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Resistive wall mode active control physics design for KSTAR
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As KSTAR H-mode operation approaches the region where the resistive wall mode (RWM) can be
unstable, an important issue for future long pulse, high beta plasma operation is to evaluate RWM
active feedback control performance using a planned active/passive RWM stabilization system on
the device. In particular, an optimal design of feedback sensors allows mode stabilization up to the
highest achievable Sy close to the ideal with-wall limit, [5}\‘}“”, with reduced control power
requirements. The computed ideal n = 1 mode structure from the DCON code has been input to the
VALEN-3D code to calculate the projected performance of an active RWM control system in the
KSTAR three-dimensional conducting structure device geometry. Control performance with the
midplane locked mode detection sensors, off-midplane saddle loops, and magnetic pickup coils is
examined. The midplane sensors measuring the radial component of the mode perturbation is
found to be strongly affected by the wall eddy current. The off-axis saddle loops with proper
compensation of the prompt applied field are computed to provide stabilization at 5y up to 86% of

]V\‘}“” but the low RWM amplitude computed in the off-axis regions near the sensors can produce a
low signal-to-noise ratio. The required control power and bandwidth are also estimated with varied
noise levels in the feedback sensors. Further improvements have been explored by examining a
new RWM sensor design motivated by the off-midplane poloidal magnetic field sensors in NSTX.
The new sensors mounted off of the copper passive stabilizer plates near the device midplane show
a clear advantage in control performance corresponding to achieving 99% of [3}\‘,’“] ! without the need
of compensation of the prompt field. The result shows a significant improvement of RWM

feedback stabilization using the new sensor set which motivates a future feedback sensor upgrade.
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I. INTRODUCTION

An important goal of KSTAR (Korea Superconducting
Tokamak Advanced Research)' is to reach steady-state oper-
ation at high beta above the limits set by conventional ideal
magnetohydrodynamic (MHD) stability. Recent advances in
expanding the H-mode plasma operational space of the device
marked substantial progress toward the ideal MHD no-wall
beta limit, /3,’\‘,”7“’“”, which was computed and published for
theoretical H-mode pressure profiles using the DCON code®
as shown by the stability-relevant parameters, normalized
beta versus internal inductance (/;, f) in Fig. 1. The maxi-
mum sustained normalized beta, ffy, has exceeded 2.8 with
plasma internal inductance, /;, of 0.7, reaching f/l; larger
than 4,% where By =10%,aBy/I, and ;= [B3(r)d’V/
(VEi(l)). Here, B, = 2uy(p)/B3, V is the plasma volume
and B, is the average poloidal magnetic field on a flux surface
as defined in Ref. 6. The n=1 ideal MHD stability limits
shown in Fig. 1 are evaluated in a manner that produces a re-
alistic and conservative evaluation (relatively high value) of
the f defining these limits. The internal profile parameters
such as the pressure profile peaking and the minimum safety
factor (¢,,,) are not known to high accuracy in present
KSTAR equilibrium reconstructions, which rely on external
magnetics alone.>’ Therefore, we have chosen a realistic
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H-mode pressure profile shape, and ¢,,, greater than, but
close to unity (<1.5). Specifically, the Sy produced using this
procedure is higher than if a more peaked pressure profile,
and/or higher ¢,,;, were used. Even with this conservative cal-
culation, the plasmas reach and exceed this limit in some
cases. If the reconstructed equilibria are used directly to deter-
mine their ideal n =1 no-wall stability, the greater pressure

KSTAR design target
operating space

51
/l \.
4 / n = 1 with-wall limit

Recent operation

in Ref. [4 n =1 no-wall limit
s SN
2t N \//-\ ]
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FIG. 1. KSTAR equilibrium operating space expansion toward the ideal
MHD 7 = 1 no-wall limit computed using the DCON code. The design target
operating space drawn is set by limits on the device poloidal field coils.®
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peaking of the reconstructions produces a lower n = 1 no-wall
stability limit ;v value, and a larger fraction of the plasmas
are computed to be above this limit.

In plasmas exceeding the ideal no-wall limit, plasma
current and pressure profiles can drive large scale global
MHD instabilities such as the ideal kink/ballooning mode
with low- n number (n denotes the toroidal mode number)
which grows on the Alfvénic time scale, and the resistive
wall mode (RWM) which grows much more slowly on the
magnetic diffusion time scale of the penetration of the per-
turbed mode field through the surrounding resistive wall and
other conducting structures, 7,,. The growth of the RWM
typically leads to a major disruption of the plasma. Thus,
developing a means to stabilize the RWM is crucial in devi-
ces aiming to operate significantly above the ideal MHD
no-wall limit, as is planned for KSTAR.

