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Y.Inetal. Error Field Correction in Unstable Resistive Wall Mode (RWM) Regime

The simultaneous use of feedback control for error field correction (EFC) and stabilization of
an unstable resistive wall mode (RWM) has been demonstrated in DIII-D. The RWMs that are
otherwise unstable at integer edge safety factors during an inductive current ramp are used to
clarify the specific roles of EFC and direct feedback (DF) [1]. Stabilization of the RWM is
essential for creating and sustaining high performance fusion plasmas [2,3]. The simultaneous
operation of DF with internal coils and dynamic (feedback-controlled) EFC with external coils
enabled us not only to stabilize the unstable RWM but also to determine the necessary EFC in
the presence of a feedback-stabilized RWM.

While the conventional EFC method addresses error fields in a pre-programmed manner, it is
challenged when an unstable RWM becomes dominant, because a weakly stable or feedback-
stabilized RWM becomes extremely sensitive to any small, uncorrected resonant error field.
Since the DIII-D tokamak is uniquely equipped with the internal coils (“I-coils”) for fast time
response and the external feedback coils (“C-coils”) for slower time response (due to penetration
through the vessel wall) [4], independent magnetic feedback control in low and high frequency
ranges allows the specific roles of EFC and DF in active RWM feedback control in stable,
marginal and unstable RWM regimes.
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RWM is different from those of stable and marginal Time (ms)

RWMs. In particular, when the EFC is not suffi- Fig. 1. Simultaneous operation of feedback-

cient, the DF is reacting to the need to correct the
residual EF, often leading to the saturation of the
DF coil currents, followed by the loss of RWM
control. Figure 2 shows the I-coil currents during a
feedback gain scan with the pre-programmed (not

controlled EFC and DF on the unstable RWM at
qos ~3 with optimized gains (in red) and with lower
gains (in black). Shown are the time traces of (a)
edge safety factor gos, (b) n=1 magnetic perturba-
tions on poloidal field probes, (c) internal feedback
coil currents, and (d) external EFC coil currents.

feedback-controlled) C-coil EFC. The I-coil currents contribute to both DF and an additional
EFC. It is clear from both experiment and modeling that stable RWMs (at g9s ~ 5 or 6) do not
require high gains, while a marginal RWM (at g9s ~ 4) is insensitive to the feedback gains [1].
But, according to a prediction of a cylindrical model [5], the EFC in the unstable RWM regime
requires high gain in order to approach the desired correction current [a normalized value of 1.0
in Fig. 2 (¢)]. The relationship between EFC and DF is consistent with an on-going RWM
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feedback modeling using the MARS
code [6]. A high frequency feedback
control (DF), comparable to wall
characteristic frequency <!, is ne-
cessary for RWM stabilization and
cannot be replaced by EFC, which
varies in low frequency range much
lower than <! [1]. Here, Ty is the
wall characteristic time (2—5 ms in
DIII-D).

The DF bandwidth requirement
necessary for RWM feedback con-
trol is consistent with a theoretical
prediction that the bandwidth should
be greater than the natural (no feed-
back) growth rate T, of the un-
stable mode [7]. Figure 3 shows the
results of the system response time

while the C-coil EFC is pre-programmed (not
feedback-controlled). The natural mode growth
time T, is 3—4 ms, comparable to t,. When
T,>Tg (in blue and green), the feedback system
failed to suppress the mode. In contrast, when
Tp<Ty, the RWM was stabilized (in black and
red) [8]. The established methodology to deter-
mine the optimized EFC waveform with the
simultaneous use of feedback control of EFC

Error Field Correction in Unstable Resistive Wall Mode (RWM) Regime

7 .\ (a) k Fuédbacl'(-stab'ilifed'RWM (yry,=1.0) g

S q .\. 1(,]1)\0 Marginal RV\:M BT é

3 95 = A (rty,=0.05) Q=3 - g

KRR ] ELETTPn B 1.0 &

1000 - SILe0(A) 121 Stable RWM (yr,=-04), . .-od=1 &

Qn = | E

oA \ § - /. e \ 5

OW 12 ':, ¢°  Stable RlWM (Yr“-‘06) (c) a
350 450 550 0 100 200 300 (PCS galn)

Time (ms) ool e g gl L1l

Normalized gain in a cylindrical model
0.0 0.2 04 0.6 08

Fig. 2. Stable, marginal and feedback-stabilized RWMs. Left: time
traces of (a) edge safety factor g¢s, and (b) internal feedback coil
(“I-coil”) currents at various gains (G, = 40, 80, 160 and 320 from the
bottom respectively). In (c), the gain dependency of the I-coil
currents varies subject to the RWM regimes, which is consistent with
the predictions (dashed curves) of a cylindrical model [5].
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and DF is applicable for various operational Fig. 3. Bandwidth dependency during the RWM
scenarios with pressure beyond the no-wall feedback controlata fixed gain, Gy, ~ 320.
ideal stability limit. In particular, it is a promising approach when the onset of unstable MHD is

sensitive to the quality of EFC.
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