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Abstract

®

CrossMark

In this work, the MARS-F/K codes (Liu et al 2000 Phys. Plasmas 7 3681; Liu et al 2008 Phys.
Plasmas 15 112503) are utilized to model the passive and active control of the n = 1 (n is the
toroidal mode number) resistive wall mode (RWM) in a spherical tokamak (aspect ratio

A = 1.66). It is found that passive stabilization of the RWM gives a relatively small increase in
normalized beta above the no-wall limit, relying on toroidal plasma flow and drift kinetic
resonance damping from both thermal and energetic particles. Results of active control show

that with the flux-to-voltage control scheme, which is the basic choice, a proportional controller
alone does not yield complete stabilization of the mode. Adding a modest derivative action, and
assuming an ideal situation without any noise in the closed-loop, the RWM can be fully
stabilized with the axial plasma flow at 5% of the Alfvén speed. In the presence of sensor signal
noise, success rates exceeding 90% are achieved, and generally increase with the proportional
feedback gain. On the other hand, the required control coil voltage also increases with feedback
gain and with the sensor signal noise.

Keywords: spherical tokamak, resistive wall mode, kinetic effects, active control, plasma flow

(Some figures may appear in colour only in the online journal)

1. Introduction

The UKAEA program, Spherical Tokamak for Energy Pro-
duction (STEP), aims to deliver a prototype compact fusion
energy plant and a commercial pathway to fusion energy [1].
The low aspect ratio spherical tokamak is attractive because
of its potential to achieve high-8 (where (3 is the ratio of the
volume averaged plasma pressure to the magnetic pressure),
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since fusion power is oc 2. To fully exploit this, and max-
imize economic attractiveness, operation above the no-wall
beta limit is desirable, where either passive or active control
of the resistive wall mode (RWM) is needed, to avoid possible
disruptions.

RWM stability and control have been extensively studied,
because an unstable low-n (n is the toroidal mode number)
RWM can limit the operational space of advanced tokamaks;
for example in ITER [2]. There have been many studies of
RWM stability in conventional tokamaks [3—6], reversed field
pinches [7-9], as well as spherical tokamaks [10-13].

The RWM can be viewed as a residual instability
from the ideal external kink (XK) mode [14], which is a
global magnetohydrodynamic (MHD) instability driven by
plasma current and/or pressure. For a pressure-driven XK,
the stability is determined by the normalized beta, Oy =

© 2023 Crown copyright. Reproduced with the permission
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B (%)a(m)By (T) /I, (MA) with I, the plasma current, a the
minor radius and By the axial vacuum magnetic field. The
XK becomes unstable when [y exceeds the so-called Troyon
no-wall limit [15]. A close-fitting perfectly conducting wall
can stabilize the XK, resulting in increased Oy (the so-called
with wall limit). However, in practice the wall will have a finite
conductivity and the resulting RWM grows on a timescale (7,)
characteristic of the field penetration time through the wall.
An unstable RWM can potentially reduce the beta limit back
to the no-wall Troyon limit. Thus, in order to increase Oy, for
long pulse or steady state advanced tokamak operations, it is
desirable to stabilize the RWM.

Stabilization of the RWM may either be achieved through
the passive effects of plasma flow (toroidal and poloidal) and
drift kinetic effects [16—18], or active control based on mag-
netic coils [19-21], or a combination of both [22, 23]. In a fluid
MHD description, the RWM stabilization mainly comes from
the ion sound wave damping and the shear Alfvén wave con-
tinuum damping [24-27]. Typically toroidal rotation velocities
of few percent of the Alfvén speed [28] are required for com-
plete stabilization of the mode. Poloidal flow (poloidal pro-
jection of the parallel flow) can also provide additional sta-
bilization to the RWM [29]. Conversely, MHD-kinetic hybrid
theory, including drift kinetic resonances, shows stabilization
at lower values of the toroidal rotation (even down to zero)
[30-32]. The kinetic model also shows a cancellation of the
drift kinetic damping, between the thermal ions and energetic
particles (EPs) [33].

In feedback stabilization of the RWM, magnetic fields
produced by non-axisymmetric current-carrying coils, act-
ively opposes the field perturbation produced by the mode
instability [34-36]; this active control is facilitated by the rel-
atively slow growth of the RWM. Two issues which can affect
RWM control are (a) the presence of control sensor noise
[37-39], and (b) control voltage saturation during the feedback
control [40, 41]. The latter issue changes the linear control
problem into a non-linear problem, requiring initial value sim-
ulations as opposed to the linear eigenvalue approach. The lat-
ter aspect of voltage saturation is not considered in the present
work.

