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ABSTRACT

Operation of a fusion power plant requires robust edge localized mode (ELM) suppression simultaneously with high plasma
performance. In this paper, we describe a novel feedback adaptive resonant magnetic perturbation (RMP) ELM controller designed to
address this problem by achieving optimized ELM suppression through the advanced application of 3D RMPs. From real-time D, data,
the controller is able to achieve robust ELM suppression while simultaneously minimizing the applied RMP in order to enhance plasma
performance. In real-time, the instantaneous ELM-frequency is analyzed with an adaptive feedback algorithm to determine amplitudes
and phases of RMP coil currents that will maximize plasma performance while maintaining ELM suppression. When applied through
the KSTAR plasma control system in several experiments using n =1 RMPs, robust ELM suppression is achieved and sustained in feed-
back while reducing the RMP strength to ~65% of its initial value. Minimization of the RMP strength in this manner not only allows for
operation of longer discharges due to a decrease in flux consumption but also allows for a strong recovery of up to ~60% of iy through-
out the ELM-free period.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0081928

I. INTRODUCTION

The discovery of H-mode—a plasma state bifurcation that occurs
when sufficient external heating is applied, resulting in more stored
energy per amount of external heating' —enabled a significant increase
in efficiency compared to traditional L-mode plasmas, thereby provid-

limited by the destabilization of so-called edge localized modes
(ELMs), which are typically observed in H-mode plasmas as violent
expulsions of particles and energy from the plasma to the wall.” After
an ELM, pressure gradients that were relaxed by the ELM crash
increase again to meet the peeling-ballooning instability limit, creating
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ing a potential path to efficient fusion energy generation. As such, the
ITER project will rely on H-mode operation to achieve performance
milestones,” including the demonstration of a fusion power multiplica-
tion of Qpr= 10. However, operating a plasma in the H-mode is not
without risk, as the plasma tends to become unstable when perfor-
mance is maximized.

When the plasma enters the H-mode, an edge transport barrier
(ETB) with steep pressure gradients is formed, allowing the core pres-
sure to increase significantly. However, the steepness of this gradient is

a periodic phenomenon. In full performance ITER discharges, the
transient heat load caused by the energy released in a single ELM on
the divertor target plates is expected to exceed divertor material lim-
its.”* Therefore, it is crucial to develop ELM control techniques that
can mitigate the deleterious effects of ELMs while still maximizing
fusion performance in high power H-modes.

Multiple approaches to ELM mitigation in H-mode plasmas
that utilize external controls have been investigated in the literature,
including impurity seeding,”’ the injection of supersonic molecular
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beams,” "’ the use of small periodic vertical equilibrium displace-

ments, "' the application of low recycling wall materials,"” " periodic
cryogenic pellet injections,'®'” the application of lower hybrid waves,"®
and the application of specific edge resonant 3D magnetic perturba-
tions (RMPs),'” ** among others. While most of these approaches are
aimed at limiting transient heat loads by triggering smaller ELMs at
higher frequencies, the application of RMPs is designed to achieve and
sustain complete ELM suppression.”**>*° In this approach, an
applied RMP induces additional edge transport, causing a reduction in
the pedestal height and, thus, lowering the pedestal gradient. The
reduced gradient prevents access to the peeling-ballooning instability
limit and thereby fully suppresses any potential ELM events. Extensive
prior research into RMP induced transport has revealed that the addi-
tional diffusion process consists of contributions by both colli-
sional”” " 8 transport channels. However, while

11,12

and turbulent’ ™
RMP-driven transport facilitates ELM suppression, it also constrains
plasma performance via deterioration of global confinement as well as
reduction of the pedestal height. In order for devices like ITER to be
able to meet all of their performance objectives in an ELM suppressed
regime, it is highly desirable to optimize the applied RMP in order to
minimize the deleterious effect it usually has on plasma performance
parameters.

One candidate approach to optimized RMP ELM suppression is
to exploit a salient hysteresis phenomenon that has been observed in
earlier experiments.” It has been found that for a given toroidal mode
number of the RMP, the RMP amplitude at which ELM suppression is
lost is lower than the RMP amplitude required to access the ELM sup-
pressed regime. In addition, plasma performance parameters, such as
confinement, are seen to recover when the applied RMP is reduced
once the ELM suppressed regime has been entered. By implication,
this hysteresis phenomenon could, thus, be used in a feedback ELM
controller to enhance plasma performance under sustained ELM sup-
pression. However, it is not yet possible to accurately predict the mini-
mum required RMP needed to sustain ELM suppression.

Until models are developed that can accurately predict the mini-
mum required RMP in real-time, an adaptive controller designed to
exploit this hysteresis effect is needed. Such a controller would, by
necessity, be comprised of several state machines, which dictate differ-
ent dynamic behaviors of the requested RMP depending on the
plasma conditions and controller settings. For RMP amplitude feed-
back control, a simple controller would ramp up the RMP amplitude
until ELM suppression has been achieved, and then ramp down until
ELM suppression is lost again. By repeatedly entering and losing ELM
suppression, the optimal amplitude could potentially be determined.
The success of this method is contingent on the assumption that the
required RMP converges within the discharge (i.e., the RMP amplitude
required for accessing and sustaining ELM suppression should con-
verge). Since this assumption is not generally known to be true, the
hysteresis phenomenon could lead to oscillatory behavior of the con-
troller during iterations, which forms a significant obstacle to control
convergence. Therefore, ELM control using such an adaptive scheme,
becomes non-trivial.

This paper reports on the development, implementation, and
deployment of a real-time feedback adaptive RMP ELM controller on
the KSTAR tokamak. The controller has been designed to achieve two
objectives. First, the controller must be able to reliably achieve ELM
suppression. Second, the controller should be flexible enough to allow
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for the exploration of additional physics phenomena. In order to
accomplish both these goals, the controller features multiple feedback
modes, including several types of amplitude and phasing feedback. In
addition, a so-called adaptive lower bound has been developed to allow
the feedback controller to set and adjust minimum bounds on the
applied RMP in real-time during the discharge. During experiments,
this controller successfully optimized the applied RMP in real-time.
Furthermore, the controller also achieved and sustained ELM suppres-
sion in a long pulse discharge for the first time.

