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Abstract. 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. 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 internal coils for fast time response and
external feedback coils for slower time response, independent magnetic feedback control in low and high
frequency ranges allows us to explore the specific roles of EFC and direct feedback (DF) in active RWM control
in stable, marginal and unstable RWM regimes. For an unstable RWM at the edge safety factor gos~3, the
simultaneous operation of DF with the internal coils and dynamic (feedback-controlled) EFC with the 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. The gain dependence of the feedback-stabilized RWM differs from those of
stable and marginal RWMs. Recent experiments and modeling show that the gain increase at stable RWMs (at
qos5~5 or 6) leads to the coil current increase, while a marginal RWM (at gys~4) is insensitive to the feedback
gains. In contrast, according to an analytic cylindrical model, the EFC in the unstable RWM regime is predicted
to require high gain to approach the desired correction current. This is also consistent with numerical RWM
feedback modeling using the MARS-F code. It has been shown that a choice of an “under-relaxation” factor with
high feedback gain could achieve “fast-track” EFC, requiring far fewer iterations than the conventional EFC
method. Broadband magnetic feedback beyond a wall characteristic frequency r;,] enhanced the decay rates of
resonant magnetic perturbations induced by various bursty MHD events, helping to create and sustain high-
performance plasmas. The established methodology to determine the optimized EFC waveform with the
simultaneous use of feedback control of EFC and DF is applicable for various operational scenarios with
pressure beyond the no-wall ideal stability limit. In particular, it would be highly valuable when the onset of
unstable MHD is sensitive to the quality of EFC.

1. Introduction

It is observed that a seemingly insignificant non-axisymmetric vacuum field (often called
“error field”) is not only amplified (proportional to 3) in the presence of plasma, but also is
closely tied with resistive wall mode (RWM)' stability [1]. (Here, B is defined as a ratio of
plasma pressure to externally applied magnetic field pressure.) Although complete removal of
such non-axisymmetric fields is impractical (if not impossible), the reduction of its adverse
impact to the plasma is a prerequisite in order to achieve high-f3 plasmas in tokamaks.

Since the topology of the error field is overlapped with that of the RWM, the error field
correction is usually provided by the same magnetic feedback control systems that have been
developed for direct feedback stabilization on RWM in various toroidal devices (e.g. DIII-D,
NSTX). Nonetheless, the roles of error field correction (EFC) and direct feedback (DF)
stabilization on RWM in the magnetic feedback system are quite distinct; the EFC is to
minimize the lack of axisymmetry of external fields, while the DF stabilization on RWM is to

'"The RWM originates from an ideal external kink, whose growth is governed by the resistivity of the close-
fitting wall [2]. Since the RWM often imposes the limit of the achievable maximum plasma pressure, RWM
stabilization is essential for creating and sustaining high performance steady-state fusion plasmas.
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nullify the magnetic perturbation originating from unstable RWM [3]. Thus, a clear
distinction between EFC and DF can be made in terms of the bandwidth requirements, in that
the DF stabilization on RWM would require a broader bandwidth than the natural RWM
growth rate y, (~ ‘c:vl ), while the EFC remains near-static in low frequency below ‘c:vl [4].
Here T, is the characteristic time for magnetic perturbation to penetrate the resistive wall.