The next section introduces a reference spherical toka-
mak equilibrium. Section 3 reports numerical results of kin-
etic effects of EPs on the RWM by MARS-K code [16].
Section 4 investigates the feedback control combined with
the toroidal rotation on the RWM stability by MARS-F [34].
Section 5 shows numerical results of the feedback control with
the sensor noise signal. Section 6 draws conclusion.

2. Equilibrium specification and results with fluid
model

The equilibrium studied is a case with plasma current I, =
21.2 MA, the major radius Ry = 2.5 m, and By = 2.8 T is the
toroidal magnetic field at the geometric axis. The case studied
has an aspect ratio of A = 1.66, elongation x = 2.65 and tri-
angularity § = 0.4. The safety factor has values of gy = 2.67
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Figure 1. The safety factor, plasma pressure, toroidal current and
toroidal flow profiles versus the magnetic surface label s (the square
root of the normalized poloidal flux). The toroidal rotation is not
self-consistently included in the equilibrium, and is parameterized
by its central value, {29. The plasma pressure is normalized by

B2 / o and the surface averaged toroidal current density normalized

by Bo/ (120Ro).

on the magnetic axis, the minimal value of g, = 2.21 and
g, = 6.31 at the plasma edge, the target plasma has the nor-
malized beta value of Oy = 5.04. Figure 1 shows the radial
profiles for some key equilibrium quantities. Normalizations
for the plasma pressure, current density and toroidal rotation
frequency follow that from [42]. The STEP design continues to
evolve, and the case studied here represents a particular snap-
shot during the design process. Since MHD stability depends
on non-dimensional parameters, the results are insensitive to
the exact device size and studies of RWM stability for a range
of STEP cases confirm that the results for the equilibrium con-
sidered here are highly representative.

The wall configuration and the assumed set-up for the feed-
back are shown in figure 2. The passive stabilize structure
is given by the vacuum vessel and the first wall, though the
first wall geometry is simplified by not including the divertor
elements. The code MARS-F [34] computed n = 1 no-wall
beta limit as A%~ " = 3.59, and the ideal-wall beta limit as
ﬂf\?eal‘ wall — 558 (the n = 2 modes are more stable than the
n = 1). Each of the physics models of the MARS-F/K codes
(the single fluid mode with plasma flow model [3, 24, 29],
the MHD-kinetic hybrid formulation [16], magnetic feedback
[34]), that are relevant to the RWM and that we shall employ
in this study, have previously been reported in separate pub-
lications, and for brevity are not repeated here. In our cal-
culations, we choose the pressure scaling factor Cg = (O —
o wall) /(pideal - wall _ gno-wally — () 73 for the target plasma,
which shown in figure 3, for the RWM study. Assuming a set
of active coils located near the outboard mid-plane of the torus,
the active coil spans £18.9 degrees, along with a coincident
sensor coil measuring the poloidal field perturbation for the
feedback control.
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Figure 2. Geometry of the RWM stabilization scheme: the RWM
passive stability is given by the double wall structure of the assumed
simple vacuum vessel (rectangular square in red) and the first wall
(in black). The first wall geometry is simplified (blue line) by not
including the divertor elements. A midplane active feedback coil (in
pink) is assumed along with a coincident sensor coil measuring the
poloidal field perturbation. The active coil spans +18.9 degrees.
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Figure 3. The ideal growth rates of the n = 1 XK with no-wall
(circles) and ideal-wall (squares) versus the normalized beta. The
position (the first wall) of the ideal-wall is at d/a = 1.12.

Figure 4 shows the marginal wall position versus the nor-
malized beta. The stability window decreases with increas-
ing Ay, and the RWM becomes unstable when Sy > 4.35.

unstable

d/a

target plasma

Figure 4. The marginal wall position versus normalized beta for the
RWM (squares) and XK (circles). The regions identified as stable
and unstable are with respect to the RWM.
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Figure 5. The computed eigenvalue (normalized to the wall time,
7w = 10°74) of the n = 1 RWM versus the on-axis plasma flow, with
the target plasma Cg = 0.73 and the position of the double wall at
d/a = 1.12 and 1.72. The closed symbols indicate the growth rate
and the open symbols the mode frequency.

