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ABSTRACT

A proof of principle magnetic feedback stabilization experiment has been carried out to
suppress the resistive wall mode (RWM), a branch of the ideal magnetohydrodynamic (MHD)
kink mode under the influence of a stabilizing resistive wall, on the DIII-D tokamak device
[Plasma Phys. and Contr. Fusion Research (International Atomic Energy Agency, Vienna, 1986),
p. 159]. The RWM was successfully suppressed and the high beta duration above the no wall
limit was extended to more than 50 times the resistive wall flux diffusion time. It was observed
that the mode structure was well preserved during the time of the feedback application. Several
lumped parameter formulations were used to study the feedback process. The observed feedback
characteristics are in good qualitative agreement with the analysis. These results provide
encouragement to future efforts towards optimizing the RWM feedback methodology in parallel
to what has been successfully developed for the n = 0 vertical positional control. Newly
developed MHD codes have been extremely useful in guiding the experiments and in providing
possible paths for the next step.
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I.  INTRODUCTION

From the beginning of fusion research, ideal magnetohydrodynamic (MHD) instabilities have
been considered to be one of the most dangerous instabilities preventing achievement of high-
performance plasma configurations. Within the last decade, various experiments have consistently
indicated that the ideal MHD kink instability plays a significant role in the operational limits of
Reversed Field Pinches (RFP), Spheromaks, Field Reversed Configurations (FRC), and
Tokamaks.1–3 With the achievement of the high-pressure collisionless regime in tokamaks, and
with the significant improvement in MHD diagnostics, understanding of the ideal kink instability
has greatly advanced and matured. Stabilization of the plasma to the ideal MHD instabilities
predicted from the linear ideal MHD theory has become one of the prerequisites of fusion
devices.

Ideal MHD theory predicts that a nearby perfectly conducting wall would allow tokamak
operation with extremely high beta plasmas:  for example, for the DIII-D tokamak, the theory
predicts normalized beta values, βN = β/(I/aB) ≈ 5–6 (%-T-m/MA). These high βN values are
fundamental to the advanced tokamak concept.4 However, due to the finite resistivity of the first
wall, these high βN values can only be sustained for a short period of time before a sub-branch
the resistive wall mode (RWM) is excited. The characteristics of this RWM are such that it has a
real frequency and growth rate comparable to τw

−1 . Here, wτ  is the resistive flux penetration time
of the wall,5 typically about 5 ms in DIII-D. Experimentally, the RWM has been observed in
several tokamaks: DIII–D,6 Princeton Beta Experiment Modified (PBXM),7 and High Beta
Tokamak-Extended Pulse (HBT-EP).8 Therefore, stabilization of a high β tokamak plasma
against the RWM is one of the most urgent topics in fusion research.

In the DIII–D device, the RWM was first discovered in discharges during the exploration of
high β regimes.6,9 In the pre-RWM phase of these discharges, a high β condition was first
sustained transiently. The β value in this phase was approximately 30% higher than the predicted
beta limit given by ideal MHD stability calculations with the assumption of no conducting wall.
A detailed examination of the dynamic evolution of the plasma revealed that when βN

approaches βN.no-wall, the amplitude of the RWM increases slowly, (with growth rate γ << 1/τw)
in conjunction with a slow decrease of the toroidal plasma rotation, leading to β collapse.9,10 The
slowing down of the plasma has been conjectured as the event leading to the growth of the
RWM. This observation led to a series of experimental studies of the angular momentum inputs
to the plasma. These include the torque exerted by the saturated RWM, momentum input from
the neutral beam, and the drag due to small uncompensated error fields.11–13 The observations of
the initial small RWM growth with low amplitudes followed by the sudden transition to a fast
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growth phase was qualitatively consistent with a hypothesis of the torque balance scenario
proposed by Gimblett and Hastie.14 Since even a small amplitude RWM could cause the plasma
to slow down and this in turn allows the RWM to grow to large amplitude and leads to β
collapse, a mechanism to stabilize the RWM without relying solely on plasma rotation is needed.

We report here on a proof-of-principle experiment that was conducted for the stabilization of
RWM using magnetic field feedback control. Our objective is the demonstration of the technical
ability to control the RWM with an active magnetic feedback system which makes the resistive
wall and sensor combination act like a perfect conducting wall. The key to the possibility of this
method of stabilization is the recognition that the growth rate and rotation frequency of the
resistive wall mode have been lowered by the resistive wall to the inverse of the resistive flux
diffusion time scale

Experimentally, the parametric dependence of feedback stabilization has been examined
using discharges with a rapid plasma current ramp. Utilizing feedback, the duration of the high
βN period was increased to at least 50 times τw. Experimental results also indicate that during
feedback the internal and external poloidal mode structures are well preserved, supporting the
rigid displacement assumption used in the various RWM simulation models. In this work, we
summarize several proposed lumped parameter formulations15–18 for the RWM. Partial
motivation for this approach is prior success with lumped parameter model in design of the n = 0
vertical positional control.19 Predictions from these models were used to compare the major
parametric dependencies of the feedback logic with the experimental results. We found that these
lumped parameter formulations, despite their lack of detail, were able to qualitatively explain the
major parametric variations in the experimental observations. On the other hand, we also present
more rigorous aspects of the simulation:  theoretical prediction of the mode structure and mode
rigidity derived from a newly developed VACUUM+GATO code.20,21  Furthermore, more
detailed issues of RWM feedback stabilization and future plans are presented via VALEN code
predictions.22
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II.  BACKGROUND OF
RWM FEEDBACK STABILIZATION