Dedicated analysis on a single discharge of the feedback adaptive
RMP ELM controller experiments is presented in the related—more
physics focused—work by Kim et al."’ Here, it is shown that the con-
siderable recovery of confinement is not solely attributable to the feed-
back adaptive ELM controller action in a direct sense. Instead, there
seems to be a contribution from an RMP-induced ion pedestal broad-
ening, which promotes confinement recovery by improving the ion
pedestal response and peeling-ballooning mode stability. In addition, a
correlation between the pedestal widening and anomalous transport is
presented. Such an interesting discovery was made possible by feed-
back 3D-field modulation via the ELM controller. This further sup-
ports the importance of developing a feedback adaptive RMP ELM
controller as a means to investigate RMP physics mechanisms and
optimize ELM control in future tokamaks. The work presented in this
article will elucidate the fundamentals of such an adaptive scheme,
focusing on the control design and the high-level results.

This paper is organized as follows: Since the capabilities of each
fusion device are unique, the KSTAR real-time ELM control capabili-
ties are outlined in Sec. II. The real-time ELM detector that is used as
part of the ELM controller is detailed in Sec. III. In Sec. IV, it is
described how these specific real-time control capabilities are leveraged
to arrive at the feedback ELM controller design. Experiments are then
conducted on the KSTAR tokamak to assess the ELM control perfor-
mance of the controller and to use these novel capabilities to investi-
gate several interesting physics phenomena, as discussed in Sec. V.
Finally, conclusions from this study and a set of improvements that
have been made to the algorithm since experimental implementation
will be mentioned in Sec. V1.

Il. KSTAR REAL-TIME ELM CONTROL CAPABILITIES

In this section, we describe in depth the real-time ELM controller
developed for the KSTAR plasma control system (PCS). The PCS is a
strict real-time system with high-speed computers that utilize high fre-
quency, real-time data acquisition tools, and a deterministic real-time
network supported by a real-time operating system. KSTAR’s PCS
consists of six central processing units (CPUs) (see Ref. 41 for further
details). As such, the ELM controller developed in this work was
implemented on a real-time CPU that runs at a fast cycle time suffi-
cient for ELM control. Furthermore, controller operation requires that
real-time diagnostic data are provided in a timely fashion and actuator
signals are communicated sufficiently fast. As such, for the experi-
ments discussed in this work, the KSTAR CPU1 is chosen with a
20 kHz cycle frequency to meet these demands.

A. Control sensors for ELM measurement

An essential part of the ELM controller is the plasma sensor,
which must be able to sense all ELM behavior that might pose a threat
to the device. To satisfy this constraint, the data sampling rate of the

Phys. Plasmas 29, 032514 (2022); doi: 10.1063/5.0081928
Published under an exclusive license by AIP Publishing

29, 032514-2

0S:ZL:GL 2oz AInr Lz


https://scitation.org/journal/php

Physics of Plasmas

sensor must be greater than the frequency of ELMs. At the time of
implementation, only a single photo-diode was available for real-time
use in the PCS, which fortunately meets this requirement. For this
study, the primary plasma sensor is a poloidal photo-diode that mea-
sures D,, emission at a sampling rate of 20 kHz. For details about the
general setup, the reader is referred to Ref. 42. We note, however, that
the current system has been upgraded with respect to details in this
previous publication. The current setup is depicted in Fig. 1, which
shows the relevant photo-diode located around the outboard mid-
plane with the divertor in its line of sight. This photo-diode detects
deuterium Balmer alpha (D,) line emission, providing a tangible mea-
sure of ELM events, which create a marked increase in D, emission in
the plasma edge. A Tee-ed raw voltage signal of the D, emission mea-
surement is provided to the PCS so that a real-time signal can be
accessed in addition to the potential for offline analysis with minimal
signal processing.

B. Control actuators

In order to be able to accurately apply a specific 3D resonant per-
turbation, it is generally beneficial to have many available coils distrib-
uted both poloidally and toroidally across the machine. The KSTAR
tokamak hosts 12 in-vessel correction coils (IVCCs) with three rows
of four toroidally distributed coils (outboard), as depicted in Fig. 2,

FIG. 1. Visible spectroscopy at KSTAR. The layout of the set of poloidal channels
is represented by the photo-diode number and black lines of sight. The second
poloidal (02) photo-diode is used by the ELM controller in this work.
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Qualitative representation of RMP coil field on the plasma boundary

FIG. 2. The KSTAR IVCC set consists of three rows of four cails. In this particular
pedagogical example, an n=1 RMP is applied (as indicated by the green sinusoi-
dal curves) in the top row. This n= 1 perturbation is generated by requesting (iden-
tical) positive currents (red fill) for coils TOP 1 and TOP 2, while requesting
(identical) negative currents for coils TOP 3 and TOP 4 (blue fill). In this setup, both
phasings are set to 90", as exemplified by the phase shifts in the green curves and
the shifts in which coil is red vs blue. The spectrum of the magnetic perturbation
that emerges from the combined effect of all 12 coils is indicated by the red/blue
background contours.
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(the reader is referred to Refs. 43 and 44 for further details regarding
the IVCC system). By sending individual current requests to all 12
coils, the range and accuracy of the applied magnetic perturbations
spectra can be maximized. Therefore, all 12 IVCCs are included as
actuators for the ELM controller. Specifically, the controller back-end
is designed to work with KSTAR’s STD-N1H patch panel, which
requires current requests associated with the middle row of coils in the
form

Ivip rEQ = Ivip sin (Omip), (1)

where Iyp is the amplitude and Oyp is the phase of the middle coil
set. From asymmetry, only the relative phases between the rows should
affect ELM suppression and not the absolute phases themselves."
Therefore, the phases of the top (6yp) and bottom (0por) rows of coils
are related to the phase of the middle row of coils through their respec-
tive phasings ¢ and ¢y

¢rm = Omp — Oup, (2)
dmp = Osor — Omip- (3)

The current requests for the top and bottom rows of coils then consist
of their respective amplitude (Iyp or Igor) multiplied by a trigonomet-
ric function applied to Oyp or Opor. Details regarding which trigono-
metric functions are used to generate the desired spectra can be found
in Sec. IV D 2. This selection of trigonometric functions enables the
controller to apply an n=1 perturbation—a sinusoidal spectrum in
the toroidal sense, where only a single period fits within the toroidal
circumference, as opposed to two periods in the case of n = 2.

