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Rotating external kink instabilities have been suppressed as well as excited in a tokamak using
active magnetic coils that directly couple to the plasma through gaps in passive stabilizing
conducting shells that surround the plasma. The kink instability has a complex growth rate,
approximatelys3+i2p5d3103 s−1, and is near the ideal wall stability limit when discharges are
prepared with a rapid plasma current ramp and adjusted to have an edge safety factor near 3. The
active control coils are driven by a digital mode control feedback system that uses multiple
field-programmable gate arrays to analyze signals from 20 poloidal field sensors and achieve
high-speed feedback control. The feedback coil geometry used was designed to optimize feedback
effectiveness. Signal processing is of critical importance to optimize phase transfer functions for
control of rotating modes. ©2005 American Institute of Physics. fDOI: 10.1063/1.1868732g

External kink instabilities in tokamaks are driven by ra-
dial gradients of the plasma current,1 and they set the stabil-
ity limit of high beta tokamak plasmas.2 The stability of the
external kink depends significantly on the location and con-
ductivity of a wall surrounding the plasma. For a perfectly
conducting wall, the stability limit increases because eddy
currents in the wall generate fields to oppose the helical kink
perturbation. For any wall configuration, the ideal wall sta-
bility limit can be calculated using a three-dimensionals3Dd
electromagnetic code, like VALEN,3 and an ideal magneto-
hydrodynamicsMHDd stability code, like DCON.4 For a
wall with finite conductivity, the wall eddy currents decay,
and the external kink instability is called the resistive wall
modesRWMd when the plasma is above the no-wall stability
limit but below the ideal wall stability limit.5 Although the
RWM grows slowly at a rate proportional to the eddy current
decay rategw the RWM instability must be prevented in
order to operate steady-state tokamak reactors with both high
bootstrap current fraction and high fusion power density.6,7

Previous experiments have demonstrated stabilization of
the external kink with a conducting wall8 and stabilization of
the RWM instability either by plasma rotation9,10or by active
feedback control.11,12 In rotating plasma, plasma dissipation
stabilizes the RWM13,14 when the rate of dissipation exceeds
the rate at which energy is released from a slowly growing
sin proportion togwd kink perturbation. Although the physics
of RWM stabilization due to rotation remains a subject of
study, recent measurements using the HBT-EP tokamak15

have shown rotationally stabilized kink perturbations to be
consistent with a semiempirical viscous model of
Fitzpatrick16 in the high-dissipation regime. Near the ideal
wall stability limit, the RWM is stable when the plasma ro-
tationV exceeds a critical value dependent upon the dissipa-
tion ratevd,

Vcrit = 2gMHD
Îgw/nd, s1d

where gMHD is the ideal MHD growth rate of the external
kink at the no-wall limit. The external kink growth rate for
rotating plasma at the ideal wall limit isg< iV+sgMHD

2 /ndd
3sS–1d, whereS is a normalized stability parameter. Kink
instability results whenS exceeds the ideal wall limit or
whenS.1. S can be calculated with an ideal MHD code, it
is defined as the ratio of the ideal kink perturbed energydW
calculated without a wall, to the difference of the perturbed
vacuum energy when evaluated with and without an ideal
wall. High plasma dissipation slows the kink mode growth
rate from its usual value17 by the factornd/gMHD .1.

While feedback control of the slow RWM has been dem-
onstrated, feedback control near the ideal wall limit requires
consideration of both the marginally stable external kink that
rotates with the plasmaV and the RWM that rotates much
more slowly at a rate neargw!V.16 Near the ideal wall
stability limit in rotating plasma, the dominant frequency of
interest will be ugu,V, and the active feedback controller
must be capable of high-speed control with low latency. In
addition, limitations to the feedback system arise froms1d
the mutual inductive coupling between control and sensor
coils sleading to self-oscillations and ceilings on attainable
gain, as well as noised, s2d coupling between the control coils
and the conducting shellsleading to finite response time of
the system, as well as limiting the stability range over which
fixed feedback coefficients are effective18 d, ands3d coupling
between the sensor coils and conducting shells that slow the
response time of the feedback control fields. When these
limitations are eliminated, we describe feedback as “opti-
mized mode control.” Numerical modeling has predicted ex-
ternal kinks can then be feedback controlled up to the ideal
wall limit.3