In the 1990s research on high β tokamak plasmas was centered on the achievable β value in a
steady-state reactor grade plasma. The relevant β value is one for which the plasma is not only
ideal MHD stable with an ideal external wall but also stable when the resistivity of the external
wall is taken into account — stable to the RWM. Major advances in this area were first obtained
by Bondeson and Ward.23,24 They discovered the possible existence of a completely stabilized
tokamak operation regime for the RWM. The salient feature of this operation regime is
characterized by the necessity of plasma rotation. According to their analysis, the resistive wall
should be located in a stable zone just inside the limiting radius for the ideal kink but not too
close to the plasma surface to avoid strong interaction with the plasma. Increasing the plasma
toroidal rotation as shown in Fig. 1 can broaden the stable zone. The stabilization mechanism is
momentum imparted to the RWM through the
perturbed plasma viscosity. Increasing the
plasma rotation will eventually impart enough
momentum to the RWM to dislodge it from
the resistive wall. The required rotation veloc-
ity for stabilization is moderate, a few percent
of the Alfvén velocity on integer q (in particu-
lar, q = 2, 3) surfaces where the mode ampli-
tude is expected to be large. The correspond-
ing critical rotation frequency for present
devices is up to the range of a few tens of
kilohertz, which is achievable with the neutral
beam power typically available. However,
extrapolating from these analyses, the required
rotation may be too high for reactor devices
and to adopt rotation as the main RWM sta-
bilizing mechanism requires the introduction
of new techniques for angular momentum
input. Nonetheless, this discovery has revital-
ized the effort for stabilization of global low-n
kink modes and also pointed out an important
issue of RWM physics. That is the
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Fig. 1.  The characteristics of resistive wall mode
proposed by Bondeson and Ward:23,24 growth rate and
real frequency vs. wall location. The external kink
mode is converted into a RWM when the wall is located
within the ideal MHD limit radius, rc. Ω is the plasma
rotation and rΩ is the critical radius for the stable zone.
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maintenance of plasma rotation through the balance of the momentum input by the neutral beam,
the torque exerted by the RWM mode and the natural loss of angular momentum through
transport. Gimblett and Hastie subsequently provided insight into the non-linear process of
RWM evolution with a self-consistent torque balance model.14

In DIII-D, the predicted existence of this stable regime for the RWM in neutral beam injec-
tion (NBI) heated discharges has been investigated. The NBI angular momentum input is varied
by varying the beam energy while holding the total NBI input power constant — hence maintain-
ing the plasma pressure. (The plasma rotation was increased up to 30%–40% near q = 2.) In spite
of the faster plasma rotation in the early phase of the discharge, later a delayed onset of the
RWM invariably took place and the mode grows coincident with the gradual decrease of the
plasma rotation velocity. Although the discharge duration was somewhat prolonged in compari-
son to the lower rotation case, RWM growth occurred when the plasma rotation decreased below
the same critical value. The delay of the RWM onset with higher momentum input is certainly a
promising observation. However, further delay of the RWM onset requires the increase of angu-
lar momentum input, which in turn will require more NBI power. This indicates that relying on
higher plasma rotation alone without providing a means for maintaining this rotation may not be
a viable path for RWM stabilization. Instead, rotation should be complemented with other sta-
bilization schemes, such as magnetic feedback.

In should be pointed out that the feasibility of an alternative path for RWM stabilization was
hidden in Bondeson’s original study. Even if the stability window were not entered, a large
parameter space exists in which the structure of the RWM is found to slip through the plasma
and rotate with respect to the resistive wall with a time constant τw. The mode growth time is
also in the τw range. This RWM, at this extremely low characteristic frequency, makes the
approach of magnetic feedback a practical possibility. Bishop, Fitzpatrick and Jensen25–27 have
examined magnetic feedback approaches and suggested that magnetic feedback stabilization can
be sufficiently effective and economically attractive even in reactor configurations. Since the
RWM feedback stabilization coils are located relatively close to the vacuum wall, within
20%–30% of the plasma minor radius away from the wall, the power required to compensate for
the flux loss is rather modest. Furthermore, these coils and power supplies can be utilized for
other functions like error field correction and vertical positional control. In fact, on DIII-D the
same set of coils and power supply are utilized for both RWM control and field error correction.

An analogy can be drawn between the feedback stabilization of the n = 1 RWM and the n = 0
vertical position instability. We note that in order to control the n = 0 vertical position in non-
circular current carrying toroidal devices, a repertoire of experimental methodology has been
successfully developed with many years of experience. Both the n = 0 vertical position control
and n = 1 RWM feedback systems try to use active feedback coils to compensate for the resistive
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flux loss caused by the deviation of the plasma equilibrium from the desired configuration. The
difference is: the vertical positional feedback system replenishes the lost axisymmetric flux and
the RWM feedback system replenishes the lost helical flux. Development of the vertical posi-
tional instability results in a sequence of axisymmetric vertically displaced equilibria.
Development of the RWM results in a series of instantaneous helical equilibria with an additional
helical field. The key to this analogy is that the time scale of the RWM instability evolution is
similar to the resistive flux loss time, which is much longer than the Alfvénic MHD time scale.