To demonstrate the operating space for RMP ELM suppression
with respect to phasing, an example configuration modeled with the
IPEC-code (which is explained in more depth in Sec. V) is presented
in Fig. 3. In this polar plot, the radial coordinate represents the RMP
amplitude, whereas the angular coordinate represents the RMP phas-
ing. It can be seen that both the amplitude and phasing control are
important in optimizing the path the ELM controller takes through
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FIG. 3. 3D coil phase space (lup = lwip = Igor, 1y = Pys) for an n=1 reso-
nant field on KSTAR is predicted by IPEC. Blue, red, and green regions in the polar
plot represent spaces with ELM suppression, disruptions driven by locked modes,
and sub-critical RMP resonance, respectively. The phasings are in degrees and the
amplitudes in kA/turn.

statespace to minimize the applied RMP while remaining in an ELM sup-
pressed regime, which is denoted by the blue shaded regions. To maxi-
mize the flexibility of the controller, it is, therefore, prudent to design the
controller with the capability to determine Iyp, Inip, Isor, ¢ and Py
in feedback, while Oyup can be treated as a feed-forward signal.

C. Outline of the complete control loop

With these sensors and actuators, the complete control loop can
be constructed as follows: The photo-diode measures D, radiation in
real-time and sends the signal to the PCS. The D, -signal is fed into the
real-time ELM detector, which tracks the ELM behavior and sends
this information to the ELM controller. Depending on the mode of
operation of the controller, it will use the information from the ELM
detector to inform current requests that it sends to the power supplies
of all 12 IVCCs. The 3D magnetic perturbations generated by the
IVCCs should affect the ELM behavior of the plasma as desired. This
completes the loop, which is also schematically represented in Fig. 4.

Ill. DESCRIPTION OF THE REAL-TIME ELM DETECTOR

A compact description of the real-time ELM detector is provided
in this section for convenience; more information can be found in Ref.
46. As described above, D, measurements provided by the photo-

Controller settings,
Desired ELM behavior

KSTAR PCS

ELM frequency

Requested
coil currents

D-alpha signal
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diode serve as the input signal for the real-time ELM detector, which
tracks both frequency and size of ELM events. A schematic representa-
tion of the components of the ELM detector is presented in Fig. 5.

A. ELM detection mechanism

To aid in the detection of ELM events, several modifications are
applied to the raw D, signal within the ELM detection algorithm.
First, the D, signal is passed through an RC low-pass filter to obtain a
smoothed signal (S-signal). In parallel to the RC low-pass filter, the
derivative of the D, signal is determined. This derivative signal serves
as an input to two additional filters, denoted by SD; and SD,. Then, if
(Dy — S), |SD1|, or |SD;| exceed a specific threshold, the detector will
classify this time slice as part of an ELM cycle. By default, the ELM
detector will output zeros if no ELM behavior is currently being
detected [see Fig. 5(b), in black]. During detected ELM cycles, the
detector will output ones. This detection signal is sent through a low-
pass filter once more to obtain a signal that can be loosely interpreted
as a normalized ELM frequency (hereafter referred to simply as fem
or “ELM frequency”), where the absence of ELM behavior results in
an ELM frequency that tends to zero, as opposed to tending to unity
when ELM behavior is detected continuously [see Fig. 5(b), in blue].

IV. CONTROLLER DESIGN

By design, the feedback adaptive RMP ELM controller has com-
plete control over the current requests that are sent to the RMP coil
power supplies. To determine appropriate n=1 perturbations, the
controller always outputs five power supply commands, as described
above. This is executed in a patch-panel configuration where the RMP
associated with the middle row of coils is an # = 1 non-rotating stand-
ing wave (up to 5 kA), while the top and bottom rows generate a rotat-
ing waveform with a certain phasing with respect to the middle row.
As such, in order for the ELM controller to be able to generate the
desired RMP spectrum, it needs to assign both the amplitudes and
phases of the current requests for each of the rows of coils separately.

A. Controller objectives and design perspectives

The primary objective of the feedback adaptive RMP ELM con-
troller is to obtain complete control over the ELM frequency. In addi-
tion, we specify two additional design constraints:

First, it should become a tool that can be used to reliably achieve
feedback controlled ELM suppression with minimal impact on

3D Magnetic
perturbations

D-alpha radiation

FIG. 4. This simplified diagram shows the main feedback control loop used by the feedback adaptive RMP ELM controller.
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Real-time ELM detection in discharge #25618
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FIG. 5. Schematic representation of the inner workings of the real-time ELM detector (left) and an example of ELM detection (right). Panel (a) shows the D,-trace, and panel

(b) shows the raw ELM detection in black and the derived ELM frequency in blue.

performance parameters. To accommodate this, the controller should
be able to minimize the amplitude of the applied RMP once ELM sup-
pression has already been achieved. Since the minimum required
RMP amplitude is not known a priori, the controller must be able to
adaptively apply a lower bound on the applied RMP, so as to not lose
ELM suppression once it has been obtained.

Second, the ELM controller should serve to advance our under-
standing of RMP ELM suppression physics (like hysteresis effects, tur-
bulence, etc.). Therefore, the operator should have significant freedom
in altering the specific waveforms generated by the controller. For
example, in addition to amplitude feedback, it would also be interest-
ing to explore optimization of the coil phasing, which requires the con-
troller to include modes of operation where phasing feedback can be
applied while using feed-forward amplitudes. To achieve this objective,
the controller is, thus, designed to have multiple modes of operation
and flexible parameters that can be set independently through the
PCS.

B. Controller structure

To meet these objectives, several distinct control types have been
developed for routine use. In all scenarios, the controller must provide
six quantities that define all the coil currents: the current amplitudes
for each row Iyp, Iyip, and Igor and the associated current phases
Oup, Omip, and Opor. In the KSTAR PCS, feed-forward waveforms for
the amplitude are Iup e, Ivip,re> and Igor rr. The feed-forward wave-
form for the phase of the middle row of coils is denoted by Onip rr,
and the phases of the bottom and top row are determined by the feed-
forward waveforms for the phasings ¢y pr and ¢y . A simplified
overview of the main control types and modes of operation of the con-
troller is provided in Fig. 6.