The RWM can be stabilized either by passive or active
means. Energy dissipation depending on plasma rotation and
kinetic effects can stabilize the RWM,”*~'® however, this
passive mode stabilization generally does not ensure full sta-
bilization in all discharges, and active control of the
RWM 18734 i5 required for low disruptivity at high normal-
ized beta. The growing n =1 RWM, which is a significant
concern in advanced tokamak fusion plasmas, can be either
non-rotating or slowly spinning (rotation frequency
~0(1/7,). In active RWM stabilization, control coils and
sensors are used to track and reduce the perturbed n=1
mode field. Two proposed feedback logics for magnetic con-
trol are the “Smart Shell” (Ref. 19) and “Mode control”
(Ref. 23) where the former uses the total measured field to
be cancelled by feedback, while the latter explicitly cancels
only the magnetic perturbation from the mode by first com-
pensating the external field from the measured sensor signals.
With active feedback applied, the mode can be converted to a
rotating global kink/ballooning mode that is stabilized by
faster rotation (>1/7,,) which can significantly reduce the dis-
ruption probability.'® The existing segmented in-vessel con-
trol coils (IVCCs)*® in KSTAR with various magnetic field
sensors can potentially provide active =1 RWM control in
the device. In the present work, the three-dimensional (3D)
VALEN-3D code™ is used to analyze the effectiveness of var-
ious feedback sensor designs to optimize the performance and
reliability of active RWM control to sustain continuous high
P~ plasma operation in KSTAR.
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Il. UNSTABLE EIGENMODES AND RWM SENSORS

The most unstable n = 1 eigenfunction computed from a
theoretical KSTAR equilibrium having /;=0.7 and iy =5.0
with an H-mode pressure profile is used to model the plasma
mode to control, and is combined with the 3D finite element
conducting structure in the VALEN feedback analysis. The
perturbed mode structure is assumed to be rigid and can
rotate toroidally. Figure 2 shows the poloidal variation of the
perturbed normal field for the unstable =1 mode from
DCON used in the calculations. The inclusion of multiple
plasma modes either with multiple toroidal mode numbers,
or with n=1, may be needed if the secondary or higher
modes have a dominant plasma response as computed by the
ideal MHD stability functional for each mode (computed by
an ideal MHD code, such as the DCON code). For the analy-
sis conducted here, secondary and higher modes are
sub-dominant, and hence their exclusion in these computa-
tions is valid. The second and third least stable modes with
n=1 are shown in Fig. 3. Examining several toroidal phases
of the mode, it is clear that the relative amplitude is largest
on the low field side (large R), showing the ballooning char-
acteristic of the mode. The mode amplitude remains signifi-
cant at lower R values until the divertor region is reached,
and decreases significantly at lowest radial points. The am-
plitude of the secondary modes remains significant at poloi-
dal angles on the large major radius side (outboard side),
reaching the divertor region. The mode amplitude is signifi-
cant in the divertor region itself. The mode eigenfunction
depends on equilibrium parameters such as plasma current
and pressure, and is chosen as the most unstable eigenvector
predicted with the highest growth rate close to the ideal
with-wall limit shown in Fig. 1.>

Figure 3 also illustrates the two-dimensional geometry
of the KSTAR conducting structure including passive stabi-
lizer plates and IVCCs along with the magnetic sensors’’ an-
alyzed. The design of the existing copper passive stabilizing
plates in KSTAR was determined by considering its impact
on RWM passive growth rates.>’ The passive plates are
positioned to effectively couple to RWMs which are balloon-
ing in nature with the highest mode perturbation on the out-
board side. Each of the up-down symmetric stabilizers is
segmented into four toroidal quadrants, and connected by
gap resistors to produce a toroidal resistance accommodating
controllability of both vertical instabilities (n=0) and

05}

FIG. 2. DCON computed perturbed B-
normal field for the unstable n=1
eigenfunction used in the analysis. On
the left, color scale is from red (nega-
tive) to green (approx. zero) to blue
(positive). Perturbations at different to-
roidal phases are drawn on the right.
The perturbed normal field amplitude
shown has been exaggerated to clarify
the mode shape.
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FIG. 3. Two dimensional view of KSTAR conducting structure including
RWM control coil, sensors, and the analyzed B-normal field distribution of
the unstable eigenfunction (mode 1). Here, IVCC denotes in-vessel control
coil, LM sensors, SL sensors, and MP.

RWMs (n=1). The RWM sensors can have different impact
on control performance depending on various aspects, such
as their spatial distribution, proximity to the RWM eigen-
function, the orientation of the magnetic perturbation meas-
ured, and magnetic coupling to induced currents in
conducting structure and to the applied control field. In this
study, the following device sensors are analyzed to investi-
gate how the different sensor characteristics affect the RWM
control physics, and to determine the best sensor set for
RWM control: (i) the locked mode (LM) sensors—which
approximately measure the normal field perturbation on the
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H-port