So far, the requirements for DF stabilization on RWM were clearly specified (for example in
[4]), but the EFC strategy is not so straightforward, since it should be developed differently in
consideration of various RWM regimes (stable, marginal, and unstable), as will be discussed
here. For example, while the conventional EFC method (bandwidth < 'c:vl) addresses error
field 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, but uncorrected resonant error field. Thus, in the unstable RWM regime, a pre-
programmed EFC waveform that has been developed in stable RWM regime might not be
valid, unless the additional subtleties necessary for RWM stabilization are taken into account.
As a result, the only practical method in the unstable RWM regime is to use EFC and DF
stabilization on RWM simultaneously, to make a feedback-stabilized RWM, and then to
extract the optimized EFC waveform. The optimized EFC gains should be greater than twice
the critical gain (G,,;) necessary for DF stabilization on RWM, as will be discussed later. The
optimized EFC waveform is predicted to be achievable much faster, when we take advantage
of an “under-relaxation” factor with high feedback gain. Although the feedback-controlled
EFC would be mostly targeted for resonant magnetic perturbations in low frequency below
‘c:vl, broadband magnetic feedback covering a range of frequency beyond T, enhances the
decay rates of resonant magnetic perturbations often induced by various bursty MHD events,
helping to create and sustain high-f plasmas. The details of each point will be addressed in
the following sections.
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In Sec.?2, the magnetic feedback control system in
DIII-D is briefly described. In Sec. 3, the results of the
simultaneous use of EFC and DF in unstable RWM
regime [i.e. RWM at gy~3, where g, is the edge (95%
normalized flux) safety factor] are presented. In
Sec. 4, the subtleties of the EFC in stable, marginal
and unstable RWM regimes are discussed based on
both experimental data and theoretical models. In
Sec. 5, a “fast-track” EFC strategy using ‘relaxation
factor’ is discussed, based on an iterative EFC model. N
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feedback application in high-f plasma is discussed.
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2. Magnetic Feedback Control System in DIII-D

Vacuum vessel

The DIII-D tokamak is uniquely equipped with
internal coils (“I-coils”) for fast time response and FIG. 1. Poloidal cross-section of
external feedback coils (“C-coils”) for slower time low-B (in black) and high- (in
response (limited by penetration through the vessel magenta) plasmas used for feedback-
wall) [5], along with various poloidal and radial controlled EFC and RWM stabiliza-
magnetic sensors, as schematically shown in Fig. 1.  fion study in DII-D. Shown are the
Thus, independent magnetic feedback control in low  “PP¢r single null (close to double-
and high frequency ranges in DIII-D allowed us to /) plasmas with magnetic sensors
explore the specific roles of EFC and DF in active (poloidal field probes and radial

. . . field loops) and coils [internal (I-
RWM feedback control in various RWM regimes. coils) and external (C-coils) to the

vacuum vessel].
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Typical plasma shapes of current-driven (in black) and pressure-driven (in magenta) RWM
studies in this paper are overlaid in Fig. 1, where high-f3 plasma has a pronounced outward
shift due to the Shafranov shift. Although the origin of the current-driven RWM in low-
B plasma differs from that of the pressure-driven RWM in high-f plasma, there should be
little or no difference in terms of the EFC strategy and DF stabilization on the RWM [4,6].
Unless otherwise specified in this paper, the magnetic sensors for feedback control are the
outboard midplane poloidal sensors, while the I-coils are the primary feedback coils.

3. Simultaneous Use of EFC and DF Stabilization on Unstable RWM

Previously, the simultaneous feedback control for EFC and DF stabilization on RWM using
both I-coils and C-coils was demonstrated in high-f3 plasmas in DIII-D [7,8]. However, since
the stability boundary of the RWM in these high-f§ plasmas was greatly influenced by strong
plasma rotation [9], as well as other kinetic effects (e.g. resonance with trapped fast ions
moving in precession frequency or bounce frequency [10]), it remains unanswered whether
active feedback control alone could have been sufficient in stabilizing the RWMs. In that
regard, the application of active magnetic feedback control on current-driven RWMs
convincingly demonstrated the effectiveness of the feedback algorithm, because neither
rotation nor kinetic effects are influential on the current-driven RWMs in low-3 ohmic

plasmas [4].
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Figure 2 shows the experimental results of F