In addition to the standard control type where only feed-forward
waveforms are used (control type FF only), there are two main feed-
back control types available for selection. Control type FF 4 amplitude
feedback includes modes of operation where coil current amplitude
requests can be determined in feedback, while the controller uses feed-

forward waveforms for the phases. Conversely, control type FF 4 phasing
feedback includes modes of operation where coil current phasing
requests can be determined in feedback, while the controller uses feed-
forward waveforms for the amplitudes. For each of these control types,
the user still has freedom to choose a specific mode of operation within
the control type. Finally, the control type full feedback can be selected
if the objective is to apply feedback to both current amplitude and phas-
ing requests.

A more in-depth description of each control type is presented next

1. FF + amplitude feedback

If this control type is selected, the user is asked to specify which
coils will be controlled in feedback. By selecting I_UP only, I_MID
only, or I_BOT only, the controller will only affect the amplitude of
the current request of the respective row, while simultaneously using
feed-forward waveforms for the amplitude of current requests of the
other two rows. The only way to apply amplitude feedback on all three
rows of coils simultaneously is by selecting the mode I_UP ratio. Here,
the amplitudes of the middle and bottom rows are taken as a ratio
with respect to the value of the top row, which itself is determined in
feedback.

2. FF + phasing feedback

The FF + phasing feedback control type has three phasing feed-
back modes. Phasing feedback mode phi_TM only can be used for
phasing feedback control of ¢y;. The other phasing (¢y) is then
determined by feed-forward waveforms, as are the current amplitudes.
Analogously, phasing feedback mode phi_MB only can be used for
phasing feedback control of ¢. To control both phasings in feed-
back, the user may select the control type phi_TM and phi_MB.

C. The feedback calculation mechanism

It is not uncommon in feed-forward RMP ELM suppression
experiments to apply RMPs in a step-like fashion. However, as the
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Control Types
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Amplitude
- Feedback
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e

FIG. 6. The left vertical column of options represents the various available control
types. The controller can be used to do feed-forward only (FF only), feed-forward
with amplitude feedback (FF -+ amplitude feedback, keeping phasings feed-
forward), feed-forward plus phasing feedback (FF -+ phasing feedback, keeping
amplitudes feed-forward), and full feedback, where both the amplitudes and phas-
ings are determined in feedback. The right vertical column represents the feedback
control modes that can be used within a certain control type.

objectives of the feedback ELM controller developed in this work
are not only to achieve ELM suppression but also to facilitate phys-
ics experiments, more flexibility in the shape of the RMP request is
required.

To achieve ELM suppression with amplitude feedback control,
the RMP amplitude is increased at a constant rate, which can be cho-
sen by the operator. Then, once ELM suppression is obtained, the
controller will hold the signal constant for a pre-determined time
(user input), which can also be set to zero. During this ELM sup-
pressed phase, it may be desirable to minimize the applied RMP
amplitude in order to improve plasma performance. To do so, a lin-
ear ramp down rate may be specified. During ramp down, however,
the operator may also select the ramp down amplitude decrement in
addition to the slope. After the controller has decreased the
requested RMP amplitude by the prescribed decrement, the control-
ler holds the signal constant for a pre-determined time (user input),
which can also be set to zero.

ARTICLE scitation.org/journal/php

The situation is slightly different when operating with phasing
feedback control, which is designed to explore whether the controller
can achieve and sustain ELM suppression while optimizing for plasma
performance or stability. In the first implementation, the phasing can
be increased linearly at a user defined slope until ELM suppression is
achieved. If the slope is chosen to be negative, the phasing will be
decreased until ELM suppression is achieved. Once again, the control-
ler can hold the phasing steady for a pre-determined amount of time
once ELM suppression is achieved. Then, the phasing can be decreased
incrementally (with pre-determined steady times) to find the optimal
phasing.

1. Feedback calculation implementation

The similarities between the desired features of the feedback cal-
culations for amplitude feedback and phasing feedback facilitate the
development of a single feedback calculation mechanism, as presented
in Fig. 7. This mechanism is comprised of a finite state machine (FSM)
with three states: RAMPUP, FLAT, and RAMPDOWN. Here, we use
Ky to denote the output of the feedback calculation mechanism, where
the subscript k represents the PCS cycle. The calculations within each
state and the conditions for changing states are outlined below.

a. The RAMPUP state. While in the RAMPUP state, the output
Ky is updated once every PCS cycle according to

Ky = Kx-1 + Athrampup,ka (4)

where Ki_; represents the value of the output of the previous PCS
cycle, Aty is the time elapsed between the current and previous PCS
cycle, and Rampup k is the value of the feed-forward waveform of the
desired slope associated with the current PCS cycle. During each PCS
cycle, the algorithm checks the ELM detector output to determine
whether or not ELM suppression has been achieved. If ELM suppres-
sion has been achieved, the feedback calculation moves to the FLAT
state before executing the calculations of the next PCS cycle. If ELM
suppression is not achieved, the state will not change.

b. The FLAT state. The length of time the controller will remain
in the FLAT state is described by the parameter Ty x, which can be
set separately for the two cases where the FLAT state is entered after
either the RAMPUP or RAMPDOWN states. Since the output variable
is kept steady while in the FLAT state, we have

Ki = Ky )
During each PCS cycle, the time left in the FLAT state is updated
Ttimer,k = Ttimer,k—l - Atk~ (6)

As long as Timerx > 0, the FLAT state remains active. However, if the
timer has run out, the controller checks the ELM detector to determine
whether or not ELMs are suppressed. If the ELMs are not suppressed,
the next state will be the RAMPUP state. On the other hand, if ELMs
are still suppressed, the mechanism moves to the RAMPDOWN state.

c. The RAMPDOWN state. If the RAMPDOWN state is entered
after the FLAT state, the total output decrement is initialized

AI<left,k = AI<rampd0wn,k7 (7)
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FIG. 7. A simplified diagram of the finite state machine based feedback calculation mechanism used by the feedback adaptive RMP ELM controller for both amplitude and
phasing feedback control modes. The states are represented by black rectangles, while the guard conditions for switching between states are represented by black diamonds.
The green arrows indicate paths taken when the guard conditions are met, while red arrows indicate paths taken while guard conditions are not met (yet).

where AKie i is the total output decrement, which is set equal to the
feed-forward waveform that denotes the desired (incremental) reduc-
tion of the output variable. After initialization, the output variable is
updated

Kk = K1 — Athrampdown,ka (8)

where Rrampdown k i8 the desired variable ramp rate. For each PCS cycle
in the RAMPDOWN state, the controller checks if the change in the
output variable by AKf x has been accomplished or if the slope asso-
ciated with ramping down is set to zero. If not, a required residual
reduction

AKIeftAk = AI<left,kfl - Athrampdownk (9)

is implemented. Alternatively, if these conditions are satisfied, the con-
troller checks the ELM detector to determine whether ELMs are sup-
pressed. If ELMs are not currently suppressed, then the next state will
be the RAMPUP state. On the other hand, if ELMs are indeed sup-
pressed, then the next state will be the FLAT state.