—-——
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S o=T

Modelled control coils
(Middle FEC/RWM) LM sensors
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outboard midplane directly facing the mode, (ii) the saddle
loop (SL) sensors—off-midplane poloidal field sensors
behind the passive stabilizing plates, (iii) the Mirnov probes
(MPs)—small pickup coils measuring poloidal field at the
outboard region, and (iv) NSTX-type sensors'®—poloidal
field sensors proposed to enhance control performance. In
Sec. III, the magnetic stabilization system to be used for
RWM active control in KSTAR is described using the full
3D details of the magnetic sensor sets above. Section IV
examines the expected control performance of the candidate
device sensors and compares theoretical RWM growth rates
computed by using the different sensor sets. RWM control
power requirements using the determined optimal sensor sets
are addressed in Sec. V. A further improvement in control
performance can be achieved by implementing a new sensor
design and Sec. VI illustrates its advantage over the present
sensors. Conclusions are presented in Sec. VIL.

lll. RWM CONTROL ACTUATORS AND 3D CONTROL
MODELLING

A primary requirement in the modeling of the planned
RWM active control system on KSTAR is a 3D model of the
device conducting structure, sensors and actuator coils. The
VALEN-3D code implements a general circuit formulation
and uses a finite element representation of the conducting
wall in an integral formulation to model arbitrary conducting
elements and a representation of stable and unstable plasma
modes in 3D.***® The code models the external magnetic
properties of a plasma mode as the normal component of the
magnetic perturbation at the unperturbed plasma surface, and
the mode interaction with surrounding conductors is repre-
sented by a scalar plasma permeability. The code allows vari-
ous feedback systems including magnetic sensors and active
control coils to be evaluated via transient simulation and
eigenvalue analysis. The VALEN-3D model for KSTAR,
shown in Fig. 4, comprises nearly 8000 circuit equations of
segmented conducting elements for a realistic description of
the complex device geometry. This number of circuit ele-
ments in the KSTAR model is more than adequate to properly
resolve the control of the plasma modes considered. For com-
parison, earlier studies of other devices such as the DIII-D
tokamak used models segmented into ~1400 elements and

IVCC Connection
Schematic Diagram

FIG. 4. KSTAR conducting structure
including copper passive stabilizer

plates (displayed in yellow) and mid-
dle IVCCs and the present device sen-
sors comprises 4 LM sensors, 40 SL
sensors, 3 MPs, and imagined 24
NSTX-type sensors for active n=1
RWM control implemented in the
VALEN-3D finite element model. The
computational model of the middle
IVCCs displayed includes the stainless
steel coil casings surrounding the cop-
per coils. A schematic diagram on the

5]!3'7
[l Bottom FEC/RWM right shows the electrical connection
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of the IVCC elements.
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the HBT-EP tokamak which used a model consisting of
~6400 elements>® due to its fairly complex passive stabiliz-
ing conducting structures specialized for RWM control
studies.

The uniquely designed IVCC assembly comprises four
poloidal positions with four toroidal quadrants for each
poloidal position (total 16 segments) to generate a dominant
n-spectrum of applied magnetic field up to 2. As is shown in
a schematic diagram in Fig. 4, each IVCC segment has 8
insulated copper conductors which can be independently
connected to form various axisymmetric/non-axisymmetric
coil configurations. The IVCCs are surrounded by a 3 mm
thick stainless steel coil casing which shields high frequency
AC fields and produces a small decrease in RWM control
performance. The rotating field generated by the top and bot-
tom field error correction (FEC)/RWM coils can be signifi-
cantly shielded by the nearby conductive stabilizer plates
and is therefore not as strongly coupled to the RWM. Thus,
the middle FEC/RWM coils (four toroidal quadrants each
having two turns) are considered as the most probable RWM
control actuator. The middle FEC/RWM coils are also bene-
ficial to effectively produce the control field on the outboard
midplane region where the strength of the unstable RWM is
strongest. The unloaded circuit parameters for each coil
quadrant, L =44 yH, R =3.66 mQ with L/R =12 ms are cal-
culated values in the VALEN-3D for the modeled coils, and
used as default circuit parameters in the rest of this study. To
examine an actuator circuit faster than the RWM growth rate
analyzed (ygp,, > 1 ms) which would produce higher con-
trol performance, L =44 yH, R =44 mQ with L/R = 1 ms are
used by adding resistance to the circuit.

The frequency response and phase lag of the active feed-
back system with the effect of the vacuum vessel and passive
plates included are calculated describing the 3D model as a
set of coupled equations,

[L]{d{d—(tt)} +[R{1(0)} ={v(n)} = (Vo).

()} = o}, W
{Io} = [[L](iw) + [R] " {Vo}.

Here, the square brackets represent matrices, {} represents a
column vector, and w defines the voltage driving frequency
comprising the system of approximately 8000 equations. In
the calculation, alternating voltage is applied to all four con-
trol coils with an n=1 configuration. The resulting attenua-
tion of the control coil current amplitude and phase lag as a
function of driving frequency are shown in Fig. 5. The
unloaded coil shows higher attenuation and phase lag at
lower frequency compared to the coil with lower L/R time.
The current amplitude reduces to half of its original value at
24 Hz driving frequency with phase lag of 56°, while corre-
sponding values for the faster coil are 350 Hz and 47°. The
result indicates that the control field produced by the
unloaded coils is strongly limited in its operating frequency,
and if the RWM rotates faster than the given coil response,
both reduced control field magnitude and phase lag larger
than the stable feedback phase window of the control system

Phys. Plasmas 21, 012513 (2014)
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FIG. 5. Comparison of control coil current amplitude and phase lag as a
function of control voltage frequency for different coil circuit parameters.

can preclude mode stabilization and a loaded coil circuit
with higher power supply capability will be needed.
Actuators having faster response are generally more advanta-
geous for RWM feedback, however, the choice of feedback
sensors and their positions can change the requirements for
the fast coil response. This is addressed in Secs. [IV-V.