In this paper, we report the first successful use of opti-
mized mode control of rotating external kink instabilities at
the ideal wall limit. External kink instabilities are excited in
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the HBT-EP tokamak using a rapid plasma current ramp that
creates growing helical perturbations with poloidal and tor-
oidal mode numbers resonant with the edge safety factor,
m/n,qa. The feedback control coils directly couple to the
plasma surface through toroidal gaps in the conducting
shells, and the sensor coils were located to eliminate cou-
pling to the control coils. Additionally, high-speed digital
processing is used to measure and isolate then=1 toroidal
mode in real time so that each sensor provides only part of a
larger signal array, reducing noise. The resulting configura-
tion constitutes a highly optimized way to perform feedback
control of external kink modes in toroidal plasmas.

The experiments were performed on the HBT-EP, a to-
kamak specifically designed for investigation of the effects
of conducting walls and active feedback control configura-
tions on MHD instabilities.8,11,15 The experimental arrange-
ment is depicted in Fig. 1. Moveable wall segments at ten
toroidal positions on the outboard side surround the plasma
torus. Half of the segments are made from 1.2 cm thick alu-
minum sAl d, at five toroidal positions, while half are made
from 0.2 cm stainless steelsSSd which are interspersed be-
tween the Al shellsssee Fig. 1d. Adjusting the positions of
the wall segments allows adjustment of the plasma-wall cou-
pling sand the ideal wall stability limitd and wall current
decay rategw. When the Al segments are moved from the
fully withdrawn to fully inserted position, the ideal wall limit
doubles, andgw decreases from 6.3 to 2.3 ms−1 for m/n
=3/1 modes.

The feedback control coils are mounted in the gaps be-
tween the aluminum and steel shellssFig. 1d so that applied
radial fields can couple directly to the plasma. A total of 40
control coils are arranged at four poloidal locations and at
ten, equally spaced, toroidal positions. Each pair of control
coils mounted on the same segment and at the same poloidal
position is connected in series. Twenty sensors are also
mounted onto the SS segments and positioned on the plasma
facing side, so as to measure kink perturbations even for
time-scales short compared with the SS wall’s magnetic dif-
fusion time. The mutual inductance between the poloidal
sensors and the feedback coils has been measured to be neg-
ligible. There are four poloidal sensors at each of the five
toroidal locations, forming an array of 20 sensors.

This configuration is significantly different from the so-
called “smart-shell” control coils used previously.11 Since the
sensor and control coils have little or no mutual inductance,
the feedback system is largely immune to self-oscillations
that limited the previous feedback system at high gain. Solid-
state 200 W audio amplifiers drive each control coil pair. We
measured the maximum achievable gain in the absence of a
plasma, using an external magnetic field pulse as an initial
perturbation, to be<40 times greater than that used in the
experiments. As the gain limits in the experiments are set by
the available control power, the 40 times gain should be
achievable with installation of higher power control coil am-
plifiers.

Calculations with the VALEN code3 were used to esti-
mate the effectiveness of active feedback control of nonro-
tating external kink modes using the actual HBT-EP coil,
wall, and sensor geometry. In the calculations, the gain was
defined as the ratio of the voltage applied to the control coils
to the perturbed poloidal flux measured by the sensor. When
the gain was increased to 13107 V/Weber, VALEN predicts
kink stabilization at the ideal wall limit for HBT-EP. The
measured gain in the experiment is 1.43107 V/Weber.

Mode control feedback is achieved by detection of the
n=1 toroidal component of the perturbed poloidal field and
applying, in proportion, a toroidally rotatedn=1 radial field
with the control coils. The sensors signals are amplified and
filtered using analog circuitry, and then digitized to 16 bits
for input to multiple, high speed field-programmable gate
arrayssFPGAd.19 Data are sampled with a sample interval,
ts=10 ms. After temporal filteringsdescribed in the next
paragraphd, five sensor signals at each of four poloidal posi-
tions sand at equally spaced toroidal anglesd are digitally
processed to select then=1 component of the measured
magnetic field perturbation. Then=1 component is isolated
using a discrete Fourier transformsDFTd, and then=0 and
n=2 components are disregarded. Each poloidal group is
processed independently from the others, and the toroidal
phase at each poloidal angle is determined by appearance of
the n=1 mode at each poloidal location.