the simultaneous operation of the EFC and 35 dys
DF using the internal and external coils. 3.0}
While the time evolution of the edge safety 251
factor g,s remains similar [Fig. 2(a)], in one 10 L 6B;'=1(G)
case an RWM at ¢, ~ 3 occurs near t= 5k
590 ms, terminating the discharge (black). In W
comparison, when the simultaneous opera- 2003
tion of the dynamic EFC and DF is optimized 500 E I A
(red), the RWM at gy5~ 3 has been feedback- 1900
stabilized. As a result, the necessary EFC 3¢
waveform in the unstable RWM regime, 0
which cannot be found easily without 1500 [ VSN 7
feedback, can now be determined based on 1000 C-coil
the low frequency EFC as shown in the red 500 ~OIgFC (A)
trace in Fig. 2(d). Hence, the simultaneous 9‘50 500 550 600 650
operation of DF with internal coils and
dynamic (feedback-controlled) EFC with
external coils enabled us not only to stabilize ~ FIG. 2. Simultaneous operation of feedback-
the unstable RWM but also to determine the ~ controlled EFC and DF on the unstable RWM
necessary EFC in the presence of a feedback- % qos~3 with optimized gains (in red) and with
stabilized RWM. Such simultaneous opera- lower gains (in black). Shown are the time
tion of dynamic EFC and DF could be the ;:ZZ;Z n.of (Z)e rfjfbea tsl.z]; eSZy £ crlth(Ztoijc’la(lb) ;zle:lil
only‘practical method (if not t,he only way) to probes, (c) internal feedback coil currents,
OR]%t\?ﬁ thff EFC waveform in the unstable 4,4 (d) external EFC coil currents.

regime.

(d)

Time (ms)

4. Subtlety of EFC in Stable, Marginal, and Unstable RWM Regimes

When the EFC is not sufficient, the DF, which originally aims at stabilizing an unstable
RWM, is reacting to the need to correct the residual EF. However, depending on the RWM
stability conditions (stable, marginal and unstable), the response of the magnetic feedback
system to the need of additional EFC would be remarkably diverse.
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Figure 3 shows the I-coil currents during a feedback gain scan with the pre-programmed (not
feedback-controlled) C-coil EFC. Hence, the I-coil currents contribute to both DF and an
additional EFC. It is clear from both experiment and modeling that the I-coil currents in the
presence of stable RWMs (at g,s~5 or 6) increase with gain, while the I-coil currents with a
marginal RWM (at g,s~4) are insensitive to the feedback gains [3]. But, according to a
prediction of a cylindrical model developed by Okabayashi-Pomphrey-Hatcher (OPH model
hereafter) [11], the EFC in

unstable RWM regime 7 <z (a) F 'dbacl'(-stabilize:i’RWM (YTy=1.0) g
requires high gain in order to 5 Qon ez 1000F Margial RWM" \ 1 B
approach the desired correc- 3| 92 R NG at-i g
tion current [a normalized = §-
value of 1.0 in Fig. 3(c)]. 1000:E E g
Thus, the gain dependence of ] ) g
the feedback-stabilized A y = 5
RWM is predicted to be quite i i8S g
different from those of stable 0 ’ g : 0.0 &
and marginal RWMs. The 350 450 550 0 100 200 300 (PCS gain)
. . Time (ms) e da g la gl iy
relationship  between EFC Normalized gain in a cylindrical model
and DF in various RWM 00 02 04 06 08

regimes 1S consistent with a FIG. 3. Stable, marginal and feedback-stabilized RWMs. Left:
more rigorous RWM feed-  time traces of (a) edge safety factor qos, and (b) internal
back modeling using the feedback coil (“I-coil”) currents at various gains (G,=40, 80,
MARS-F code [6]. 160 and 320 from the bottom respectively). In (c), the gain
dependency of the I-coil currents varies subject to the RWM
There are several important regimes, which is consistent with the predictions (dashed
points regarding the EFC in curves) of a cylindrical model [11].
various RWM regimes. First,
the feedback-controlled EFC is always underestimating the required coil current in stable
RWM regime, while overestimating it in unstable RWM regime. However, once the feedback
gain is large enough, the EFC coil current in both stable and unstable RWM regimes
converges to the desired coil current asymptotically. Second, the gain increase in the stable
RWM regime leads to the feedback coil current increase. Since many of the tokamak
operation scenarios belong to the stable RWM regime (unless unstable RWM regime is
explored), the gain increase is often accompanied by coil current increase, leading to the satu-
ration of the feedback-controlled coil currents. In a sense, a mere increase of gain without
considering hardware limits may be more detrimental than a tolerable level of EFC in the
operational point of view. Third, the gain increase in the unstable RWM regime is predicted
to lead to the coil current decrease. So, unless the feedback gain is large enough, the
overestimated EFC coil current is also likely to lead to the saturation of the coil current. Good
examples of the gain dependent EFC iteration at low and high gains in DIII-D can be found in
[12,13].