IV. ACTIVE RWM FEEDBACK DESIGN AND PHYSICS
ELEMENTS AFFECTING CONTROL PERFORMANCE

In the VALEN-3D calculations, the strength of the insta-
bility*®*® is varied to calculate the RWM growth rate and
the associated eigenvector including the influence of the con-
ducting structure at different values of fiy. The feedback con-
trol calculations use power supply voltage control in the
VALEN model, and sensor signals in the control logic deter-
mine the voltage applied to the RWM control coils. A pro-
portional gain controller has been used with an ideal control
system assumption in the study. The feedback phase (0rp), a
relative phase difference between the toroidal phase of the
total measured field by the sensors (dsens0r) and the phase of
the mode at the outboard midplane where control coils are
located (0pg = Occ — Osensor), 18 determined at an intermedi-
ate value of fy=3.9 between the ideal no-wall and
with-wall limits and applied as a fixed constant over the full
range of fy. Figure 6 shows the determination of the feed-
back phase from the computed #» = 1 mode flux measured by
different feedback sensors. The LM sensors measure the
same toroidal mode phase as the control coils, so the applied
control field can directly oppose the mode perturbation by
using the sensor set via negative feedback applied with zero
phase difference unlike the off-midplane SL sensors which
require a compensation of the difference in the measured
mode phase. The range of the stable feedback phase found
using this approach is typically sufficient to provide stabili-
zation over the range of fy considered although this results
in a slightly unoptimized control performance.

Another primary aspect of the analysis is the choice of
the 3D sensors used in the feedback modeling. A good feed-
back sensor should have strong coupling to the RWM. In
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n = 1 fitted sensor flux = A -sin(¢ + §)
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FIG. 6. Computed n=1 perturbed flux measured by feedback sensors and
coils, and determined feedback phases. Here, the toroidal angle is counter-
clockwise from the device port H shown in Fig. 4. Regions displayed in grey
denote the toroidal extent of the four control coils. The measured flux from
each sensor set is scaled for clear comparison.

KSTAR, sensors proximate to the outboard midplane region
of the plasma would be advantageous in this regard. Second,
the impact of the external field produced by actuators and
induced currents on conducting structures should be mini-
mized. This becomes critical if the applied field measured by
the sensors has the same component of the mode perturba-
tion field. The field from induced currents in the conducting
structure cannot be easily compensated and so is more dele-
terious. Different physics aspects of the implemented device
sensors which influence the feedback performance are ana-
lyzed in this section.

A. Midplane radial field sensors strongly coupled to
applied control fields and induced vessel currents

The four midplane LM sensors are located poloidally
where the ballooning structure of the unstable n =1 eigen-
function is strongest, and would appear suitable to provide
control at high fiy. However, the control performance using
this sensor set has been found to be strongly limited since
the sensors are strongly coupled to the applied field pro-
duced by the control coils and induced currents on the wall.
The LM sensors have a single turn with an area of 0.46 m?,
and measure radial field perturbations at the inside of the
inner vacuum vessel wall. The performance of the LM sen-
sors is shown in Fig. 7. The RWM growth rate calculation

LMO1

LMO02 LM
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FIG. 7. Theoretical feedback performance using the LM sensors. RWM
growth rate is plotted versus fy. The computed feedback improvements
expected from external field compensations are shown.

using the VALEN-3D code showed that the mode can be
stabilized only up to iy =3.0 due to the strong mutual cou-
pling of the sensors to the applied control field and the ves-
sel wall, yielding a fairly low obtainable Cg = 16% of the
n=1 ideal with-wall limit. Here, Cs= (By — piv ")/
(Bl — puo=mally Note that the applied proportional feed-
back gain, G, is varied to produce the highest possible Cy
in the calculations. The control performance is improved by
compensating the applied field component from the LM
sensors corresponding to increased Cy of 37% (stabilization
up to fiy=3.5). It is found that the control performance is
additionally limited by feedback-induced vessel current cir-
culating around the elongated horizontal port penetrations
facing the LM sensors. Figure 8 shows the induced vessel
currents flowing around the LM sensors during the VALEN
feedback calculation and a picture of the LM sensors in-
stalled in the device. A comparison of the computed flux
measured by theoretical, ideal B, and B, sensors most
closely positioned to the mode at the outboard midplane is
shown in Fig. 9. Only the prompt applied field from the con-
trol coils is compensated in the LM sensors (displayed by
the red solid line). The measured n =1 phase of the ideal B,
sensors represents the correct toroidal mode phase that the

03 LMO04

= /s
»mN 199

=&\ /&

Viels
/

FIG. 8. A picture of the LM sensor
surrounding the port penetration in the
KSTAR outboard inner vessel wall
(left), and induced vessel currents pro-
duced during feedback in the VALEN-
3D calculation.
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FIG. 9. Computed magnetic flux from the idealized sensors and the LM sen-
sors to measure 7 = 1 mode amplitude and phase when feedback is applied.