A rotation operator is used to generate the appropriate
toroidal phasing of the radial control fields, and an inverse
DFT produces control outputs that are sent to the audio am-
plifiers. Except for the temporal filter, the entire digital algo-
rithm is implemented as a 535 matrix multiplication,

Vc
W = G 3 sDFTIT ·RJ ·N1

I ·DFTId · dFs
W = G 3 AJ · dFs

W , s2d

whereVc is the control coil voltage,dFs is the poloidal field
sensor flux,N1 representsn=1 mode isolation,R is a toroidal
rotation, andG is the effective overall system gain. Since the
FPGAs function in parallel, the matrix processing in Eq.s1d
can be accomplished in less than 0.1ms; however, the sys-
tem latency is limited by the analog to digital conversion
times to be approximately 10ms.

A second-order digital filter is used to adjust the overall
frequency-dependent gain and phase of the feedback system
fi.e., the complex gain inherent inG in the Laplace transform
of Eq. s1dg. We find the effectiveness and stable phase margin
of the feedback system depends strongly on the particular

FIG. 1. sColord. Experimental arrangement of conducting shells, mode con-
trol coils, and poloidal field sensors.
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digital filter applied prior to the mode decomposition. Two
different digital filters were used for two sets of experiments.
These filters are second-order phase lead/lag compensating
algorithms, hence forth referred to as filtersA and B. For
filter A, the phase variation was kept as small as possible. For
filter B, the phase of the overall gain varied strongly through-
out the band of interest, 1 kHz, f ,20 kHz, which is similar
to the type of phase transfer that results when the system
latency is increased. The compensator that provided the flat-
test frequency responsesAd resulted in the best performance
of the feedback system, as will be discussed in Sec. IV. The
normalized overall transfer functions of the feedback system
are shown in Fig. 2.

Rotating external kink instabilities appear in HBT-EP
discharges when the plasma current increases rapidly,
,2 MA/s, and when the edge safety factorqa decreases be-
low 3. This discharge programming broadens the current pro-
file, increases the external kink drive, and reduces the growth
of internal tearing modes. For the discharges described here
sFig. 3d, qa remained near 3 for more than 1 ms, and rotating
m/n=3/1 kink modes grew on a time scale of,0.3 ms. A

variety of magnetic diagnostics identified the mode’s helical
3/1 structure. The kink mode rotated toroidally, in a manner
similar to previous observations for them/n=2/1 tearing
mode:20 in the electron diamagnetic drift direction and at a
frequency near 5 kHz. In the absence of any feedback, the
kink mode growth rate is approximatelys3+i2p5d
310−3 s−1. For these discharges,gMHD ,50–100310−3 s−1

and 5,vd/gMHD ,8 for HBT-EP.15 The measured kink
growth rate is consistent with expectations near the ideal
wall limit, S,1. These parameters predict RWM stabiliza-
tion for plasma rotation exceeding a critical value,V /2p
.3 kHz. The growth rate of the kink instability was ob-
served to be independent of the position of the Al wall seg-
ments as expected for rotating kink instabilities at the ideal
wall limit. As the Al wall segments were fully inserted, the
characteristics of the kink instability did not change as illus-
trated in Fig. 4.

When active feedback was applied, the closed-loop kink
mode response depended strongly on the toroidal rotation, or
phase, represented by the matrixR in Eq. s1d. The helical
geometry of then=1 external kink mode has a maximum of
the perturbed poloidal field located at a 90° toroidal angle
from the maximum perturbed radial fields at the plasma sur-
face. Maximum feedback suppressionsor “negative” feed-
backd occurs when the toroidal phase between the applied
and the sensed signals is 90°. When the toroidal phase rota-
tion is programmed to be oppositesi.e., −90°d, then maxi-
mum mode excitation results, corresponding to “positive”
feedback. Figure 4 also shows examples of the detected
m/n=3/1 oscillations resulting from feedback that tracked
the rotating kink instability with toroidal phase of +/−90°
relative to then=1 phase of the sensor signals.