The vertical dash-dotted line indicates the no-wall beta limit,
and the ideal-wall limit at d/a = 1.12 is consistent with that
computed in figure 3. Note in the simulations of the RWM,
a plasma rotation is considered Qy = 0.05 4; the XK calcu-
lations assume no plasma flow and an ideal wall at normal-
ized position d/a. The effect of plasma flow on the RWM is
reported in figure 5, showing that plasma flow is not a strong
influence on the reported results. In particular for the target
plasma, the plasma flow cannot stabilize the RWM, motiv-
ating inclusion of the kinetic effects on the RWM stability
(next section).
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Figure 6. The radial profiles of (a) the density and (b) the equilibrium pressure fraction for the EPs obtained by the ASCOT simulation for

the equilibrium studied.

3. Kinetic effects on the RWM stability

In this work, we consider drift kinetic effects of both thermal
and EPs on the RWM stability. We will model the EPs due
to neutral beam injection (NBI), which is a possible heat-
ing/current drive scheme for tokamaks. A consideration is
whether the EPs from the NBI have any significant effect on
the RWM stability. The assumed NBI parameters are as fol-
lows: two deuterium beams are injected, with a 3.0 m tangency
radius for an on-axis beam and a 3.5 m tangency radius for an
off-axis beam, with both beamlines being horizontal (i.e. not
tilted to match the field line pitch). For the on-axis beam the
injection energy is 1 MeV, and the power (Pnpp) is 11 MW.
For the off-axis beam, the injection energy is 500 keV, with
Png1 = 71 MW. With these NBI parameters, the fast particle
normalized distribution function (density and pressure) is cal-
culated using the ASCOT code [43] (an adaptive time-step
collision operator [44] based on the Beliaev-Budker collision
integral [45] has been implemented in this version) as show in
figure 6.

The particular analytic model for the pitch angle distribu-
tion in the MARS-K code [46] assumes a symmetric trapped
particle distribution, whereas the numerically computed dis-
tribution by ASCOT is not perfectly symmetric due to minor
radius averaging and finite orbit effects (figure 7). However,
this small discrepancy is not thought to be important in terms
of the effect on the RWM stability.

Various resonances between the plasma E x B frequency
(wg)—effectively representing the mode frequency in the
plasma frame, and plasma particle drift frequencies (for both
thermal and EPs), represent opportunities for the continuum
spectra damping (the Alfvén continuum and/or the ion acous-
tic damping), as well as kinetic damping of the RWM. These
frequencies are compared in figure 8, where the particle drift
frequencies are averaged values over the particle velocity
space.

Calculations with MARS-K for the n = 1 RWM show
a very weak effect on the growth rate from the NBI ions
(figure 9). Here ap is the degree to which the fast ion
contribution is included: ap = 0 means no drift kinetic effect

Figure 7. Comparison of the pitch angle distribution between
ASCOT (pink curve) and the MARS-K (blue curve) model fit for
the EPs. In the anisotropic NBI beam model (Gaussian distributions
in particle pitch angle space), with the parameters Gaussian center
Co = 0.87 and width §¢y = 0.58 for particles located at the minor
radius of s = 0.5.

(recovers the fluid limit) and «p = 1 corresponds to the phys-
ical MHD-kinetic hybrid result. Note that only the preces-
sional drift resonances of trapped thermal and EPs are con-
sidered in figure 9. This is because other types of drift frequen-
cies (transit and bounce) are too high (figure 8) compared to
the mode frequency (in the plasma frame) to produce signific-
ant resonances [46].

The resonance strength varies with the plasma toroidal rota-
tion from the NBI momentum. For a realistic range of toroidal
rotation velocities (central frequency, €2, up to 10% of the
toroidal Alfvén frequency), there is a limited effect of both
thermal and EPs on the RWM growth rate (figure 10). We
point out that no full passive kinetic stabilization of the RWM
is achieved, even at slow plasma flow, for the STEP scenario
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Figure 8. Comparison of various frequencies participating in mode-particle Landau resonances: wg is the E X B drift frequency, w. the
diamagnetic drift frequency, w; the transit frequency, wy the bounce frequency and wy the precession drift frequency. The precession, bounce
and transit frequencies are averaged in the particle velocity space as well as along the poloidal angle of the magnetic flux surface. Here a
superscript ‘thi’ indicates thermal ions and ‘EP’ for fast ions.
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Figure 9. (a) Growth rate and (b) mode frequency (normalized to the wall time, 7, = 10°74) of the MARS-K computed n = 1 RWM versus
the drift kinetic fraction parameter ap. Compared are two cases with or without inclusion of the EPs (due to NBI). The plasma pressure
corresponds to Cz = 0.73 and the on-axis plasma rotation is 2o = 0.01 4.
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resonance alone and compared are two cases with or without inclusion of the EPs. The plasma pressure corresponds to Cg = 0.73 and the
position of the double wall is at d/a = 1.12 and 1.72.