LM sensors should equally measure since they are both
midplane sensors. However, the perturbed B, field produced
by the induced vessel currents strongly alters the field meas-
ured by the LM sensors and consequently, the LM sensors
in the calculation do not track the correct mode phase iden-
tified by the ideal B, sensors. The LM sensors with idealized
compensation of the vessel current (displayed by the red
dotted line) measure the same phase as the ideal B, sensors.
The measured phase of the ideal B, sensors shows a minor
perturbation due to its higher mutual coupling to the exter-
nal field than the ideal B, sensors. As shown in the time
domain feedback calculation in Fig. 10, this added perturba-
tion from the induced vessel current eventually leads to fail-
ure in feedback by loss of mode phase tracking. Note that
this comparison is meant only for illustration since this
idealized compensation is not practically possible. Other
sensor sets should be prepared for RWM control to circum-
vent the limitations of the LM sensors.

B. Off-midplane saddle loops for RWM control

The SLs are positioned near the top and bottom of the
vacuum region and are somewhat behind the internal con-

ducting structures including the conductive passive
20 T T T T T T T T
i with compensation of applied
1 control field alone
1
__15F : g
Q i Mode Unstable
% FB starts |
2 )
3 10} g
£
<
= with idealized compensation of applied
=
T sl control field and induced vessel current
Mode Stabilized
0 | . 1 L 1 1 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Time (s)

FIG. 10. Comparison of active feedback control with and without compensa-
tion of the induced vessel current from the LM sensors. Feedback calcula-
tion is performed at Sy =4.5 which is above the highest 5y achievable in the
case when only the applied control field is compensated (fy = 3.5) in Fig. 7.
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stabilizing plates (Fig. 3) which could curtail the magnitude
of the mode perturbation measured by the sensors. The SL
sensors have a single turn and an area of 20.4e-2 m” for the
largest loops SLO1/10, and 13.4 e-2 m? for the smallest loops
SLO05/06. The 40 (10 poloidal positions for four 90° separated
toroidal positions) off-midplane SL sensors are included in
the VALEN-3D model and the modeled 3D geometry of
these sensor sets is shown in Fig. 4. Compared to the LM
sensors, a smaller coil-to-sensor coupling and the absence of
nearby port penetrations can potentially provide better con-
trol. The mutual coupling between the SLO1/10 sensor and
the closest control coil quadrant is only ~9% of that of the
LMs. Since the SLs at the toroidal position shown in Fig. 3
are distributed along different poloidal locations, the control
effectiveness of the sensors can be altered by their proximity
to the unstable RWM eigenfunction and also by the effect of
the conductive passive plates. The latter becomes significant
when the mode is highly unstable or rotates toroidally.

To evaluate the effectiveness of the SLs in the presence
of the passive plates, the measured sensor signals are calcu-
lated from the VALEN-3D eigenmodes as shown in Fig. 11.
The RWM has a growth rate (ygy,,) of 23 s~ without feed-
back applied, and the sensor signals are calculated and com-
pared between cases with and without the sensor mutual
coupling to the passive plates. Among the 5 up-down SL
pairs at the same major radii, the SL05/06 measures the low-
est n =1 amplitude and the outermost SLO1/10 sensors mea-
sure about 30% higher perturbation than the SL05/06 pair.
This can be explained by the mode strength increasing closer
to the outboard midplane as shown in Fig. 2 (Fig. 3). The
case without the sensor coupling to the passive plates shows
that the magnitude of mode perturbation shielding by the pas-
sive plates is higher towards the outer SLs, however, the cor-
responding change in mode helicity, determined as the
difference between the mode phase measured by the toroidal
SL arrays above and below the midplane shown in Fig. 11(b),
is significant towards the inner SLs, and the SLO5/06 pair is
found to experience the highest helicity change. Although the
input unstable mode eigenfunction is rigid, the response of
the conducting structures changes the measured helicity of
the total measured field (mode + wall currents) in the calcu-
lations. The smaller amplitude of the local perturbation field
at the inner SLs makes these sensors more prone to measure
the mode phase incorrectly although the absolute magnitude
of the passive plate shielding effect is smaller than that in the
outer SLs. Additional calculations prove that this significant
change of the mode helicity in the inner SLs becomes stron-
ger with higher mode growth rate which results in a higher in-
ductive response of the passive plate currents. This indicates
that in stabilization using the inner SLs, the feedback phase
might be corrected for a given mode growth which could
eventually make feedback more difficult.

