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Introduction

A set of in-vessel saddle coils has been developed for ASDEX Upgrade [1, 2] that is intended
for ELM suppression, locked-mode avoidance for disruption control and feed-back Resistive
Wall Mode (RWM) control [3, 4]. In conjunction with a realistic 3D copper wall structure
(thickness: 5 mm), unstable RWM growth rates up to 84.2 s−1 are predicted [5] for a real-
istic plasma scenario with normalised plasma betaβN = 2.62. However, depending onβN

and plasma wall distance, the RWM growth rate can vary significantly. The RWM can be
stabilised if an external field is produced (by the non-axisymmetric saddle coils as actuators)
that compensates the RWM perturbation field. It is useful to combine magnetic sensor sig-
nals to form a controller input signal representative of a one or more unstable modes (“mode
control”) which can be controlled simultaneously. The various components of the active feed-
back loop, sensors, controller, power amplifier, actuator coils, all have frequency dependent
gain and phase delays. Other parameters, such as controller gain and maximum tolerable
dead time, can be specified for optimum closed loop performance. In this contribution, we
consider optimum loop parameters of the planned RWM control system for ASDEX Upgrade
that maximise the range of RWM growth rates that can be stabilised.

Control loop model

A simple scalar model is used to describe independent unstable plasma modes and an individ-
ual control loop for each mode. For a linear instability, the reaction of the plasma perturbation
field Bk(t) (time domain) orBk(s) (Laplace space) to an external field associated with an
eigenmodek may be written as [6]

Ḃk(t)−γk ·

[

Bk(t)+
1

γkτk
Bext

k (t)

]

= 0, or Gk ≡
Bk(s)

Bext
k (s)

=
γk

s−γk
·

1
γkτk

(1)

wheres is the complex Laplace coordinate,γk is the growth rate of the resistive wall mode
instability (kth eigenmode),Bext

k is the amplitude component corresponding to modek of
the field produced by external control coils,τk is the decay time constant for the current
distribution associated with modek in the resistive wall, andGk is the plasma transfer func-
tion for this mode. Without specifying the wall geometry and without calculatingγkτk for
each individual plasma configuration, we assumeγkτk = 1, noting that it enters only as a
frequency-independent factor in the loop gain which can be accounted fora posteriori. A
magnetic sensor signalUk = nsAs

R

Ḃkdt = nsAsBk is formed as the time-integrated voltage
induced in one sensor coil winding (cross sectionAs, ns turns; here:A = 1 cm2, ns = 1000)
or, in practice, as a suitable linear combination of signals of spatially distributed sensors to
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Figure 1: Bode plot of the coils response as calcu-
lated in Ref.[2] with finite elements (dashed curve)
and rational polynomial fit (solid curve).
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Figure 2: Schematic of the RWM
control loop.

suppress false modes’ contributions.Uk may be complex to reflect the spatial orientation of a
mode, however only the amplitude is considered here as the sensor input to the controller. The
controller requests the coil current, or best fitting coil current combinationIk, to produce the
external fieldBext

k necessary to stabilise the mode. In general, the amplifier and coils response
is frequency dependent with two main effects playing a role: (a) the attenuation and phase
shift of the produced fieldBext

k due to image currents in conducting structures surrounding the
control coils, (b) a time delay (“dead time”) introduced by digital data transfer, the computing
time of the controller, and the modulation scheme of a switched power amplifier. The mag-
netic field produced by the ASDEX Upgrade upper and lower in-vessel coils is assessed by
finite-element calculations [2]. We concentrate on the upper (“Bu”) coils that have the slowest
response (worst case) and fit a rational polynomial to assess the normal field amplitude per
unit current:

Gcoils =
Bext

k

Ik
=

0.0102975+8.686794·10−4s+4.6592·10−6s2 +2.727·10−11s3

1.0647639+0.1783119s+0.0016405s2 +8.978·10−8s3 T/kA

(2)
A Bode plot of this function, compared to the original FEM data, is shown in Fig. 1.