The intended behavior of the FSM-based feedback calculation
mechanism is summarized in Fig. 8. In this example, Rrmpyp = 1. At
t = 2, the first instance of ELM suppression is detected. The controller
then moves from the RAMPUP state to the FLAT state for a steady
time of Titcady,up = 1. Since ELMs are still being suppressed after the
steady time has elapsed, the controller moves to the RAMPDOWN
state. After the ramp down decrement has been realized, the controller
rechecks for ELM suppression and repeats this process. However,
during the ramp between 5 and 65, ELM suppression is lost. Thus,

after finishing that ramp down decrement, the controller moves to the
RAMPUP state.

2. Adaptive lower bound for confinement optimization

Using the design described above, the controller will repeatedly
ramp down incrementally until loss of ELM suppression, before ramp-
ing up again. To prevent this pattern from happening indefinitely, an

Example of intended feedback signal behavior based on state

2.5
i

15k
< 1L d
L]

0.5} l

=

RAMPDOWN | (b)

FLATp |_|

RAMPUP — A
0 2 4 6 8 10

Time (s)

FIG. 8. An example of intended behavior of the feedback calculation showing the
desired functionality of the adaptive ELM controller. The black curve in panel (a)
represents the feedback RMP current amplitude that is computed based on the
states shown in panel (b). The FSM switches states depending on the ELM activity.
White areas indicate times during which ELMs are not suppressed.
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optional adaptive lower bound feature has been developed. If the adap-
tive lower bound feature is selected, one can choose either to use a
feed-forward waveform for the adaptive lower bound on the output
variable or to let the controller determine the lower bound in feedback.
The implementation of the adaptive lower bound is outlined as fol-
lows: When the controller is in the RAMPDOWN state, and it loses
ELM suppression, it will store the value of the output at the moment
of ELM suppression loss (Kjess = K). The controller will move to the
RAMPUP state as usual. However, from this moment onward, if the
controller enters the RAMPDOWN state again, the controller will not
ramp down the output variable below a threshold

Ky > Kip, (10)
which is determined by
Kipx = Kioss + AKipk, (11)

where AKip ) is a feed-forward waveform that denotes the desired
increase in the adaptive lower bound each time ELM suppression is
lost in the RAMPDOWN state.

D. Computation of RMP requests

As mentioned above, the feedback ELM controller has complete
control over all five power supply commands for RMP current
requests. A schematic representation of the required computations
during each PCS cycle will be outlined below.

1. Computing the total amplitudes and phases

The total requested RMP current amplitudes for the top, middle,
and bottom rows of coils are computed by summing their feed-
forward and feedback contributions

Iyp = Iuprr + Iuprs, (12)
Ivip = Ivip,pr + Imip pB, (13)
Isor = Igot,rr + IBOT FB- (14)

In order to be able to determine the phases, first the two total phasings
are computed

v = Praer + Prmrss (15)
Omp = Puprr + Pmprs- (16)
The phases are now fully determined
Ovip = Omip e, (17)
Oup = Ovp — Prums (18)
Osor = Omip + Puis- (19)

2. Generating the power supply RMP current requests

The total RMP amplitude and phase requests are used to com-
pute the total RMP current requests as follows:

I1ps1 req = Iup cos (Oup), (20)
Iipsz.req = —Ipot cos (Opor), (21)
Iips3 req = Ipor sin (Opor), (22)

scitation.org/journal/php

I1psa req = —Iyp sin (Oup), (23)

1 .
Iipss.req = \EIMID sin (Oyip).- (24)

V. EXPERIMENTAL RESULTS

In addition to validating the controller implementation, experi-
ments were conducted on the KSTAR tokamak with the goals of (a)
achieving and sustaining ELM suppression while minimizing the
amplitude of the applied perturbations and (b) demonstrating the abil-
ity of the ELM controller to sustain ELM suppression throughout a
long pulse (16s) discharge. The details of these experiments are
described below.

A. Suppression window and hysteresis

The reference discharge for the first feedback adaptive RMP ELM
control experiments is depicted in Fig. 9. The main plasma parameters for
this discharge are By = 1.8T, I, = 0.52 MA, elongation x ~ 1.72,
upper triangularity d,, ~ 0.38, lower triangularity 6y, ~ 0.87, edge
safety factor go¢s ~ 5.1, neutral beam power Pyp ~ 3.1 MW, and
P ~ 2.05. Before RMP application, the pedestal density and temperature
amounted t0 71pey ~ 2.25 X 10 m™ and Tpes ~ 0.85 keV, respectively.

Before applying the controller, RMP was applied manually to
determine the suppression window. As depicted in Fig. 9, ELM suppres-
sion was achieved at t = 8.567 s at an RMP amplitude of 2.14 kA /t
and then lost at ¢t = 10.240's at an amplitude of 3.10kA/t when the
plasma is terminated due to locked modes. As such, the suppression
window achieved in the reference discharge is approximately 1kA/t,
which is suitably large for the implementation of the controller.

Using the information obtained from reference discharge
No. 25607, a feed-forward RMP is then applied to identify the hystere-
sis window. The applied RMP is increased linearly to a value high

ELM suppression window reference discharge #25607

()

(b) B

suppression window: 1 kA /t I_

» 2} i
<
-t
0
ELs
0 2 4 6 8 10 12

Time (s)

FIG. 9. Identifying the suppression window in the reference discharge: Panel (a)
displays the D, trace in black. Panel (b) shows the applied RMP in kA/t (black).
The RMP is ramped linearly until the discharge disrupts due to locked modes. The
suppressed period is shaded in orange. The suppression window amounts to
approximately 1kA/t.
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enough to ensure ELM suppression (2.7 kA/t) then held steady for 1's
before a linear ramp down is initiated, as shown in Fig. 10. ELM sup-
pression is achieved at t = 7.421 s at an RMP amplitude of 2.18 kA /t
and lost at # = 9.758 s at an amplitude of 1.68 kA /t. As can be seen in
Fig. 9, the hysteresis window observed in this discharge amounts to
approximately 0.5 kA /t. The existence of this hysteresis window will
be exploited in later discharges to recover performance during experi-
ments with feedback minimization of the RMP.