Nucl. Fusion 63 (2023) 026021

G. Xia et al

considered in this work. Although not reported here, we do
find kinetic stabilization of the mode in other possible STEP
scenarios, which have lower Cg values, when the plasma flow
is sufficiently slow. Note also that the EPs contribution slightly
destabilizes the RWM. This happens when the imaginary part
of the perturbed potential energy due to drift kinetic contribu-
tions from thermal and EP partially cancel each other [33]. The
imaginary part of the perturbed potential energy is always sta-
bilizing for the RWM. Although the effects of alpha particles
on the RWM has not been considered for the presented equilib-
rium, studies for another case show these, like the NBI effects,
are weak.

4. Synergetic effects of feedback control and
plasma flow on the RWM stability

The MARS-F code [34] is used to model feedback schemes
for controlling the n = 1 RWM in the chosen equilibrium
(figure 1). The feedback equation, for the active coils, is

djsz-l-RfIf: Vf:—G (Kp+Kdejl‘) by (D)
where )y is the perturbed magnetic flux through the active
coils, Ir the coil current, Ry the resistance of the active coils,
Vy the control voltage, and 7, the L/R response time of the
active coils. by is the sensor signal, defined as the poloidal
magnetic field perturbation at the low-field side outboard mid-
plane at the sensor location (figure 2). K, and K, are dimen-
sionless feedback gain factors, introduced to effectively sim-
ulate an ideal proportional-derivative (PD) controller, and G
is the (complex) feedback gain. Equation (1) represents the
so-called flux-to-voltage control scheme, in which the meas-
ured flux perturbation is used to control the voltage applied
to the control coils. By dropping the first term from the left
side of equation (1), the control signal effectively becomes
the active coil current. Furthermore, by assuming K, # 0 and
K; = 0, we obtain the so-called flux-to-current control. With
the flux-to-voltage control, even in the absence of feedback
control (V= 0), the mode growth rate is somewhat reduced
by the large ratio of 75/ 7, as shown in figure 11. The magnetic
feedback coils, as passive conductors in this case, provide a
weak stabilizing effect (of ~10%) on the RWM growth rate.
This passive stabilizing effect has been qualitatively verified
by an analytic circuit model [38]. The same control logic has
been studied for ITER [38, 47]. This is a reasonable choice
of the control scheme, since (a) the current in the active coils
is eventually driven by the power supply voltage even in the
so-called flux-to-current control scheme, and (b) the flux-to-
current scheme does not allow flexibility in the case of current
saturation, i.e. as soon as the current limit is reached, the RWM
control is lost [40].

The simulations above revealed that the passive approach
cannot fully suppress the RWM for the case studied, and thus
that feedback control is necessary in order to operate above the
no-wall limit. Figure 12 shows that with a purely proportional

0.59

0.58
C;=0.73, [GI=0.0

0.57 L . 1
0 0.5 1 1.5

Ty

N o [ = e e e o e e e e e

2.5 3

Figure 11. The MARS-F computed open-loop growth rate of the

n =1 RWM versus the ratio of the response time 7y of the active
coils to the resistive wall time 7,. The plasma pressure corresponds
to Cg = 0.73 and without plasma flow. The chosen default value for
this study is 75/ 7, = 2 (the dash-dotted vertical line).

(P) controller, it has proven difficult to attain full feedback sta-
bilization, even with high gains. Note that the abrupt change
of the eigenvalue behavior at certain feedback gain value (e.g.
at |Gl ~ 3.2 with Cg = 0.73) is due to the merging of two
branches of closed-loop solutions into a complex conjugate
pair, resulting in a RWM instability that weakly depends on
the feedback gain. The other less unstable branch, before the
root-merging occurs, is not shown in figure 12. This root-
merging process sometimes happens in the RWM feedback
modelling, and appears to be robust against variation of the
plasma conditions, such as plasma toroidal flow, kinetic effects
in figure 13, and coil systems (e.g. the poloidal location of
the sensor coils) in spherical tokamak modelling. Even with a
fairly large reduction in normalized beta, such that Cg = 0.51,
marginal stability is just achieved in both eigenvalue and ini-
tial value calculations. The root-merging has been observed
in conventional tokamaks [41], but could be resolved there by
altering the sensor location, in contrast to the spherical toka-
mak results presented here.