However, one major difference is that for the n = 0 instability, the energy source for the
instability always exists. It originates from the magnetic field curvature determined from the
external vertical and shaping fields, fixed in time and space and in the lowest order does not
depend sensitively on the plasma parameters. On the other hand, the principal energy source of
the RWM instability originates from the plasma current and pressure profile. It is internally
driven so that it is less easy to have an exact knowledge of the instability onset. Furthermore,
being helical, the pattern of the RWM can be rotated to take up different phase angles in the
toroidal direction. This adds another parameter to determine the state of the plasma and is an
extra complication. Nonetheless, we found that feedback control of the RWM can be discussed
in a frame work similar to what we use for the control of the n = 0 mode, provided that the mode
structure can be assumed preserved during feedback and only its amplitude evolves in time.
Specifically, an effective self-inductance can be introduced to represent the mode excitation
energy source that gives rise to the “virtual” helical skin current. The helical skin current serves
as an interface between the inside bulk plasma mode structure and the outside magnetic
parameters which are readily measured. We found that the discussion of the feedback
stabilization of the RWM is greatly facilitated through this analogy with the formulation used in
the control of the n = 0 mode and through the accumulated intuition developed for control of the
n = 0 mode.
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III.  THE LUMPED PARAMETER
FEEDBACK CIRCUIT EQUATIONS

There have been several formulations of the resistive wall mode dynamics and its
applications utilizing the lumped parameter approach.15-18 For instance, this approach has been
used to optimize the feedback logic and to optimize the arrangement of sensors suitable for
feedback stabilization of the RWM. The basic parametric dependencies can all be included and
displayed in an effective manner within this model. Except for the definition of the plasma
response, references 15 and 16 are identical in the cylindrical model limit. Both use the helical
skin current response on the plasma surface (Skin Current Model). The concept of Ref. 15 has
been further extended to a full, two-dimensional MHD model coupling with the VALEN code.22

Liu and Bondeson28 use Pade approximation to cast stability results from the MARS code into
the lumped parameter model, making it possible to study the continuous variation of the stability
characteristics of the feedback circuit. For experimental analysis in the present work, the
formulations from the Jensen/Garofalo18 model and the Skin Current model16 are used.

First, the formulation of Ref. 16 is used to identify the major issues of the RWM feedback
system. A lumped parameter model with a thin resistive wall approximation is given by:

LeffIp + MpwIw + MpcIc = 0   , (1)

Mwp dIp/dt + Lw dIw/dt + Mwc dIc/dt + Rw Iw = 0   , (2)

Ψo = Mop Ip + Mow Iw + Moc Ic   , (3)

Y = f(Ψo)   , (4)

Ic = –(G/Moc) Y (for negative feedback, G > 0)   , (5)

where suffixes, p, w, c, o correspond to plasma, passive wall, active coil and observation sensor
respectively. The Mij are mutual inductances between these elements. Ip, Iw and Ic correspond to
the plasma skin current, the passive wall eddy current, and the active coil current. Leff, the
effective self-inductance, characterizes the plasma response to the currents of Iw and Ic. Leff

includes, in particular, the internal ideal MHD plasma response and is less than the simple
geometrical inductance due to the plasma response. Ψo represents the helical flux observed at the
sensor location, Y is the input to the feedback controller and G is the total gain through the
controller and power supply.
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Standard sensors discussed in most of the references15–18,25–28 have been designed to
measure the total flux, which includes the flux from the plasma, the wall and the active coil
currents [Eq. (3)]. There have been several proposed feedback logic schemes such as the Smart
Shell,25 the Fake Rotating Shell,26,27 and the explicit mode logic. For clarity, here we define the
feedback logic schemes used in the present experiments.

The Smart Shell logic uses the total flux Ψo as the controller input Y,

Y = Ψo   . (6)

Since the observed flux Ψo [Eq. (3)] includes the flux at the sensor location which originates
from the direct coupling to the active coil currents; and these currents could be unrelated to the
RWM plasma response, it has been suggested that the total flux Ψo may not be the best choice as
the feedback signal input. One alternate proposal is thus to use Ψo but with compensation for the
flux due to the direct coupling. This is called the simple explicit mode logic.

Y = Ψo – Moc Ic   . (7)

It is also possible instead to compensate also for the flux due to eddy currents on the resistive
wall induced by the coil currents, or with

Y = Ψo – Moc Ic F (8)

In Eq. (8), the quantity F is given, for simplicity, in Laplace transform notation by,

F = 1 – (Mow Mwc/Moc Lw) [s τw/(1 + s τw)]   . (9)

We note that in notation adopted in Laplace transforms, s = iω + γ. Thus in Eq. (8), the input to
the controller Y is flux associated only with the plasma mode. This scheme is called full explicit
mode logic.

For these Smart Shell and explicit mode logic schemes, the feedback stability is expressed in
Laplace transform notation as

–s γo
−1 + 1 = –G(∆ + M̂ oc/Moc)/[1 – G (F + ∆)]   . (10)

where M̂ wp = Mwp – MwoMop/Leff, M̂ ow = Mow – MopMpw/Leff, L̂ w = Lw – MwpMpw/Leff, and
M̂ oc = Moc – Mop Mpc/Leff. For a plasma-wall condition unstable to the RWM, M̂ ow, M̂ wp,M̂ oc

are negative.16 In Eq. (10), the open loop growth rate oγ is given by

γo
−1 = –τw  (1 – Mwp  Mpw/Lw  Leff)   . (11)
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Here, γo
−1 represents the growth time of the RWM, with no feedback applied, and

∆ = –( L̂ w M̂ oc – M̂ ow M̂ wc)/( L̂ w Moc)   . (12)

The real part of s in Eq. (10) represents the growth rate of the RWM. Equations (1) through (10)
provide a general statement of the lumped parameter model. Much of the important physics is
embedded in the mutual and self-inductance terms. These quantities must be determined in order
to obtain quantitative or sometimes even qualitative results. An exact determination of these
terms in 3-D geometry requires extensive numerical calculation.22 However, a complete detailed
formulation of the feedback stabilization problem which includes all the geometrical details goes
beyond just the determination of these mutual and self-inductances. It is outside of the scope of
the present work to discuss these issues.

