s\

0.2 04 0.6 08

No MHD, B and rotaticy maintained

v, (km/s)

CHERS v, at R =139cm

40 i
30 ¢
20 |
10 _ Red with control
Black w/o control
O
0.0 0.5 1.0 1.5

time (s)

1 1 L 1 L ]
. 1.0 1.2 14
Time (s)

Non-axisymmetric feedback
algorithm has been
developed using unique
feedback training scheme

— Prevents onset of MHD
modes

— Plasma rotation is
maintained throughout
discharge

Control statistically raises g
and increase pulse length

Pulse averaged g, vs. current flat-top
6

ar 5% .
A
=
(<o}
v 1
2« —
b Red with control
Black w/o control
0 ! . .
0.0 0.5 1.0 1.5 2.0

-CFIat-Top (Sec')
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Probability of long pulse and <By>p,se

with active RWM control and error field correction

Increases significantly

Frequency distribution

« Standard H-mode operation shown

1.2 Control off (908 shots) -
[ \ Control on (114 shots) ]
1'0-_ ] <By>>0.5 B
i 24> <> > 2.1
0.8 . _l_ <0>>0.6. =
I <drsep><8.2
- [ L TrjatTop ~ Y-
0.6 -
0.4F . .
0.2F .
oob L~ L s
0.0 0.5 1.0 1.5

|, flat-top duration (s)

<Pp>

— |, flat-top duration > 0.2s (> 60 RWM
growth times)

Bl= 11109 8 7 6
I|III 77T | T T LI R |

6 T
- Control on
\
L .0
L
4 Control off |
L ,0 ]
¢
. o
@
20 > S, -
" s oo
o ".:
L o
O TR | M | .:. P | PRI B ..I MR
0.0 0.2 0.4 0.6 0.8 1.0 1.2
<>

Control allows <B\>,se > 4

— Py averaged over | flat-top
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Conclusions

 Extensive non-axisymmetric magnetic sensor array useful for
detecting and correcting intrinsic n=1 error fields

* Dominant n=1 error field results from TF bundle motion from
electromagnetic interaction between OH and TF coils

o Gain and low-pass filter optimization of n=1 active feedback
control successfully suppresses resonant field amplification
(RFA) of n=1 EF and unstable RWMs

* n=3 Intrinsic error field adversely impacts high-beta operation,
and is most likely associated with vertical field coill

* No evidence (yet) of significant n=2 intrinsic error field
« Combination of n=3 EF correction + n=1 active feedback

control improves plasma performance for a wide range of
conditions: sustained high rotation, f = record pulse duration
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