As a result, a weakly unstable residual (and rotating)
closed-loop RWM remains with a P only controller, even at
large feedback gain. The difficulties in achieving feedback sta-
bilization with a solely P controller motivates exploring a PD
controller. Including toroidal plasma rotation at {29 = 0.05 4
allows feedback stabilization with a relatively small derivative
term (K; = 0.3) as shown in figure 14. The results in figure 15
show that the critical feedback gain, required for full stabiliza-
tion of the mode (z7,, = 0), decreases with Cg, and this value
also decreases with increasing the derivative gain factor K, as
shown in figure 16. The disadvantage of high derivative gain
is that it accentuates the effect of noise on the sensor signal, as
discussed in the next section.
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Figure 12. (a) Growth rate and (b) mode frequency of the MARS-F computed n = 1 RWM versus the feedback gain amplitude for various
values of Cg, simulated with a P controller K, = 1, K; = 0 and without plasma flow.
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Figure 16. (a) Growth rate and (b) mode frequency of the computed n = 1 RWM versus the feedback gain amplitude, for various values of
derivative gain factor K. The plasma pressure corresponds to Cg = 0.73 and the on-axis plasma rotation is 2o = 0.05 4.

5. Effect of the sensor signal noise on the RWM
stability

A significant issue is the performance of feedback controller
is the presence of noise in the detected signal(s). The sensor
signal by is replaced by b, = b? + b™°, when the white noise
is taken into consideration. The issue of noise has been stud-
ied by Liu et al [37] In this study, high-frequency noise meas-
ured by magnetic sensors, at levels above the typical frequency
of resistive wall modes, was analyzed across a range of toka-
mak devices including DIII-D, JET, MAST, ASDEX Upgrade,
JT-60U, and NSTX. With a high-pass filter the noise com-
ponent was found to have Gaussian-like statistics across all
the devices studied. Conservative predictions showed a large
spread with root-mean-square n = 1 noise levels of 10'-10°
G s~! for the voltage signal (time derivative of the perturbed
magnetic field), and 10~#~1 G for the perturbed magnetic field
itself.

Initial value simulations show without sensor noise that sta-
bilization is rather marginal at K; = 0.3. However increas-
ing to K; = 0.5 gives clear stabilization (figure 16), which at
high gains can strongly stabilize the RWM. Figure 17 shows
the simulated time traces (a) the poloidal sensor signal, (b)

the current, and (c) the voltage for various feedback gain
amplitude with PD controller. Note these |Gl values are lar-
ger than the critical gain computed with eigenvalue approach,
ensuring closed-loop stability as the derivative action tends
to amplify the sensor noise. In the absence of sensor noise,
figure 17(a) shows the sensor signal is damping more quickly
with higher feedback gain value, and the damping frequency
(mode frequency) is the same as simulated in figure 16(b). The
feedback control is switched on at 65.7 ms, when the perturbed
magnetic field is |bg| = 1.25 G. The high feedback gain means
high power needed in the active coils, e.g. in figure 17(c) the
required voltage of |Gl = 20 is double of that for |Gl = 10.
With more realistic control assumptions, i.e. the presence
of sensor signal noise, the RWM feedback is found to be
of a more subtle issue for the equilibrium studied. This is
partially due to the fact that the derivative action tends to
amplify the sensor noise, and partially related to the statistic
nature of the problem leading to difficulties e.g. in judging the
success of mode suppression in certain cases. In the present
study, random numbers with normal distribution, zero mean
and standard deviation of oy < 1 G, are injected into the

perturbed magnetic field sensor signal, when the closed-loop
system is modelled with the initial value approach. Compared
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Figure 17. Initial value simulation of the n = 1 RWM control for
various values of the feedback gain amplitude with a PD controller
K, = 1.0, K; = 0.5, in the absence of sensor noise. Plotted are the
time traces of (a) the amplitude of the poloidal sensor signal, () the
current amplitude in the active coils, and (c¢) the voltage of the active
coil power supply. The feedback is activated at 65.7 ms (vertical
dash-dotted line). The plasma pressure corresponds to Cz = 0.73
and the on-axis plasma rotation is 29 = 0.05 4.

with figure 17, a sensor noise opeise = 0.1 G is included in
the closed-loop calculations as shown in figure 18(d), the
required power supply of the voltage and current significantly
increases. The horizontal dash-dotted lines in figure 18(c)
indicate the maximum required voltage.