Instead, we pursue further simplifications of the lumped circuit model. One simplification is
provided by the cylindrical geometry, when the observation point is located on the wall as is the
case of the RWM sensors in DIII-D.16 

The quantity ∆ in Eq. (12) can be simplified by using the
relation of mutual inductances, Mij = (ri/rj)

m for ri ≤ rj. Here ri and rj can represent the radius of
the plasma surface, the wall, the active coil or the observation sensor. These relationships give
∆ = 0 for the cylindrical limit. And Eq. (10) simplifies to

– γo
−1 s + 1 = –G ( M̂ oc/Moc)/(1 – F G)   . (13)

A further explicit evaluation of the mutual inductances in the cylindrical geometry yields

G = −(sτw - τ w γo )( 1 - F G) . (14)

In the present study, we also extend the model given by Jensen and Garofalo18 to include the
different feedback logic as well as assumptions on symmetry and boundary condition.29

Arbitrary spacing of the wall, sensors, and active coils is in principle possible, but here we
assume for simplicity that the sensors are located on the wall. Combining the equations
describing the plasma response with that for the observation leads to

G = –(s τw – α )[1 – fcomp G/(1 + s τw)]     (G > 0 stable)   , (15)

and

α  = exp(–2kD)/[1 –  exp(–2kD)]   ,

where kD is a measure of the strength of the RWM mode , and fcomp/(1 + s τw) is analogous to F
in the case of the full explicit mode logic [Eqs. (8–9)]. Thus, the Jensen/Garofalo model in the
slab geometry is shown to be equivalent to the cylindrical limit of the Skin Current Model given
in Eq. (14) when the observation sensor is located on the passive wall. For the experiment
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analysis, these two models are used interchangeably. One advantage of the cylindrical and the
slab geometry limit is that much of the results for the stability for the feedback of the RWM can
be expressed readily in terms of the intuitively familiar parameters τw and γo, rather than the
geometrical mutual inductances and the as yet to be determined mode strength Leff.

For the controller gain, the standard proportional-integral-derivative (PID) format is used
with,

GPID (s) = [Gp + Gd s τd/(s τd +1) + Gi/(s τi +1)]/(s τp + 1)   , (16)

where Gp, Gd and Gi are the proportional, differential and integral gains, respectively. The time
constants, τp, τd, and τ i are for proportional, differential and integral gains respectively. The
power supply used for the experiment is current controlled with a compensation circuit to
overcome the load impedance. After tuning the power supply to the active coils, the power
supply gain transfer function Gps is modeled by

Gps(s) = Gps0/[(stps1 + 1)(stps2 + 1)]   , (17)

where τps1 and τps2 were determined from experimental measurements.

The overall total gain G is then

G (s) = Gps(s) GPID(s)   . (18)

The unit used in Eq. (18) is set as Weber/Weber by adjusting the value of Gps0. In another
words, G = 1 stands for 1 Weber of flux produced at the sensors by the active coils due to
1 Weber of flux detected at the sensors.

We note that strictly speaking, the parameters employed in the present model should be
computed from a detailed 3-D calculation. However, some of the equivalent mutual and self
inductances used in this lumped parameter model can be estimated from vacuum field
measurements. Others can be roughly estimated and adjusted from the actual spacing of the
various elements. Despite the uncertainties associated with such estimates, these simple models
allow us to qualitatively model the most of the important characteristics of RWM feedback
control.
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IV.  THE FEEDBACK SYSTEM AND
EXPERIMENTAL RESULTS FROM DIII-D

A. Experimental set up

The present RWM feedback system on DIII-D consists of a pre-existing set of active control
coils and a new of sensors designed for n = 1 RWM control as shown in Fig. 2. Six sensors
(1.2 m height x 2.6 m width) are located on the midplane at the major radius side outside of but
very close to the vacuum vessel. These loops detect the radial flux leakage through the vacuum
vessel. Loops located 180 degrees apart are connected in anti-parallel to detect odd-n compo-
nents. Six active coils are situated on the mid-plane and are toroidally in phase with the sensor
loops. Coils 180 degrees apart are also paired in anti-parallel so that the feedback field produced
by active coils contains only odd-n components. These active coil pairs are energized with three
current controlled switching power amplifiers, each of which is capable of supplying up to 5 kA
dc – 100 Hz. (Above 40 Hz the current is limited by the power supply voltage.) The active coil
inductance is 225 µH with 10 mΩ resistance. A current of 1 kA produces 13 Gauss at the out-
board midplane vessel wall. Up to 2 kA of the available current is typically used for quasi-dc

o

x
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C-Coil

New Internal
Br Sensor

New Internal 
Bp Sensors

New Coil
(Proposed)

New Coil
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External
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External
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Vacuum Vessel

Present Active Coil
(C-Coil)

Fig. 2.  The hardware arrangement, showing (a) present active coils and (b) present external Br sensors.
Also shown are new internal Br and Bp sensors, now being installed, and a proposed extension of the
active coil set.
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error field correction. The parameters for the power supply response in Eq. (17) were τps1 ≈
0.1 ms and τps2 ≈ 0.5 ms. The controller is implemented digitally within the DIII-D digital
plasma control system. The sampling rate is 50–100 µs and the digital calculation time for the
standard PID algorithm is about 100 µs. Taking into account the PID calculation time, the
proportional time constant, τp, in Eq. (16) is typically set to 0.4 ms in the experiment. VALEN
and the VACUUM + GATO code results show that the longest eigenvalue of the eddy pattern is
7 ms without the plasma presence and the value decreases to 3.5 ms with the existence of plasma
inside the vacuum vessel, although the value varies with plasma size. We chose 5 ms as an aver-
age reference value for the wall time resistive decay constant. Further description of hardware
arrangement is given in Ref. 12.