The RWM control performance is examined for all SL
sensor pairs. Consistent with the analysis shown in Fig. 11,
the innermost SLO5/06 exhibits the lowest value of obtain-
able Cp = 32% (Fig. 12) which is slightly lower than the per-
formance of the compensated LM sensors. The SL04/07 pair
is found to stabilize the mode up to Cg = 69% with applied
field compensation, as summarized in Table I, along with the
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and below (J,) the midplane.

other SL pairs. Unlike the LM sensors, vessel current near
the SL sensors does not significantly limit the control per-
formance, and compensation of the applied control field
alone can increase the Cy from 44% to 86% for the SL01/10
sensors which is the highest performance among the SL sen-
sor sets examined. The higher performance of the SLO1/10
over the SL04/07 is thought to be due to a change in
response of the conductors by applied feedback which may
perturb the inner SL measurement more strongly. In addi-
tion, the short wavelength of the perturbed mode field in the
divertor region could make mode phase identification more
difficult than in the outer region near the SLO1/10 sensors. A
fast coil circuit is beneficial for feedback with a high actuator
frequency as shown in Fig. 5 and is required to control
modes with fast growth rates and that rotate quickly.
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TABLE 1. The highest achievable fy and corresponding Cy by stabilization
using different device sensor sets and control coil circuit times. The applied
control field is compensated from the sensors.

LM SLoijio SLozsoo  SLozjos  SLoajoz  SLosjoe
Coil L/R  fy 3.5 4.6 4.0 3.8 4.2 34
=12ms Cp 37% 86% 61% 52% 69% 32%
Coil L/R  fy 3.1 4.0 3.5 3.5 3.7 3.5

= 1ms Csy  21% 62% 38% 37% 47% 36%

Feedback using the fast coil circuit is generally expected to
exhibit better performance over a slower circuit. However,
the inductive shielding of the mode field by the passive
plates can be more significant when using the fast coil, and
combined use with the SL sensors which are highly affected
by the passive plates can potentially result in degraded con-
trol. Additional calculations with the fast control coil circuit
with loaded coil resistance (L/R =1ms) and an increased
feedback gain show that the fast coil action is not beneficial
to improve control performance when it is used with the
examined feedback sensors. In the calculations, the conduct-
ing structure excites a very slowly growing (Ygwuy ~ 10 s7h
secondary instability due to the applied feedback which lim-
its the performance using the fast control coil. Figure 13
shows the real and imaginary parts of the unstable eigenval-
ues according to different feedback phases applied to the
feedback relation between sensors and control coils (Fig. 6).
The real and imaginary part of the eigenvalues show mode
growth rate and rotation, respectively. It is shown by the cal-
culations that the optimal feedback phase for the fast control
coil is shifted by ~10° from the value derived from the
mode eigenvalue analysis indicating the effects from the
higher eddy current. The secondary instability is found to be
excited when the feedback phase is applied to stabilize the
RWM and its eigenfunction is found to have a similar n =1
induced current distribution on the passive plates. Because
of the onset of a secondary eigenmode having a small growth
rate and rotation, the feedback with the fast control coil has

10° — T — T
(b) |DCON 'DCON
y no-wall limit 1 with-wall limit o
10°E e

Control coil L/R=1ms

N
o
w
T

SL01/10 sensor
w/ compensation |
and faster coil

RWM Growth Rate (1/s)
3. 3,
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2 6

FIG. 12. RWM growth rate vs. iy with different SL and MP sensor sets. The computed feedback performance change by prompt applied field compensation
and control coil circuit parameters are shown in (a) with unloaded coil and (b) with faster coil response.
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an achievable Cg of 62% for SL0O1/10 and 47% for SL04/07
which are lower than the value with the unloaded coil circuit
as shown in Fig. 12. This secondary mode could be con-
trolled by using dual component sensor feedback as success-
fully demonstrated in NSTX.'®'®