For proportional control, the amplifier (gainKamp, dead timeTd) is described as:

Gamp=
Ik
Uk

= Kamp e−Td·s ≈ Kamp

(

1+
Td ·s

n

)−n

; n = 8 (3)

The complete model of the control loop is depicted as a schematic diagram in Fig. 2.

Open loop response

The open loop response (magnitude and phase) is shown in the Bode plots Figs. 3 and 4
for a slow unstable RWM (γk = 84.2 s−1 as in Ref. [5], gainKamp= 3.55·106 A/Vs) and a
hypothetical fast growing mode (γk = 3000 s−1, Kamp= 3.76·106 A/Vs), respectively. The
dead time is varied betweenTd = 10µs and 100 ms and the gain is chosen for maximum dead
time in a stable loop. This maximum dead time isTd ≤ 5.6 ms for the slow andTd ≤ 0.2 ms
for the fast mode; however, for these marginal cases the phase margin (phase value above
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Figure 3: Bode plot (open loop gain mag-
nitude and phase) forγ = 84.2 s−1 (Kamp =
3.55·106 A/Vs).
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Figure 4: Bode plot (open loop gain magni-
tude and phase) forγ = 3000 s−1 (Kamp =
3.76·106 A/Vs).

-180 degrees at unity gain) vanishes. With a somewhat reduced dead time,Td = 1 ms for the
slow RWM andTd = 10 µs for the fast RWM, a phase margin of about 20◦ can be recovered
in both cases. Up tof = 200 Hz, the phase lag introduced by the control coils decreases with
frequency (Fig. 1). Therefore, for fixed growth rate, a larger phase margin is obtained by
increasing the amplifier gain, provided the dead time is kept sufficiently small. WithTd =
10 µs, the maximum phase margin is 80◦ (slow RWM, transit frequencyfT = 300 Hz,Kamp

increased×20), and 42◦ (fast RWM, fT = 1.2 kHz,Kamp increased×3).

Stable closed loop operation range

A more comprehensive picture of the stable operation range is given by the minimum and
maximum values ofKamp as a function of the variable parametersγk and Td (Fig. 5). In
addition, the “optimum gain” (gain for minimum closed loop growth rate) is indicated. Fig. 6
shows the closed loop damping rate (stable loop) or growth rate (unstable loop) for optimum
gain. The damping rate at optimum gain depends only weakly onγk or Td for a stable loop.
Stabilisation of the highest accessibleγk requires gain values aroundKamp≈ 4×106 A/Vs,
almost independently of the dead time, however, the accessible values ofγk depend strongly
on Td. At high γk, the optimum gain is close to the minimum gain and the phase margin
remains small. Therefore, it is useful to increase the gain, even at the cost of a slight reduction
of the maximumγk that can be stabilised.
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Figure 5: Stable range (minimum and max-
imum) of amplifier gainKamp and optimum
gain for varying RWM growth rateγk and
various values of dead timeTd.
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Figure 6: Closed loop growth rate (solid
lines, stable loop) or damping rate (dashed
lines, unstable loop) for optimum gain as
shown in Fig. 5.

Conclusions

A simple scalar model of the control loop planned for ASDEX Upgrade shows that a pro-
portional controller is sufficient to stabilise the RWM. Furthermore, with fixed controller
gain (control coil current vs. sensor flux) a wide range of RWM growth rates is covered,
a convenient feature for practical operations. With realistic loop parameters, total delay time
Td = 0.1 ms, and controller gainKamp= 2×107 A/Vs ×γkτk, RWMs withγk ≤ 3000 s−1 can
be stabilised. Thisγk range is much larger than needed for the case of Ref. [5] and provides
flexibility for variations ofβN and the plasma-wall distance. However it is important to note
that a sufficiently short dead time of the control loop is crucial to maintain the favourable
phase response of the control coils. In the present study the frequency response of the sensor
coils is neglected. In the mode control scheme, there is some flexibility to mount sensors at
a distance from passive structures, and oriented to measure the field component tangential to
the conductor surfaces to minimise the phase lag introduced by eddy currents. If all sensors
behave similarly, treatment of their common transfer function is straightforward.
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