B.  Development of operation scenarios

The onset of ideal MHD depends on various parameters. In particular the onset condition near
marginal stability is extremely sensitive not only to global parameters such as βN and the internal
inductance, li, but also to the detailed local pressure- and current-profiles and their gradients. In
the experiment, the profile characteristics at the RWM onset are produced through plasma
transport evolving from the initiation of the discharge up to the time period of the MHD event.
Thus, it is very difficult to prepare operational scenarios for the excitation or suppression of the
ideal kink mode events in a routine manner. Nevertheless, an operation scenario is developed by
utilizing the Ip-ramp to induce extra current density near the plasma edge

30,31 In this scenario,
pre-heating NBI (P = 1.5 MW) was applied immediately after the discharge breakdown to
increase plasma temperature and produce finite edge current density. This reduces the critical βN

for the ideal kink and facilitates easier plasma operation. The timing of the H–mode transition
was adjusted to produce the pressure and q profiles which avoid other MHD events, such as
neoclassical tearing modes. Finally, after a short period of 100–200 ms the Ip ramp has provided a
large edge current density from which the RWM can be routinely produced. Sometimes, careful
edge electron density control is necessary to maintain the edge current density for insuring a
moderate value for the RWM growth rate. The Ip ramp was varied from 0.4 MA/s to 1.2 MA/s.
The ratio of βN to the no-wall βN limit was typically 1.1 to 1.2 before the onset of the RWM.

C.  The Smart Shell feedback logic

Figure 3 shows time traces of discharges with and without feedback. The feedback logic used
is the Smart Shell logic with time derivative gain added. Without feedback, the RWM was excited
at a low level (<1–1.5 Gauss) at 1350 ms. The amplitude slowly grew until t = 1385 ms with little
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Fig. 3.  The comparison of observations with/without feedback (104105/104110). (a) The three
feedback sensor signals, (b) the active coil current, (c), mode amplitude, (d) the rotation velocity near
q=2 surface, (e) normalized beta and estimated MHD limit, (f) the q-value at ψ = 0.95

reduction of plasma rotation velocity near the q = 2–3 surfaces. At t = 1385 ms, the RWM ampli-
tude grew rapidly to over 10 Gauss with a growth time of 3–4 ms. At the onset of this fast RWM
growth phase, a sudden loss of stored energy was observed. When the feedback was applied with
Gp/Gd = 5/14, τp/τ i = 0.4 ms/0.2 ms the flux leakage from the resistive wall, as measured by the
total flux sensor, was observed to be kept near the noise level by the feedback flux compensation
with an active coil current of 200–300 A (3–5 Gauss on the wall). After t = 1350 ms the mode
started to show slow growth. At t =1390–1400 ms, when the major collapse occurred previously
without feedback, some residual activity was observable on the feedback current trace as evi-
denced by the request for still higher current. Later the mode seemed to saturate at a level around
2 Gauss, although some bursts at 1430 ms were observed at the onset of the edge localized mode
(ELM). Around t = 1500 ms, an oscillatory mode similar to a neoclassical tearing mode with
5–6 kHz (not shown) was observed. Mode locking of this oscillatory mode led to the major
collapse at t = 1520 ms, presumably due to the combination of mode locking and the decrease in
stability margin of the resulting configuration, as the discharge has been evolving with a rapid Ip

ramp and a gradual decrease in the toroidal velocity.

Figure 4(a) shows the n=1 mode amplitude estimated from the flux loop signals and active
coil currents vs. time for various differential gain settings and their relative durations as com-
pared to the duration of the reference shot with no feedback. Without feedback, the configuration
reached β > βno.wall at t = 1200–1210 ms. The duration of this higher β phase was 130 ms with-
out feedback and it was prolonged to 270 ms with higher derivative gain. Without feedback the
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Fig. 4.  (a) n=1 mode amplitude vs. time for various differential gains and (b) the dependence of
RWM duration  β > βno.wall and final RWM growth rate vs. the derivative gain.

mode amplitude grew to 20 Gauss with a growth time of 4-5 ms, whereas with feedback gain
settings of Gp/Gd = 5/11 the mode amplitude tends towards a saturated value (≈10 Gauss). With
further increase of the derivative gain setting to Gp/Gd = 5/14, the saturated amplitude was far-
ther reduced to ≈1 Gauss, indicating that the RWM feedback system is working as expected.
However, the final collapse time constant became faster with increased derivative gain.
Figure 4(b) summarizes the variation of the duration of β > βno.wall and the mode growth rate at
the final beta collapse as a function of the derivative gain. We observed that with the increase in
the level of derivative gain, the growth rate was increased from 200–300 (s–1) to 800–1000 (s–1),
edging closer to the ideal MHD growth time. This is presumably due to the shift of the equilib-
rium towards more ideal MHD unstable configuration due to the rapid Ip ramp. This observation
is consistent with the hypothesis that the RWM is driven by the ideal MHD energy source.

D.  Derivative and integral gains

Figure 5 shows the experimental results from implementing derivative and integral gains, and
the prediction of these results from the lumped parameter model. (This figure also illustrates the
reproducibility of the onset of the RWM with various gain settings. With the same gain settings,
the onset of RWM was reproducible to within 20–30 ms.) With higher derivative gain, the
discharge duration was prolonged and whereas with higher integral gain, the duration period was
shortened. Figure 5(b) shows the predicted change in stability from Eq. (15). Since the RWM
experiment in DIII-D requires parameters near the design limit of the power supply, operating
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discharges. The shots without feedback are 104105,104114, the shots with Gp/Gd = 5/11 are
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with τi = 100 ms (104111) and with τi = 10 ms (104112). The stability calculation was with kD = 0.092
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characteristics of the power supply affect the plasma behavior: it was very important to include
the power supply characteristics as realistically as possible. The power supply response was
measured and numerically fitted to Eq. (17) in order to determine the power supply characteristic
function Gps. As shown in the derivative scan [Fig. 5(b)], without derivative gain, both the
plasma mode branch (P) and the vacuum mode branch (V) started from the unstable domain.
These modes were predicted to be stabilized according to the lumped parameter model at a
derivative gain value close to the experimental settings. Further results from the simulation
indicates that the experimental setting of Gd = 11–14 seems to have been optimally stabilizing
for the plasma mode. In the experiment, in an attempt to improve the performance during the
saturated period (1400–1500 ms), the value of the integral gain was also increased with fixed
values of the proportional/differential gain (Gp/Gd = 5/14, τp/τd = 0.4 ms/0.2 ms, τ i = 10 ms and
100 ms). A negative experimental result was obtained. Results from the simulation indicates that
the degradation of the stability with increased integral gain was too strong, as shown in Fig 5(c).
Thus the lumped parameter model seems to be capable of explaining qualitatively the settings in
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various feedback scenarios and can also be utilized to assist in parameter searches for improved
performance.