B. First feedback controlled ELM suppression
without ramp down

As a first demonstration, the controller is used simply to achieve
and sustain ELM suppression in Fig. 11. To do this, the amplitude
feedback mode is set to I_UP ratio with the amplitude of each coil row
set to the same values, and the ramp down decrement is set to zero.
The middle coils have phase Oyp = 45°, and the phasing offsets for
the other two rows are set to ¢y = ¢ = 90°. As long as ELMs are
not suppressed, the applied RMP will be increased until it reaches the
maximum allowed RMP request, at which point it would hold steady
at the limit.

In this discharge, the controller is turned on at t = 5.000s.
However, the ELM detector incorrectly detected ELM suppression due
to transient behavior of the low-pass filter during initialization, delay-
ing ramp up until £ = 5.200s. ELM suppression is then achieved at
t = 5.836 s with an applied RMP of 2.44 kA /t, prompting the control-
ler to move from RAMPUP to FLAT. As shown in panel (d),
whenever the steady time has elapsed and the plasma is still ELM sup-
pressed, the controller attempts to ramp down the RMP by moving to
the RAMPDOWN state. However, since the ramp down decrement is
set to zero for this experiment, the controller immediately goes back to

RMP ELM suppression hysteresis discharge #25613

(@

12

FIG. 10. Identifying and validating the hysteresis effect in the reference discharge:
Panel (a) displays the D, trace in black. Panel (b) shows the applied RMP in kA /t
(black). The RMP is ramped linearly until ELM suppression is achieved. After some
steady time, the RMP is linearly ramped down. The RMP current required to enter
ELM suppression exceeds the RMP current required to sustain ELM suppression,
since ELM suppression is lost at a lower amplitude than is needed to enter it. The
suppressed period is shaded in orange. The observed hysteresis amounts to
approximately 0.5kA /t.
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Feedback controlled ELM suppression discharge #25617
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FIG. 11. Sustained ELM suppression is demonstrated on KSTAR using amplitude
feedback. After the controller is turned on at { = 5.0005s, times where ELM sup-
pression is detected are colored in orange. Panel (a) shows the D, trace in black
and Sy in blue. Panel (b) shows the applied RMP in black, and panel (c) depicts
the calculated ELM frequency in black as well as the maximum allowed ELM fre-
quency in blue. In this particular case, the ramp down decrement is zero. Panel (d)
shows the controller state.

the FLAT state until ELM suppression is eventually lost at the end of
the discharge.

During the ELM suppressed phase of this discharge, there are
short intervals where the un-optimized ELM detector incorrectly
detects a loss of ELM suppression. However, this does not change the
controller state since, by design, the controller only evaluates ELM
suppression after a steady time has elapsed, and not during any of
those intervals. Eventually, the ELM detector incorrectly detects loss of
ELM suppression during a cycle when the steady time in FLAT has
elapsed and the controller moves to RAMPUP, leading to an actual
loss of ELM suppression at an applied RMP of 3.30 kA /t. This obser-
vation is consistent with the suppression window obtained during the
reference discharge (No. 25607), where ELM suppression was lost at
approximately 3.10kA/t. It is noteworthy that the normalized pres-
sure (fiy) as indicated by the blue curve in panel (a) does not recover
from the RMP induced degradation if the RMP is kept steady during
ELM suppression. To recover performance, the applied RMP needs to
be minimized.

C. First feedback controlled ELM suppression
with ramp down

After demonstrating the capability of the controller to achieve
and sustain ELM suppression in feedback, the next step is to use the
RAMPDOWN capability in amplitude feedback mode I_UP Ratio to
exploit the hysteresis effect and minimize the applied RMP. Using
similar controller settings to those used in No. 25617, but with a ramp
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down decrement set to 0.22 kA /t, the RMP strength is decreased in
steps of length Ateady down after ELM suppression is achieved. As
shown in Fig. 12, ELM suppression is retained at reduced RMP
strength until around ~10 s, at which point suppression is lost.

As above, the ELM detector suffered from initialization effects
and sub-optimally tuned parameters, causing an initial false positive
ELM suppression detection and resulting in a short delay before the
RMP is ramped up. In addition, the ELM detector incorrectly detects
ELM suppression for a short period during the RMP ramp up, causing
the controller to think it achieved ELM suppression and move to the
FLAT state. After Atgeaqy.p has elapsed, however, the ELM detector
correctly determines ELM suppression is not yet achieved, and then
resumes ramping until ELM suppression is actually achieved at
t = 6.789 s with an applied RMP of 2.78 kA /t. The controller success-
fully incrementally ramps down the RMP until ELM suppression is
lost at + = 9.927 s with an applied RMP of 1.50 kA/t, at which point
the process is restarted. An important observation in this experiment
is that the RMP amplitude required to enter ELM suppression the
second time (1.94 kA /t) is significantly lower than the amplitude that
is initially required. Additionally, the RMP amplitude at which ELM
suppression is lost the second time is greater than the amplitude at
which ELM suppression is lost initially. This suggests that it might be
possible to find a converged, optimized RMP amplitude using feed-
back in real-time.

From these demonstrations, it can be concluded that the feedback
ELM controller works as intended and proves to be a useful tool to

Feedback controlled ELM suppression discharge #25618
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S 2
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FIG. 12. RMP amplitude may be decreased after ELM suppression has been
achieved. Panel (a) shows the D, trace in black and Sy in blue. Panel (b) shows
the applied RMP in black. Panel (c) depicts the calculated ELM frequency in black
and the maximum allowed ELM frequency in blue (below which the discharge is
considered ELM suppressed). Panel (d) shows the controller state. Times during
which ELM suppression is detected are colored in orange.