5. “Fast-track” EFC Strategy

While it is clear that the feedback-controlled EFC would require high gain in either the stable
or unstable RWM regime, a more practical question remains; how quickly can an ideal pre-
programmed EFC waveform be obtained? Usually, many experimentalists prefer to use a pre-
programmed EFC to exclude any possible influence of dynamic feedback action on their
objectives in plasma experiments. However, since repeating the same plasma discharge only
to find a proper EFC waveform is costly, it would be highly beneficial to minimize the
number of iterations, if possible. In fact, there is such a “fast-track” EFC strategy that may
allow us to reach the desired coil currents quickly, when an ‘under-relaxation’ factor is
introduced [14].



5 EXS/PS-07

To understand the iterative EFC procedure, it helps to start with the OPH model [11]. The
plasma (p), wall (w) and feedback coils (c¢) can be represented in lumped-circuit parameters as
follows;

Plasma: LetwOl, + MOl + Mpo(01c + Olpre +or) = 0 (1)
Wall: d[Myp01, + Lydlyy + Myo(81; + 0lpre +1or)]/dt+Ry Ol = 0 2)
Coil: 0l =-GoW 3)

with the plasma response defined as
SW= A(lexy + o +01) 4)

where L and M are self- and mutual-inductances among plasma, wall and coil denoted by the
subscripts of p, w, and c respectively, L.s characterizes the plasma with the RWM stability
condition as discussed in [11], A is the plasma amplification, 7, is the current equivalent to
unknown error field, 6/, is the pre-programmed coil current, 6/, is the feedback coil current,
and R, is the resistance of the wall [12]. Here the mutual inductances associated with /., and
01, with plasma and wall are assumed to be the same as those associated with d/.. Thus, the

feedback-controlled coil current in a closed-loop leads to
ol,=c(l,+9dl,) , 5)

pre.

where c= -1/(1/GA+ 1). As G, is the gain necessary to stabilize the unstable RWM, no more
eddy current (8/,=0) associated with the unstable RWM would flow on the resistive wall at
G=G_;. Thus, removing the term 8/, in Eq. (1) gives a relationship between 81, and 8/, so that

Sy = (Moo L) Ol e +e) ©

Assuming that the error field (/,,) has been fully corrected by the pre-programmed current
(01,.), the pure plasma response (8W=01,)to &/, at G=G, can be found in combination of

pre crit

Eqns (3) and (4). Thus, the critical gain G is ( Les/Mpc), which is the inverse of the plasma
amplification -1/A. Now, the parameter ¢ in Eq. (5) can be rewritten as c= 1/(G;/G-1), while

the unstable RWM is characterized by L., >0 (i.e. G;,>0). ”

crit*

crit

Suppose that a choice of gain is fixed and that the superscript for each quantity based on
Eq. (5) denotes the number of iteration, no iteration leads to 0/ (92: =0, 6I£0) =clor- Then,
the )pre—pro rammed current at the Ist iteration 611()2 is determined by éléo), so that
SISl = 6Ié0 =clo, , while the feedback coil current at the 1st iteration leads to
é‘)IP?[§=c(Ier t+clo)=clg (1+c). At the 2nd iteration, the E)Il()%()3 will be the sum of
65%% and 81", so that dIfr) =8I + 615”2: Clogy +C lpp(1+¢) = C Iy {14+(1+¢)}, while
8 = c [l + cl, {I+(1+c)}] = c I, (I+c)". Similarly, at the n-th iteration, as long as |1+

cl <1 is satisfied, the pre-programmed coil current E)Il(;rle converges to

n-1 . n-1 . _ n
I =3 81 = clore| S (14¢) | = clgy I=d+o” [1 —(+ c)”] . 7)
i=0 i=0 1-(1+¢)
and 8 leads to
SIM™ = Iy (14+0)™ . )

It is important to notice that the convergence criterion for pre-programmed coil current
requires

|1+c|<1 . 9
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FIG. 4. Pre programmed EFC coil currents Ol,, and feedback coil currents Ol,
normalized to error field 1,,, vs no. of iterations at various relaxation factors in model. In
(a) and (b), a low gain (G/G,,=3) is considered, while in (c) and (d), a high gain
(G/G.,,=10) is under consideration. The dashed lines in (a) and (c) are the target area
within £5% uncertainty, while those with 6I. = 0 in (b) and (d) are the ideal targets.