E.  Determination of the mode strength

So far in the stability analysis, it has been assumed that the mode strength is given a priori.
From our experience in the stabilization of the vertical n=0 stability, it is important to estimate
the experimental plasma mode strength, γo during the feedback process, since this parameter
relative to the resistive wall time provides a practical gauge to the success of the feedback. A
more successful feedback system operates with a large value of wτγ0 . The approach adopted here
for finding γo is to solve the time dependent equations [Eqs. (1) through (3)] to match with the
time behavior of the experimentally measured quantities, such as the observed flux or the
feedback coil current. The mode strength γo serves as an adjustable unknown parameter in this
matching process.

A simple way to achieve this matching is to note that the purpose of the feedback is to turn an
exponentially growing RWM into an exponentially decaying mode. When the feedback is
unsuccessful, due to the mode strength γo being too high, the RWM remains unstable. We also
note that the feedback system is linear between its input and output and also that the actual
experimental values of the input and output quantities satisfy the equations of the feedback
circuit. In a numerical experiment, we can introduce a signal equal to the difference between the
experimentally measured and the expected inputs to the feedback circuit, based on the assumed
value γo. This procedure is summarized concisely below in notations with Laplace transformed
variables for quantities in the cylindrical limit.

Ψo.sim (s) = (–τw γo)–1 (– γo
−1 s + 1)–1 Moc [Ic.sim (s) – Ic.exp (s)]   , (19)

Ic.sim(s) = –Gps (s)GPID(s) [Ψo.sim(s)/Moc]   , (20)

Ic.sim(s) = Γ(s)/[1 + Γ(s)] Ic.exp (s)   . (21)

In Eqs. (19) through (21), the subscript sim has been used to denote quantities obtained in the
time dependent solution. Eq (19) shows that only the difference between the Ic.sim and Ic.exp is
used to produce Ψo.sim (s); Eq. (20) is a recast of Eq. (14) for the simulated variables; and
Eq. (21) shows the simulation coil current response to the experimentally measured current,
Ic.exp and Γ (s) = Gps (s)GPID(s) (–τw γo)–1 (– γo

−1 s + 1)-1.

The time dependent solution of Ic.sim(t) in Eq. (21) can be obtained numerically by the
inverse Laplace transform with s = ∂/∂t. An alternative formulation is based on Ψo.exp or a com-
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bination of Ic.exp and Ψo.exp. The reason
for choosing the experimental current
Ic.exp is that amongst all the physical
quantities in the feedback system Ic.exp

contains the most dynamic frequency
content whereas the measured flux Ψo.exp

is nearly zero and constant in time for the
Smart Shell logic (Fig. 3). In this simula-
tion, the value γo was adjusted to match
the experimentally observed boundary

γo  = 3.5 ms = 4.3 = 5.3
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Fig. 6.  Experimental feedback coil current, compared to
numerical simulation predictions for several values of γo

−1

(Shot 104108).

between stable and unstable operation. If the magnitude of γo chosen is too large, the time
dependent calculation predicts an earlier onset of the unstable RWM. This is seen especially
when the coil current Ic.exp changes rapidly in time during its approach towards the experi-
mentally observed onset of the RWM. With a γo chosen lower than the actual mode strength, the
time dependent solution should be able to give results  identical to the experimental observation.
Therefore the maximum γo for which the solution remains stable through the experimental stable
period should be adopted as a measurement of the strength of the mode in the actual experiment.
The value, γo should be interpreted as a time-average over the duration of the simulation period
and also be considered as a cylindrical geometry equivalent value, since Eq. (19) was formulated
with the cylindrical assumption. Figure 6 shows results of simulations using four different set-
tings for γo

−1 applied to a shot (104108) with Gp/Gd = 5/11. Numerical calculations were done
for all three feedback currents, including the actual mutual couplings between the three active
coils and sensors. The highest value of γo or the lowest value of γo

−1 (5.7 ms in this case), for
which the simulation was stable throughout the experimental stable time, was found. The simula-
tion barely remained stable up to the experimental onset time of 1470 ms if γo

−1
 
is changed to 5.3

ms. This result indicates that a good approximation to the value of γo
−1

 
in the experimental con-

dition could be ≈ 5 ms.