V. PROJECTED RWM CONTROL POWER
REQUIREMENTS

Power requirements for RWM stabilization are calculated
from time domain feedback control calculations using the
compensated SLO1/10 sensors which showed the highest con-
trol performance among the examined LM and SL sensors.
Using both the unloaded and fast control coil circuits, feed-
back is started when the growing mode amplitude becomes
10G (0Brwm /Bro = 0.06%) and the mode starts to rotate and
is then fully suppressed by the feedback as shown in Fig. 14.
The RMS control power is calculated for different values of
Pn with corresponding Cp of 42%—-86% with the unloaded
control circuit. The target RWM has a growth rate of
11.5-149.7s7! in the range of Sy examined. Corresponding
values for the fast control circuit are Cp = 14%—62% and
Yrwym = 2.2-30.7 s~ 1. Feedback gains are chosen to apply the
same initial control voltage to modes having different growth
rates, |Vo| = 0.7 V/turn to the unloaded control circuit and
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7 V/turn to the faster circuit, and the RMS power is calculated
over a time interval required to stabilize the mode below 2 G
amplitude. The resulting control time interval is between 51
and 131 ms (355-450 ms using the faster circuit) which corre-
spond to several mode growth times. The required control
power for the entire middle-IVCC coil set in Fig. 15 shows a
non-linear dependence on f. The control power sustains
~140W level (~1.2kW using the fast circuit) and rapidly
increases as fiy approaches the control limit of the feedback
sensors (Fig. 12) above which the control is lost. The transient
peak control power (P,,,,) using the unloaded circuit occurs
between 280 and 335 W for the entire coil set. The peak val-
ues of the required coil currents and voltages (/4x, Vinax) are
less than 338 A-turn and 0.7 V/turn for each coil. The mode
rotates faster under applied feedback as it becomes more
unstable at higher iy and the highest voltage control band-
width (f,,,,.) is 36 Hz in the calculation, however, requirements
can surpass these idealized values if the mode rotates faster
than the calculation indicates which could eventually require a
faster control coil circuit and correspondingly higher feedback
gain. The calculations using the faster control circuit in the
figure show higher control power requirements due to the
loaded coil resistance with P,,,,=9.5kW, I,,,.= 880 A-turn,
V=112 V/turn, and f,,,,. = 92 Hz.

To estimate the control power requirement in the pres-
ence of non-ideal effects, Gaussian “white” noise is included
in the SLO1/10 sensors. The effects of both high and low fre-
quency noise are examined. The high frequency noise chosen
(froise = 10kHz) is representative of modes rotating at typical
plasma rotation speeds, while the lower frequency chosen
(froise = 1 kHz) is at the high end of the frequency range for
RWM activity. For both the unloaded and the fast control
coil circuits, stabilization is calculated at Cg which is 20%
lower than the maximum value reached by each coil
circuit. For the unloaded coil, G,=2V/G and an unstable
mode eigenfunction at Sy of 4.1 (Cp = 66%) having
Yrwm= 36.4s~! are used, and corresponding values for the
calculation with the fast coil are G,=17.4V/G, fy=3.6
(Cp=42%) with ypyy = 11.5s71, respectively. Figure 16
shows the increase in required control power with increasing
sensor noise level and different control circuit response times
and noise frequencies. The noise level shown is the RMS
noise magnitude relative to the highest mode amplitude
measured by the sensors when the feedback is started (Fig.
14(a)). With the unloaded control coil circuit, the feedback
can stabilize the unstable mode even with the applied sensor

90

45

FIG. 14. (a) RWM amplitude and
phase during feedback stabilization at
Pn=4.5 using the SLO1/10 sensor sets
(8 total) and the unloaded control coil
circuit. The control time required to
stabilize the mode amplitude below 2
/ G is 114ms in the calculation. (b)
Polar plot of RWM amplitude and
phase during feedback.
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noise magnitude a few times higher than the peak mode am-
plitude measured by the sensors. The required control power
stays at a modest level up to ~2kW but when the relative
noise magnitude becomes greater (0B ise/Brwy > 5 with
froise = 10kHz and a lower threshold with f,,,;.. = 1 kHz), the
mode is metastable and the mode amplitude cannot always
be sustained below its initial value. It should be noted that
the calculated magnitude of the mode field measured by the
SLO1/10 sensors is weak (at fy =4.1, the SLO1/10 measures
n=1 field amplitude that is only ~2% of the ideal B,, sensor
measurement) hence the absolute magnitude of the tolerable
sensor noise level is much smaller than for idealized sensors
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FIG. 16. Total RMS control power versus sensor white noise level relative
to the peak n=1 mode amplitude measured by the SLO1/10 sensors. (a)
Feedback using the unloaded coil at iy =4.1 with G, =2 V/G and (b) using
faster coil response at fiy = 3.6 with G, = 17.4 V/G.
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closely positioned to the mode. In the calculations, the feed-
back using the unloaded coil allows only a 2 G absolute noise
level in the SLO1/10 sensors which can be compared to a
10 G noise level allowed in the case with the ideal B, sen-
sors.” The tolerance to sensor noise varies with the response
time of the feedback. By using the fast control coil response,
the control is easily lost at small noise levels which result in
a higher increase in the required control power. The control
power increase is significant when the noise frequency
becomes lower. The required control power using the fast
coil response reaches over 180kW with f,,;;,. = 1kHz, and
the requirements could be greater with a higher noise ampli-
tude. The limited control performance of the SL sensors due
to measurement noise suggests the implementation of a new
RWM sensor design which is discussed in Sec. VI.

VI. FEEDBACK IMPROVEMENT BY NEW RWM
SENSOR DESIGN

Similar to the LM sensors, the MPs shown in Fig. 3 are
located where the strength of the mode perturbation is
strong, and measure the poloidal field component of the
mode which can minimize coupling to the field applied from
the control coils and circulating eddy currents in the wall.
The MPs have 88 turns and a small area of 5e-4 m? for
measuring poloidal field at 3 different toroidal locations.
Among all of the MPs located along the poloidal circumfer-
ence of the inner vessel wall, the sensors closest to the mid-
plane are chosen. The calculated performance of the MPs is
presented in Fig. 12(a). The advantages of the MPs result in
greater control, almost up to the with-wall limit in the ideal
case. However, the limited toroidal distribution of the MPs
and the small sensor area would make this sensor impractical
to measure perturbed magnetic flux at very low frequency in
an actual RWM control environment with low signal to
noise. Therefore, the MPs are more appropriately used for
complementary measurement of poloidal field perturbations.