This leads to -2 < ¢ < 0. So, G/G
since G

i > 2, since ¢ = 1/(G_;/G-1). In the unstable regime (L >0),
>0, G is required to satisfy

G>2Gyi - (10)

As the EFC logic is always set to be in negative feedback as defined in Eq. (3), this suggests
the feedback-controlled EFC gain should be larger than 2G,

crit*

To improve the convergence of the solution further, a relaxation factor a can be introduced
(See e.g. Ref. [14]). Specifically, the pre-programmed current 06/ F(,rel) at (i+1)-th iteration can
be adjusted w1th a relaxation factor a, (O<a<?2) as follows;

| . . . . .
SIS = 810 + a[éI(TliRGET - 61&)6] = 815, + adIy) (11)

where 879 is the total current found at i-th iteration (=91, @ +819). Similarly to the
steps shovigﬁRaqggve at the n-th iteration, as long as 11+ acl < 1 is satlsfled the pre-programmed
coil current 8/}, converges to

pre
n-1 . _ n
MW = aclyy| 3 (1+ ac)’} = acly,, 11(11& -1, [1 —(1+ ac)n] (12)
i=0 - ( + aC)
and 8 leads to
SI™ = el (14 ac)™ . (13)

Now, the convergence condition becomes I1+acl < 1, instead of |1+ ¢l < 1. The convergence
condition can be simplified to

G>Gai[2/2-a)] . (14)

Thus, when a=1, the convergence condition in Eq. (10) is recovered. The use of under-
relaxation (0 < a < 1) leads to convergence improvement, while that of over-relaxation (1 < a
< 2) can result in speedy convergence [14]. Thus, depending on the choice of relaxation
factor, the convergence criterion of Eq. (10) can be also relaxed in the neighborhood of 2G,
resulting in different EFC gain constraints.

crit?
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Figure 4 shows the pre-programmed EFC coil current 8/ (Irlg and feedback coil current 61((:11)
normalized with the desired EF I, with various relaxation factors at low (G/G_;,=3) and high
(G/G,,=10) gain cases, based on Eqns (12) and (13). Assuming that the EFC within +5%
uncertainty is satisfactory [as dashed lines in Fig. 4(a,c)], the number of iterations at high gain
[Fig. 4(c)] is substantially reduced in comparison with that at low gain [shown in Fig. 4(a)].
For example, based on the conventional EFC (a=1), at least 5 iterations are required at the
low gain (G/G_;=3), while 2 iterations are sufficient at the high gain (G/G_;=10). However, if
a decent range of “under-relaxation” factors [e.g. 0.6—0.8] are used at the low gain (G/G,;=3),
the required number of iterations is no more than 2 iterations. Moreover, at the high gain
(G/G;=10), a good choice of “under-relaxation” factor [e.g. a=0.9 in Fig. 4(c,d)] is selected,
only one iteration would be sufficient. Although an ‘over-relaxation’ factor can also reduce
the number of iterations at high gain [e.g. a=1.1 in Fig. 4(c,d)], there could be a convergence
issue in particular at low gain [e.g. a=1.1 in Fig. 4(a,b)]. Therefore, a prudent choice of
“under-relaxation” factor with high feedback gain would help us reach “fast-track” EFC,
which requires far fewer iterations than the conventional (a=1) iteration scheme.

6. Broadband Magnetic Feedback in High-3 Plasmas

In DIII-D, it is routine to provide high-quality EFC to minimize the resonant n=1 components.
While the understanding of the EFC and DF in various RWM regimes is being enhanced
using low-f3 plasmas, the ultimate application of this study lies in the support of high-§
plasmas that could exceed the no-wall stability limit, while robustly suppressing pressure-
driven RWMs. Figure 5 shows a comparison of such high-f (5 > 3) plasmas with: 1) loss of
EFC (black, 142346 from t ~ 3500 ms), ii) conventional EFC with low frequency feedback
(bandwidth <'cW ) (red, 141583), and iii) broadband (bandwidth >> Ty, ) magnetic feedback
(magenta, 142347), whose typical plasma shape was already compared with that of low-f3
plasma in Fig. 1. When no feedback (in black) was provided (because of the power supply trip
near t ~ 3500 ms), the baseline of the resonant n=1 components SB™~! was elevated to ~10 G
as shown in Fig. 5(c). [Despite the loss of EFC (in black, Fig.5), the high-f3 discharge
survived likely due to strong plasma rotation, which was reduced somewhat but might have
been high enough to prevent the resonant fields from seeding magnetic islands inside the