F.  Long duration feedback control

Figure 7 shows one of the long duration discharges (>50 times τw), produced by slow Ip-
ramp operation with feedback, shot (104119). The growth of the RWM is expected to be more
modest compared with the rapid Ip-ramp discharges. In this case, the full feedback gain was shut
off for about 20 ms to observe the status of the RWM stabilization. Without feedback, shot
(104118), the RWM mode grows slowly and at t = 1400 ms the amplitude reached 6–8 Gauss
with a substantial reduction of the plasma rotation. With feedback, the amplitude was reduced to
1–2 Gauss. Signals from the feedback coil currents indicate that the RWM activity increased near
t = 1470 ms and started to decrease slightly just before the feedback gain was turned off
momentarily at t = 1500 ms. Here, the RWM mode behavior was determined from the soft x-ray
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Fig. 7.  (a) Comparison of RWM behavior with and without feedback during slow Ip ramp (104118,
104119), and (b) RWM onset during a brief interval with feedback gated off (104119).

array signals, S, located toroidally 150 degrees apart. The difference of these two profiles ∆S was
normalized to provide the mode amplitude as the displacement length, ξ = (dS/dr/∆S)–1. There
was a slight mode excitation with the growth time of 30 ms before the feedback was turned off at
t = 1500 ms. During the feedback-off period (1500–1520 ms), the RWM mode started to grow
with a faster time constant of 10–13 ms and decayed quickly with the much shorter time constant
of 1–2 ms when the feedback was resumed at t = 1520 ms. This sequence of controlled variation
in feedback characteristics, during which the mode growth time constant before/during/after the
gate-off also varies accordingly, indicates that the feedback has effectively controlled the RWM
mode.

G.  Explicit mode control

Explicit mode control is an approach optimized to increase the sensitivity to the plasma
response. The terms Moc and (Mow Mwc/Moc Lw) in Eqs. (7) through (9) were obtained from
measurements without plasma. Simple explicit mode control uses the feedback logic to compen-
sate for the flux only due to the direct coupling to the feedback coil. However, over-compensa-
tion of the eddy current component near the frequency of τw

−1  can make the feedback system
oscillate. As shown in the stability analysis [Fig. 8(a)], with increase of the proportional gain, the
stability condition shifts toward the stable regime with an oscillation frequency, ω/2π ≈
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−1= 10 ms.

40–50 Hz. It is to be noted that whether the stability with higher gain is achievable depends on
finer details in the system. With further increase of the gain, the operating condition, in general,
shifts away from the stable domain. One of the best experimental results with this logic
(Gp/Gd/Gi = 0.9/1.5/1.2 and τp/τd/τ i = 0.4 ms/0.4 ms/10 ms) is shown in Fig. 8(b-d). As the
model predicts, a large amplitude oscillation was excited at RWM events. The observed fre-
quency was 70–100 Hz (ω τw = 2–2.5), which is slightly higher than the values obtained from
model predictions. In spite of these oscillations, the feedback system seems to have managed to
stabilize the mode and the plasma rotation recovered each time after the RWM event occurred.
This suggests that, although ωobs τw > 1, the active coil currents did indeed interact through the
wall. Compared with the simple explicit mode control, the full explicit mode control logic
[Eqs. (8) and (9)] is expected to be stable with greatly reduced frequency [Fig. 8(e)]. The exper-
imental results (Gp/Gd/Gi = 0.8/12/3.1 and τp/τd/τ i  = 1 ms/0.4 ms/20 ms) [Fig. 8(f-h)] show that
the condition of high beta continued for over the 700 ms without any oscillatory behavior.

These results indicate that the explicit mode control may have advantages, provided the
compensation is done carefully. However, it remains as a task for the future to determine whether
the full explicit mode control is more preferable for higher plasma performance. The
experimental results also suggest that poloidal field sensors could serve as an alternative. Since
poloidal sensors measure magnetic fields orthogonal to the radial field produced by the active
coils, no compensation is required. Poloidal sensor loops located inside the vessel could also be
more advantageous.
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V.  EXPERIMENTAL AND THEORETICAL
ANALYSIS OF POSSIBLE MODE DISTORTION

DURING THE FEEDBACK PROCESS

Mode rigidity is one of the most important issues that need to be addressed for a proper
formulation of the feedback process. Here, we define mode rigidity as the invariance of the
displacement of the mode during the feedback process.

The structure of the mode internal to the
plasma was examined by utilizing two soft
x-ray array systems 150 degrees apart in the
toroidal direction. The structure of the mode in
the vacuum was examined by flux loops
located outside of the resistive vessel. Results
of these measurements are shown in Fig. 9 for
a representative discharge. According to
observations from the flux loops located at the
midplane, the amplitude of the RWM started
to grow slowly at 1380 ms, reached 2–3 Gauss
at 1410 ms, and saturated later at an amplitude
of 10 Gauss. At 1475 ms, a major disruption
took place. Figure 9 shows the soft x-ray array
signals at the two different toroidal locations
and the comparison between the derived dis-
placement length ξ with the observed ampli-
tude from the vacuum region [Section IV.F].
Note that the feedback was being applied from
1300 ms onward. The location of the dis-
placement amplitude shown in Fig. 9(b) is at
its maximum of ρ = 0.5. The close correlation
in the behavior in time between the mode
amplitudes outside of the vacuum vessel and
that of the internal structure indicates that the
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Fig. 9.  The comparison of the n=1 mode displacement
inside the vacuum vessel and the mode amplitude
observed outside the vacuum vessel. (a) The soft x-ray
array signals observed at two toroidal locations
separated by 150 degrees in the toroidal direction. The
locations are at ρ = 0.86,0.76, 0.63, 0.50, 0.37, 0.24 and
0.11. (b) the displacement length at ρ = 0.5, (c) the
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RWM is a global mode with structure extending from the plasma core to the outside of the
vessel. This characteristic agrees with the predictions from the ideal MHD theory. Furthermore,
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the global mode pattern did not change significantly during the feedback process, as shown by
the measurement of the external array of poloidal flux loops.

Figure 10 shows the time evolution of the mode structure derived from the midplane flux
loops and another 24 off-midplane flux loops, and a comparison with and without feedback. The
additional magnetic loops are similar to the feedback loop sensors except that these are off-
midplane loops covering 30 degrees in toroidal angle and thus have better spatial resolution than
the midplane loops which have 60 degrees toroidal coverage. In Fig. 10(b), the shots with and
without feedback are normalized to give the same amplitude and toroidal phase on the midplane.
The amplitude and phase from the other two off-midplane arrays have been found to be in very
good agreement, showing that the feedback causes very little distortion to the mode structure
even when the feedback is applied and the RWM has saturated.