This control with the PD controller can be tolerant to a
realistic noise level of ~0.1 G in the detection system, but
not all cases are successfully stabilized, such as the case of
IGl = 15 is unstable in figure 18. With noise the question of
whether the feedback scheme is successful becomes a statist-
ical issue of running many simulations. It is sometimes non-
trivial to judge the closed-loop stability by simply examin-
ing the sensor signal time trace as shown in figure 18(a). A
criterion, based on the perturbed magnetic energy (integrated
over the plasma volume) of the system as shown in figure 19,
is proposed to judge the control loop success. The perturbed
energy of IGl = 10 and |Gl = 20 decreases with the sim-
ulation time, i.e. the RWM becomes stable. While the per-
turbed energy of IGl = 15 increases as well as the sensor sig-
nal in figure 18(a). To obtain reliable results, 100 initial value
closed-loop simulations are performed for the same feedback
configuration, with statistics drawn in terms of the success
rate for the RWM suppression. In figure 20, we report the
simulated success rate versus the feedback gain amplitude.
It is found that success rates exceeding 90% are achieved,
and generally increase with the proportional feedback gain
and the required control coil voltage also increases with feed-
back gain. On the other hand, the success rates decrease with
increasing the sensor signal noise as shown in figure 21.
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Figure 18. Initial value simulation of the » = 1 RWM control for
various values of the feedback gain amplitude with sensor noise.
Plotted are the time traces of (a) the amplitude of the poloidal
sensor signal, (b) the current amplitude in the active coils, (c) the
voltage of the active coil power supply and (d) machine-generated
noise sequence with Gaussian distribution and standard deviation of
Onoise = 0.1 G. The plasma pressure corresponds to Cg = 0.73 and
the on-axis plasma rotation is 2o = 0.05 §24. The horizontal
dash-dotted lines in (c) indicate the maximum required voltage.
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Figure 19. Simulated time traces of the total perturbed magnetic
energy of the plasma-coil system for various values of the feedback
gain amplitude. Simulated with a PD controller K, = 1.0, K; = 0.5,
the sensor noise has standard deviation of oyeise = 0.1 G, the plasma
pressure corresponds to Cg = 0.73 and the on-axis plasma rotation
is Q9 = 0.05 Q4. The perturbed magnetic field is normalized by By.

The required control coil voltage increases with the sensor
signal noise.

The alternative way is via assessing whether the control is
sufficient to avoid disruption. de Vries et al [48] predicts the
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Figure 20. The simulated success rate of the n = 1 RWM control in
the presence of sensor noise versus the feedback gain amplitude.
Simulated with a PD controller K, = 1.0, K; = 0.5, the sensor noise
has standard deviation of oyeise = 0.1 G, the plasma pressure
corresponds to Cg = 0.73 and the on-axis plasma rotation is

Qo =0.05 Q4.
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Figure 21. The simulated success rate of the n = 1 RWM control
versus the sensor noise opise. Simulated with a PD controller

K, = 1.0, K; = 0.5, the feedback gain amplitude is IGl = 10, the
plasma pressure corresponds to Cg = 0.73 and the on-axis plasma
rotation is 9 = 0.05 Q4.

amplitude of n = 1 locked modes to trigger a disruption. The
result is
By, = c* qZé #1i(3)" % pe” % By (2)

where qos is the safety factor at s = 0.95, the internal induct-
ance 1i(3) = 2V(Bg) /ugl3Ro, By the poloidal magnetic field,

10 de Vries scaling LM amplitude: 0.5*abs(M07-M01)

B MAST data
y=x
= = y=0.58%x

de Vries LM [G]

LM at Vloop spike [G]

Figure 22. Comparison of the pre-disruption Locked Mode (LM)
amplitude to the prediction by equation (2) for a range of MAST
pulses.