4 a
3 @W Comparison of Average FFT of BB';‘=1
[‘))N T
9 1.0
400F d(By,)/dt(T/s) (b);
Oéml. |..L1 Illu,l Lok l.;l % g
400 S
= I | 142346 t = (3650,3750) ms
"% E: (Loss of EFC)
S | 141583 t = (2540, 2550) ms
g | (Low frequency, EFC)
£ | 1423471t = (3650, 3750) ms
(Broadband feedback)
1 g
. 01F  (27T,) . (2n‘cp) *
3400 3500 3600 3700 3800 0.01 0.10 1.00
2200 2300 2400 2500 2600 Frequency (kHz)

Time (ms)

FIG. 5. Bandwidth-dependent magnetic feedback in high-f3 plasmas. Shown on the left
are the time traces of (a) normalized-f3, By, (b) poloidal Mirnov, (c) n=1 magnetic
perturbation, and (d) I-coil feedback cozl currents, while shown on the right is (e) the
comparison of averaged FFT of 6B, "' marked in the shaded time period of (c) with
fishbones. It is to be noted that the dlscharge 141583 (in red) is in different time base,
while the other discharges, 142346 (in black) and 142347 (in magenta), are
synchronized with the same time bases.
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plasma ] Had there been a feedback-controlled EFC current of ~1.5 kA as drawn in the dashed
line in Fig. S(d) the elevated baseline of the resonant components could have vanished. In
fact, the 6[13_001 for the other two discharges (with low-frequency EFC and broadband
magnetic feedback) in Fig. 5(d) show the additional EFC only, where the pre-programmed
current of ~1.5 kA was being delivered to remove the “near-static” error field that might have
been the same level as shown in the case of the loss of EFC.

Since the primary purpose of EFC is to minimize any non-axisymmetric EF, the EFC-quality
can be evaluated based on the performance of how effectively the n=1 resonant components,
including uncorrected resonant EF, are eliminated or mitigated. For example, the fishbone-
instabilities [as distinctively characterized in the shaded region of Fig. 5(b)] comprise n=1
resonant components in a wide range of frequency, which is much higher than <, . A
comparison of the fast-Fourier-transformation (fft)-based mode spectra of SB™~! shows the
performance of the bandwidth-dependent magnetic feedback at least qualitatively, though a
rigorous quantitative comparison in terms of bandwidth should be made with the growth and
decay rates of each burst. While the low frequency EFC (red) substantially reduces the level
of 8B"~', broadband magnetic feedback (magenta) shows much lower level of 8By~
within the bandwidth [marked with an arrow at (2n'cp) , where T, is the feedback time
constant which imposes the bandwidth of feedback system], suggesting that the duration of
the n=1 resonant components (e.g. driven by fishbones) would be reduced significantly due to
broadband magnetic feedback. [As a note, the time constant t, of low frequency EFC (not
broadband magnetic feedback) is much longer than ty, so that (2n'cp) which resides out of
the range of the horizontal axis of Fig. 5 (e), is not shown. Also, the onsets of the fishbones
were not affected by the broadband magnetic feedback.] Overall, when EFC quality is critical
at high-p plasma due to a threat of neoclassical tearing modes and RWMs, broadband
magnetic feedback would be an effective tool in enhancing the decay rates of the resonant
components driven by various bursty MHD events, as well as in providing the necessary EFC
and DF on RWM.

This work was supported in part by the US Department of Energy under DE-FGO02-
06ER84442, DE-FC02-04ER54698, DE-AC02-09CH11466, and DE-FG02-89ER53297. We
gratefully acknowledge all the DIII-D Team members for their successful operations of the
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