0
–1.0
–0.5

0.0
0.5
1.0

–1.0
–0.5

0.0
0.5
1.0

δB
r

–1.0
–0.5

0.0
0.5
1.0

θ = –50°

θ = +50°

θ = 0

100 200
Relative Toroidal Angle

30017001600
Time (ms)

1450

300

200

100

0

300

To
ro

id
al

 A
rr

ay

200

100

0

300

200

100

0

Lower Array

Midplane Array

Upper Array 103353

Fig. 10.  (a) Time evolution of the external mode structure measured with three arrays of flux loops in a
feedback-stabilized discharge (103355), and (b) comparison of external mode structure in the feedback-
stabilized discharge (103355, squares) and a discharge without feedback (103353, triangles). δBr is plotted
vs. toroidal angle at the upper (θ = +50°), midplane (θ = 0°) and lower (θ = –50°) arrays of flux loops. The
two cases are normalized to give the same amplitude and phase at the midplane.

The rigidity of the plasma displacement during the feedback process has been studied
theoretically by utilizing a new plasma stability package which couples the GATO ideal MHD
stability code with the modified VACUUM code which includes the effect of feedback on a
resistive wall. The detailed description of the formulations and applications of this code package
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are discussed in Refs. [20] and [21]. Figure 11(a,b) shows the expected eddy current pattern
without and with feedback. The eddy current pattern is not modified significantly with feedback
except near the vicinity of the active coil. The accompanying plasma displacement throughout
the plasma cross-section is not significantly modified either as shown in Fig. 11(c). It is seen that
with feedback, the plasma displacement is only slightly more peaked towards the plasma center.
Thus both theory and experiment support the assumption of mode rigidity, at least in the present
experimental conditions.
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Fig. 11.  Eddy current pattern on the resistive shell calculated with VACUUM + GATO code
(a) without feedback and (b) with feedback. (c) the radial displacement length on the midplane.
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VI.  SUMMARY AND FUTURE PLAN

A summary of the experimental observations is as follows.

Utilizing reproducible RWM onset conditions and the rapid Ip ramp technique, it was
demonstrated that Smart Shell logic can successfully suppress the RWM by reducing the flux
leakage and maintaining the RWM amplitude small until the equilibrium evolves into an ideally
less stable configuration (due to the rapid Ip ramp). With a weaker Ip-ramp, the β value in the
discharge has been sustained above the no-wall limit for over 50–100 times the resistive flux loss
time. The explicit mode control logic, which uses the signal only due to the plasma disturbance,
has a potential advantage for feedback. Experimentally, the explicit mode logic performed at
least as well as other control logic. The experimental observation from soft x-ray arrays and
poloidal flux loops showed that the RWM structure is preserved throughout the present feedback
process. The lumped model predictions are qualitatively consistent with the experiment
measurements. It is significant to note that these agreements suggest that simplified models could
be as useful for the feedback control of the RWM as has been the case with the control of n = 0
mode. Full MHD codes can be utilized to reduce uncertainties inherent in these simplified
lumped parameter analysis.

Based on the present experimental results, a few suggestions for further improvements to
facilitate future experiments can be made. One is the choice of locations for the feedback sensor
loops and the other is the extent of poloidal coverage with the use of additional active coils.
Direct measurement of the perturbed poloidal field through poloidal field Bp sensor loops would
eliminate the extra compensation necessary in the explicit mode logic. Further advantages are
expected if the loops are located inside of the vessel with increased sensitivity. Various combi-
nations of these options have been studied with the VALEN code,22 which can accommodate the
actual three-dimensional geometry of the vacuum vessel, sensor loops, and active coils. The pre-
dicted achievements from various hardware upgrade options are summarized in Fig. 12. The
cases shown are for a proposed feedback coil system with six upper and six lower coils placed
adjacent to the present mid-plane coils. Sensor loop options utilized are poloidal and radial field
sensors inside the vessel as shown in Fig.2. (Such sensors are now being installed.) The VALEN
code predicts that the present feedback hardware arrangements can be about 20% effective as the
ideal conducting wall in providing the increment in maximum stable β for the plasma. This cor-
responds to a no-feedback growth time γo

−1 ≈ 10 ms, which is consistent with the numerical sim-
ulation result (Section IV). When Bp (poloidal field) loops are used inside the vacuum vessel
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Fig. 12.  Predicted growth rate vs. β with no feedback, present feedback
configuration, and various options for next step with additional coils and new
sensors.

with present coils, this effectiveness improves to about 50%. With internal Bp sensors and the
proposed additional active coils, the effectiveness is further improved and can reach up to 80%
of the stabilizing effect of a perfect conductor.

With the feedback system 80% as effective as the ideal wall, the growth rate of the RWM
(with no feedback) is expected to have a time constant γo

−1 near 0.5–1 ms ≈  (1/5 of τw). This is a
challenging condition for the operation of the feedback system. This appears to be an extremely
difficult extrapolation from the present achieved performance of γo

−1 = 5–10 ms (1–2 τ w).
However, the present RWM control situation can be compared to the period when the n=0
control was initiated decades ago. Knowledge for n=0 control has been improved over decades;
extremely elongated plasmas and high beta configurations (with γo

−1 ≈ 0.1–0.2 τw) has become
readily achievable in present day tokamaks. Control of the RWM should benefit from these
accumulated experience for the control of n=0 mode. In summary, this proof of principle
experiment has successfully identified the issues and established the fundamental direction for
the next step experiments.
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