Lo the vacuum magnetic permeability, the plasma volume
V and the normalized distance from the magnetic cen-
ter of the plasma to the location of the sensor coils p. =
|Rmag — Rc|/a, a is the minor radius, with ¢ =0.044,a, =
—1.07,a;; = 1.2,a, = —2.9. These data come from fits to con-
ventional tokamaks—JET, ASDEX-U and COMPASS, but
not spherical tokamaks. We now compare this result against
MAST data. As li(3) was not readily available we use /i(2) =
2V(Bj)/ 11515 Rmag and unlike de Vries simply use By = 0.2
I,[MA]/a, the result is plotted in figure 22. So, the de Vries
formula still applies but with ¢ = 0.044/0.58 = 0.076. For the
studied equilibrium, /i(2) = 0.4, gos = 5.07,p. = 1.23, I, =
21.2MA,a=1.51 m so By = 2.81 T and equation (2) yields
the disruption threshold of By, = 70 G. It should be noted that
this is a criterion on the radial magnetic field of the locked
mode. For the RWM the modes rotate relatively slowly, but are
not locked. In this state the poloidal field is enhanced by the
wall currents and radial field is reduced [49]. For this reason
in comparisons of equation (2) with our modelling, we use the
sensor poloidal field.

In figure 23, we plot as histograms, the percentage of aver-
age (figures 23(a), (¢) and (e)) and maximum (figures 23(b),
(d) and (f)) sensor amplitude over the 100 simulations, for
each gain, for times between 0.1 and 1 s. Neither the aver-
age (the average of ISinel is 0.5*Sine wave amplitude, so one
could interpret twice the average amplitude), nor the max-
imum sensor amplitude, reach the predicted disruptive amp-
litude of 70 G. For the |Gl = 10 case the maximum amplitude is
17.8 G, which is 25.4% of the disruptive amplitude. Thus none
of the 100 cases with the sensor noise o,ise = 0.1 G reach the
disruptive amplitude, meaning that judged by this criterion the
modelled control is highly likely to prevent disruptions occur-
ring.
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Figure 23. Left panels (a), (c) and (e): the percentage of average sensor amplitude over 100 simulations for each gain (the average is taken
between 0.1 and 1 s to avoid initial phase when feedback is not applied). Right panels (b), (d) and (f): similar to the left panels but showing

the maximum amplitude reached between 0.1 and 1 s.

6. Conclusion

‘We have carried out a comprehensive numerical investigation
of the n = 1 RWM stabilization for a representative spherical
tokamak equilibrium using the MARS-F/K codes, taking into
account (a) toroidal plasma flow and drift kinetic resonance
damping from both thermal and EPs, (b) the flux-to-voltage
control scheme with different controller, i.e. P or PD control-
ler, and (c) the presence of sensor signal noise.

For typical NBI parameters and equilibrium parameters,
expected for the STEP prototype, it is found that passive sta-
bilization of the RWM yields a relatively small increase in Oy
above the no-wall limit, relying on toroidal plasma flow and

1

drift kinetic effects. The effect of the precessional drift res-
onance with the NBI fast ions has a very limited effect on
the growth rate of the n = 1 RWM and the EPs contribution
slightly destabilizes the RWM. In order to optimize perform-
ance from an MHD viewpoint, active control of the unstable
RWM is thus desirable.

Using a set of mid-plane active coils for the RWM feed-
back control, it is found that with flux-to-voltage control logic,
the P controller alone cannot achieve complete feedback sta-
bilization, even combined with plasma flow and/or drift kin-
etic damping. Instead, by adding a modest derivative action
into the controller, i.e. PD controller, and in particular if the
plasma rotation (2y = 0.05 §24) is considered, the n = 1 RWM
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feedback control is achieved without any noise in the closed-
loop.

In the presence of the sensor signal noise with a standard
deviation of opoise = 0.1 G, a statistical study finds that success
rates exceeding 90% are achieved, and generally increase with
the proportional feedback gain. A criterion, based on the total
perturbed magnetic energy of the system, is proposed to judge
the control loop success. To obtain reliable results, 100 ini-
tial value closed loop simulations are performed for the same
feedback configuration, with statistics drawn in terms of the
success rate for the RWM suppression. On the other hand,
the required power supply of control coil (voltage and cur-
rent) also increases with feedback gain and with the sensor
signal noise. An alternative criterion that based on the n = 1
locked mode amplitude to trigger a disruption is applied, and
this leads to the disruption threshold of By, = 70 G. Neither
the average, nor the maximum sensor amplitude calculated by
MARS-F, reach the predicted disruptive amplitude, meaning
the RWM is very unlikely to lead to a disruption for the mod-
elled feedback control.
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