A new RWM feedback sensor design is considered in
the KSTAR VALEN model which yields improved control
performance. The design is motivated by the existing sensor
set on NSTX?! which has successfully demonstrated active
n =1 control with six midplane control coils in the device by
measuring the poloidal component of the RWM.'® The width
and length of the rectangular-shaped B,, sensors are 0.028 m
and 0.28 m (area=7.8¢-3 mz), respectively, with 44 turns.
Twenty four total sensors (12 for each toroidal sensor array
above and below the midplane) are located at the outermost
tip of the copper passive stabilizer plates as shown in Fig. 3.
This sensor configuration can provide a reliable measure-
ment of the RWM phase in the region where the mode
strength is significant with reduced inductive coupling to the
passive plates and the vacuum vessel. The computed mode
amplitude measured by the sensor (G/turn) is ~40 times
higher than the SLO1/10 which yields successful stabilization
even with higher measurement noise. The greater number of
toroidal sensors can also measure higher n resonant field
components, which is an important tool for the study of
multi-mode RWMs. Figure 17 shows the expected increase
in performance by using the new sensor set. Due to the
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optimized design, with lower mutual coupling to the prompt
applied fields, feedback using only the upper toroidal sensor
array is found to be able to stabilize the mode up to fy=4.7
and correspondingly Cg = 94% without compensation of the
applied fields. The result shows a remarkable advantage in
control performance over the presently available device sen-
sors (more than a twofold increase in Cy compared to the
uncompensated SLO1/10 sensor). It is also important to rec-
ognize the far greater mode amplitude found for the pro-
posed sensor versus the SLO1/10 pair, which will produce
the higher signal to noise ratio required. Utilizing two toroi-
dal sensor arrays at the upper and lower midplane can exhibit
even higher performance close to the ideal with-wall limit of
Cp = 99% with proper compensation of the applied prompt
fields as is also shown in the figure. The same sensor design,
implemented on the NSTX device, has produced a sufficient
signal/noise to discriminate n values up to 3.*? In addition to
the increase in performance, utilizing a large number of sen-
sors along the toroidal direction can be beneficial to cope
with the possibility of the perturbed mode field changing hel-
icity during active feedback.?!°

VIl. CONCLUSIONS

Improved evaluation of global n=1 active control per-
formance in KSTAR includes expanded calculations using
the present device sensors in the VALEN-3D code. The LM
sensors can measure the radial field component of the RWM
at the midplane where the ballooning nature of the mode is
strongest, however, the nearby vessel currents induced by
applied feedback are found to strongly limit the stabilization
resulting in mode stabilization to 37% of the ideal MHD
with-wall limit. The control performance of the off-axis sad-
dle loops positioned at different poloidal locations inside the
vacuum vessel is examined. The proximity to the RWM
eigenfunction and the perturbation from the passive plates
impact the performance of the saddle loops, and the SLO1/10
sensor pair at the largest major radius region are found to be
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adequate RWM control sensors which exhibit the highest
control performance among the available device sensors. By
utilizing a total number of 8 chosen saddle loops at the upper
and lower midplane, the unstable » =1 mode can be stabi-
lized up to fy=4.5, corresponding to an obtainable Cy of
44%, and this can be increased to 86% by proper compensa-
tion of the prompt applied field. A transient feedback calcula-
tion using the chosen saddle loop sensors shows that growing
modes can be actively stabilized with modest RMS control
power, with higher power expectedly needed to get closer to
the with-wall limit. Due to the low signal-to-noise ratio of the
saddle loop sensors, the RWM can only be stabilized with a
sensor white noise spectrum lower than 2G. A new RWM
sensor design motivated by the NSTX RWM B,, sensors is
found to measure the mode perturbation with a greater sig-
nal-to-noise ratio and smaller coupling to the applied control
fields and the induced vessel currents, and exhibits a remark-
able improvement in performance over the existing device
sensors, corresponding to mode stabilization nearly up to the
ideal with-wall limit. The predicted control performance and
power requirements are estimated without including initial
mode rotation which generally improves RWM control.
Therefore, the results shown here can be considered conserv-
ative regarding the control system requirements.

Future calculations may include further detail in the
VALEN-3D model to better examine additional effects in
feedback analysis, such as the addition of plasma rotation to
the unstable plasma mode, and the impact on RWM stability
by kinetic effects.'* The addition of multiple plasma modes
and a new model-based state space control technique'® can
improve the control capability in KSTAR by incorporating
the effect of the full 3D wall eddy currents in real-time in
future KSTAR experiments.
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