The toroidal phase rotation operator for each of the four
poloidal groups of sensor/control coils was adjusted for 144
similar discharges in 5 deg increments. 72 discharges were
run usingA digital filter, and 72 usingB digital filter. The
resonantm/n=3/1 signals from a Fourier analyzing,m=3,
Rogowski coil was used to detect the closed-loop plasma
response. The temporal Fourier transform of the Rogowski
coil signal was computed in the time interval 2 ms, t
,3 ms for each discharge, and the amplitude of the resonant

FIG. 2. Normalized overall feedback gainG illustrating the frequency varia-
tion of the magnitude and phase. Shown are: dotted line intrinsic to analog
hardware, dashed line with the effect of filterB, solid line with the effect of
filter A.

FIG. 3. Shot-averaged evolution of the plasma current and edge safety fac-
tor. Investigation of feedback effectiveness was performed during the time
interval between 2 ms, t,3 ms, when rotating external kink instabilities
appeared.

FIG. 4. sColord. Poloidal field measurements ofm=3 Rogowski oscillations
for four cases: no feedback Al wall retracted by 4 cm, no feedback with Al
wall fully inserted, positive feedbacksamplificationd, and negative feedback.
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poloidal field fluctuations were displayed in polar density
plots for the frequency band from 1 kHz, f ,20 kHz. Fig-
ure 5 summarizes the resonant kink response for filterA and
Fig. 6 summarizes the results for filterB. In each plot, the
distance from the origin is proportional to frequency, and the
polar angle represents the toroidal target phase between con-
trol and sensor fields, i.e., the toroidal angle between the
applied radial magnetic field and measured perturbed poloi-
dal field.

The polar response plots directly display the closed-loop
phase-margins obtained with each filter. As is clearly evident,

the filterB results in kink mode suppression within a narrow
range of rotation angles at the natural mode frequency. How-
ever, closed-loop feedback with this filter also excites higher
frequency oscillations near 10 kHz. At nearly all toroidal ro-
tation angles, some level ofm=3 oscillations are observed
within some frequency band. The spiral pattern in Fig. 5
shows a frequency “pulling” to higher frequencies when the
control coil phase lags the detected mode and a slight reduc-
tion in frequency when the control coils lead the detected
kink modes. Figure 5 shows the plasma response for filterA
corresponding to a nearly flat phase response. With this filter,
kink modes can be completely suppressed within a rotational
phase margin of<±45° from the phase, 90° that provides
negative feedback. With the opposite phase, the feedback
control is set to reinforce the plasma fields, and kink excita-
tion is observed.

In summary, optimized mode control experiments have
suppressed, and excited, them/n=3/1 rotating external kink
mode. The instabilities are excited with a strong plasma cur-
rent ramp and appear with parameters corresponding to the
ideal wall stability limit. The active feedback coils are opti-
mized sinces1d the control coils couple directly to the
plasma,s2d sensors couple directly to the plasma, ands3d
controls and sensors have little or no mutual inductance. A
high-speed digital controller using multiple FPGAs allow
isolation of then=1 component of the poloidal field pertur-
bations and produce low-noise mode control with a system
latency is less than the characteristic growth time of the
mode.
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FIG. 5. sColord. Amplitude of the frequency spectrum ofm=3 Rogowski
coil oscillations as a function of the feedback toroidal rotation angleR for
filter A. Angle represents phase difference between applied radial magnetic
field component and sensed poloidal component. The large phase margin is
obtained with effective phase compensation.

FIG. 6. sColord. Amplitude of the frequency spectrum ofm=3 Rogowski
coil oscillations for filterB. Angle represents phase difference between ap-
plied radial magnetic field component and sensed poloidal component. Be-
cause of the appearance of oscillations at,10 kHz, the phase margin nearly
vanishes with ineffective phase compensation.
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