ARTICLE scitation.org/journal/php

achieve, sustain, and optimize ELM suppression. However, it was also
evident that the ELM detector needed to be tuned to remove any false
detection results causing the controller to lose ELM suppression.

D. Confinement optimization using the adaptive
lower bound

An example of feedback ELM suppression using amplitude feed-
back and the adaptive lower bound feature is shown in Fig. 13. This
experiment was conducted in a plasma with Ry = 1.8, ag = 0.45m,
Br = 1.8T, ng ~ 0.4, k ~ 1.71, 6, ~ 0.37, oy, ~ 0.85, and ped-
estal collisionality v, peq ~ 0.5. The feedback ELM controller is set to
detect only between ¢t = 0 and t = 5.300s in order to avoid potential
transient effects from low-pass filters once it is set to control. In addi-
tion, the ELM detector was re-tuned prior to this experiment.

As seen in Fig. 13, the controller begins operation at t = 5.300's
when it starts to linearly increase the requested RMP until it achieves
ELM suppression at 6.622s. Once ELM suppression has been
achieved, the controller holds steady for a pre-determined time inter-
val of 0.500s. If the controller has sustained ELM suppression during
this interval, it will start to linearly minimize the applied RMP.

To demonstrate the functionality of the adaptive lower bound,
panel (d) of Fig. 13 displays the feedback initialized RMP minimiza-
tion starting at 7.122s. The controller keeps reducing the applied
RMP current until the detector flags loss of ELM suppression at
7.713 s. At this point, the adaptive lower bound feature is triggered, as
indicated by the blue curve in Fig. 13(d). The controller notes the
RMP current at which suppression is lost, Ijs. It stores this lower
bound, incremented by a safety margin Alpy, ie, Ik = s
+Alpp . For this particular discharge, Ijos = 1.64 and Al p ) was set
t0 0.070 7 kA /t. Now that the adaptive lower bound has been initiated,
the controller starts ramping up the applied RMP to regain ELM sup-
pression. ELM suppression is regained at 8.004 s. Again, the controller
holds steady for the pre-determined amount of time before attempting
to minimize the applied RMP. However now, the applied RMP can
never drop below the adaptive lower bound set by the controller. In
this discharge, it turned out the initial lower bound set by the control-
ler was not sufficient yet to sustain ELM suppression indefinitely, as
ELM suppression is lost for the second time at 8.758 s. The controller
applies an updated adaptive lower bound and repeats the steps men-
tioned above. As shown by the red stars and diamonds and red dashed
curves in panel (d), the RMP request converges throughout the shot.
The RMP amplitude required to access ELM suppression the first time
amounts to approximately 2.80 kA /t (using detected ELM suppres-
sion). However, when it enters the last ELM suppression phase of the
discharge, only 1.94kA/t is required—a reduction of the order of
30%.

The effects of this reduction in the required RMP strength can be
visualized in Fig. 13(c), which displays fy. By optimizing the applied
RMP using feedback in real-time, the controller is achieve Sy ., = 1.9 by
the end of the optimization of ELM suppression, starting from fy ;.
= 1.4 at the first visually detected ELM suppressed phase (compared to
BN No—rup = 2.2 before RMP application). This translates to the control-
ler regaining upwards of 60% of confinement, thereby minimizing the
negative impact on performance while sustaining ELM suppression as
much as possible, and no significant changes in the electron density at the
pedestal are observed during RMP reduction.
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Feedback controlled optimization ELM suppression discharge #26004
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FIG. 13. Amplitude feedback controlled ELM suppression with performance optimization and adaptive lower bound: Panel (a) shows the D, trace in black and the plasma cur-
rent in blue. The shaded orange areas represent ELM suppression as detected by the ELM detector. Panel (b) shows the evolution of electron density as measured at the ped-
estal top in black. Sy is represented by the black curve in panel (c) with the red diamonds indicating the normalized pressure at the start of ELM suppression and end of ELM
suppression. The applied RMP current is shown in black in panel (d). The blue curve shows the evolution of the adaptive lower bound. Importantly, the RMP required to sustain
ELM suppression eventually converges, as demonstrated by the red stars (suppression entrance) and red diamonds (suppression exit) and red dashed curves. The magenta
dotted curve and green dotted curve represent the predicted RMP threshold for ELM suppression and the locking thresholds from the IPEC-code.

E. Sustaining ELM suppression in long pulses

After successful application of the controller during a regular
pulse, the controller was used in a long pulse discharge to evaluate
whether it can sustain ELM suppression during long pulses as well,
which is historically difficult on KSTAR. The results of the long pulse
experiment are displayed in Fig. 14. For this discharge (No.26013),
the same main controller setup is used as in No. 26004.

The controller is activated at ¢ = 5.300s. The ramp up stops
around t = 7.170s, while the plasma is still exhibiting lower level
ELM activity since the requested RMP current at this point was about
to exceed the maximum allowed RMP request. This boundary on the

maximum RMP current request serves to prevent disruptions in cases
where the controller would keep ramping up the currents beyond rea-
sonable limits. Once the RMP request reaches the limit value, it is held
steady at that level until the requested currents are below the thresh-
old. To preserve the applied spectrum as much as possible, all coil cur-
rents are scaled with respect to each other, such that the ratio between
the rows of coils remains unchanged.

Interestingly, the controller still achieves ELM suppression at
t = 7.660 s, stressing the importance of choosing a sensible ramp up
rate of the RMP. After Afgeagy,up has elapsed, RMP minimization is ini-
tiated. Similar to No. 26004, Atgeady down is set to zero in this case
throughout the discharge. During its normal operation, the controller
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Feedback controlled long pulse ELM suppression discharge #26013

500

kA

.- IPEC suppr. thresh.
- IPEC locking thresh.
—Irp
—IrMmp

IRM Pmax

6 8 10

12 14 16

Time (s)

FIG. 14. Amplitude feedback controlled long pulse ELM suppression with adaptive lower bound: Panel (a) shows the D, trace in black and the plasma current in blue. The
shaded orange areas represent ELM suppression as detected by the ELM detector. Panel (b) shows the evolution of electron density as measured at the pedestal top in black.
P is represented by the black curve in panel (c), with the red diamonds indicating the normalized pressure at the start of ELM suppression and after RMP amplitude optimiza-
tion in this discharge. The applied RMP current is shown in black in panel (d). The blue curve represents the adaptive lower bound and the cyan dashed curve represents the
maximum allowed RMP request. The magenta dotted curve and green dotted curve represent the predicted RMP threshold for ELM suppression and the locking thresholds

from the IPEC-code.

loses ELM suppression two times, at = 8.840 and f = 9.470s,
updating the adaptive lower bound each time. After 10 s into the dis-
charge, the gas puff was reduced to zero, resulting in the dropping
base level of the #, g and D, traces. During the RMP minimization
starting at t = 9.440s, the requested RMP can eventually not be
reduced any further due to the lower bound, so the applied RMP cur-
rent remains constant. With this setting, the controller is able to sus-
tain complete ELM suppression for 6.380s, until the end of the
discharge.

Another interesting observation regarding confinement recovery
is well illustrated in Fig. 14. A boosted confinement recovery can be
seen during the period where the RMP amplitude is held steady at the
adaptive lower bound. The exact underlying mechanism is still a

subject of active research and out of the scope of the work presented
here. However it is noteworthy to mention at this time that, upon pre-
liminary inspection of additional plasma discharges, there seems to be
a correlation between the baseline level of the D, signal and the
boosted confinement recovery: when the baseline signal decreases,
confinement is boosted. Since D,, is related to the various boundary
parameters, including the edge neutral density, recycling, separatrix
temperature, and density profile, we suspect that one of these parame-
ters may play a considerable role here, and this will be included in
future work.

Previous work has shown that the plasma enters ELM suppres-
sion once the perturbed radial field in the pedestal region (0B )
exceeds a certain threshold*” while core-locking occurs with large core
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perturbations (5B, cr.) above the locking-threshold. The IPEC code’”
is used to compute these field responses required for ELM suppression
by averaging 0B, between 0.9 <y <1 and 0 <y < 0.9, respec-
tively. The thresholds of 0B; ¢4 ~ 20 G for ELM suppression and 0B; ¢
~ 35 G for core-locking are obtained from the adjacent discharges. Based
on these values, IPEC can be utilized to predict the required RMP ampli-
tude for ELM suppression and locking threshold over time.

Figures 13 and 14 illustrate such predictions are well satisfied
where the first ELM suppression is achieved when the RMP amplitude
exceeds the derived thresholds. However, as time progresses in the dis-
charge, the plasma changes in a way such that the predictions become
less effective in guiding the RMP amplitude. This tendency becomes
clearer in No. 26013 (magenta dotted curve), where the second ELM
suppression is achieved below the predicted threshold at 9.500s.
Because ELM control will require accurate real-time predictors in the
future, this stresses the importance of improved models, which can
predict ELM suppression in later phases of discharges.

Notably, the adaptive control lowers the RMP strength after
entering the ELM-free state and maintains it near the levels for mar-
ginally stable ELM suppression. This automatically avoids touching
the disruptive limits. As shown in Figs. 13 and 14, the RMP strength
stays safely below the disruption threshold (green dotted line)
throughout the discharges, highlighting the advantages of this adaptive
scheme for achieving safe and stable ELM suppression.

VI. CONCLUSIONS AND FUTURE WORK

The feedback adaptive RMP ELM controller developed in this
work has proven to be capable of achieving and sustaining ELM sup-
pression for significant portions of experimental discharges. In addi-
tion, it was shown that the controller can be used to minimize the
applied RMP current during ELM suppression. A benefit of this mini-
mization is that it will allow for longer discharges, since the flux con-
sumption is reduced in line with the RMP strength. Furthermore,
plasma performance itself is maximized as a result of the RMP mini-
mization, as evidenced by the 60% increase in fi5 between the first
moment of ELM suppression and the last. Since ELM suppression was
temporarily lost in the long pulse, the adaptive lower bound was set
high, allowing for less minimization of the applied RMP current. As a
result, the gain in performance is not as impressive as in No. 26004.
However, the demonstration of sustained ELM suppression during
most of the discharge shows the potential of this approach.

Overall, the controller worked as intended. However, the ELM
detector suffered from a few false positive and false negative detections
of ELM suppression, causing the controller to behave sub-optimally.
Therefore, in the future work, the ELM detector should be replaced by
a more robust ELM detector that does not rely on calibration-specific
tuning. Furthermore, it is clear that the current controller design will
inevitably need to lose ELM suppression before it can find the mini-
mum required RMP current for ELM suppression. Since several of the
KSTAR real-time diagnostics seem to exhibit precursors to the loss of
ELM suppression, an ELM suppression-loss precursor-detector is
being developed. By using the information from the real-time precur-
sor detector, the controller might have sufficient time to adjust the 3D
fields before the ELM materializes, thereby still preventing the exces-
sive transient heat load to the divertor that would otherwise be caused
by a transient loss of ELM suppression.

scitation.org/journal/php

The phasing feedback control and full feedback control modes of
the controller have not yet been demonstrated in experiments and will
be the subject of future work. The controller will also be extended such
that it can be used within the so-called STD-N1K and MXD-CMB
patch panel setups, which will allow for rotating n=1 RMP fields as
well as n=2 spectra, respectively. By extending the capabilities of the
controller, we hope to determine the most effective way of achieving
and sustaining ELM suppression, as well as being able to serve more
physics experiments.

Even though the controller cannot yet be tested in true ITER con-
ditions, no insoluble complications are foreseen for the applicability of
a controller of this sort in an ITER-scale reactor. The deployment of
this type of controller is, in principle, not scenario specific. Instead, it
is crucial to have a plasma with an accessible ELM suppression win-
dow. In general, low gos and edge collisionality are observed to be
favorable for the existence of the ELM suppression window. So far,
projections for the ITER scenarios originate from model-based predic-
tions. So at least for the ITER-baseline scenarios (IBS), it seems like
that this controller could prove effective. For instance, the theoretical
and experimental studies by Hu et al.*’ and Fenstermacher et al.* pre-
dict the accessibility of ELM suppression in IBS. For other scenarios,
though, as long as the suppression window exists, the controller can,
in principle, be used. However, to gain more certainty about the appli-
cability in those scenarios, more predictive work is needed, which may
be outside of the scope of this work.

For a more in-depth publication on the physics insights gained
during the experiments with the feedback RMP ELM controller, the
reader is referred to Ref. 40.
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