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Abstract. Experiments have been carried out on the EXTRAP T2R reversed-field pinch device to study several
important issues related to feedback control of resistive wall modes (RWMs). The feedback system includes a
sensor coil array, a feedback controller implementing a feedback law and an active coil array. The issues
include 1) effects of sideband harmonics produced by the feedback system, 2) the form of the controller and the
feedback law, 3) feedback system stability, 4) selection of the sensor coil configuration and 5) effects of field
errors on the feedback system. Side band harmonics are produced by the feedback system because the active
saddle coil array consists of discrete coils. The presence of side bands can couple modes thus preventing
simultaneous stabilisation of the coupled modes. The side band effect sets requirements for the minimum
number of active coils in the array in both the poloidal and toroidal directions. Recent experiments using the
intelligent shell concept with proportional-integral-derivative controller action have achieved complete
simultaneous stabilisation of all RWMs modes when the requirements are satisfied. In addition to the intelligent
shell concept, preliminary experiments have been performed to test the fake rotating shell concept. For this
concept, the sensor coil array is shifted in phase relative to the active coil array thus a detected harmonic is
induced to rotate by the active coil-produced control field. Under the condition that the phase shift is less than a
quarter-wave length of the mode, mode suppression can be achieved. Feedback using a controller incorporating
individual mode control has also been tested. This has enabled the first feedback experiments using a sensor
array measuring the toroidal field component to be carried out. For this concept, an array consisting of localised
toroidal field sensor coils is used. Mode suppression has been successfully accomplished. However pick-up of
high order field error harmonics due to the small size of the sensor coils introduces an adverse signal to
background ratio as compared to the case with the radial field sensor coil array. Optimal suppression is
achieved at the predicted complex feedback gain phase. Mode rotation is induced at other complex gain phases,
in agreement with modelling. In other experiments, linear models have been used to evaluate the effect of
resonant field errors on mode growth. The thin-wall model is satisfactory for describing the response of the
plasma and resistive-shell system and resonant field error amplification is observed.

1. Introduction
Feedback control of resistive wall modes is of common interest for toroidal fusion concepts
that use conducting walls for stabilization of ideal MHD modes. According to the thin-wall
model if the wall is resistive and lies within the position for ideal wall stabilization, a class
of modes called resistive wall modes (RWMs) develop with growth rates of the order of the
wall penetration time [1]. For the advanced tokamak, control of modes with low toroidal
mode number n is of primary interest for achieving beta above the no-wall limit (RWMs are
n ≠ 0 pressure-driven external kinks). For the reversed-field pinch (RFP), there are unstable
modes with poloidal mode number m = 1 with a range of toroidal mode numbers which must
be simultaneously controlled.
The commonly used feedback control system includes a sensor consisting of an array of
magnetic coils (measuring mode harmonics), an actuator consisting of an array of active
saddle coils (producing control harmonics) and a controller that implements a feedback law
in real time. Active feedback control of RWMs has previously been demonstrated on the
EXTRAP T2R reversed-field pinch experiment [2-4]. These experiments have shown that,
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for the purposes of modelling the feedback system, the mode growth is adequately described
by linear MHD theory. However there are a number of issues that must be considered when
designing and optimising a RWM feedback system and these issues lead to requirements and
constraints on the sensor coil array, the active coil array and the feedback law that make up
the feedback system. Issues that have been studied on the EXTRAP T2R device include the
following:
•
•
•
•
•

The effect of sideband harmonics generated by the actuator coil array due to the
finite number of coils in the array.
Selection of the feedback concept; for example intelligent shell [5], so called fake
rotating shell [6, 7], or individual mode feedback with real or complex gain [8].
Feedback system stability considerations; for example required gain and inclusion of
proportional and/or integral or derivative components.
Selection of sensor array; for example measurement of radial field (perpendicular to
wall) or toroidal field (tangential to wall).
Effect of intrinsic field errors on the performance of the feedback system.

In this paper the results of experiments focusing on these issues are described. EXTRAP
T2R is suitable for studies of RWM control for several reasons: 1) the simple geometry
(circular cross-section, large aspect ratio) enables the use of a cylindrical model, 2) the
dominant modes are helical harmonics, characterised by poloidal and toroidal mode
numbers, 3) the modes are driven by the equilibrium current density gradient and therefore
the stability is easily parameterised both in experiment and theory, 4) the modes are nonresonant and their stability is not affected by sub-Alfvénic plasma rotation, 5) the observed
RWM growth is reproducible, both in terms of phase and amplitude.
The general spatial dependence for a RWM harmonic at the minor radius of the sensor
coil array is given by bn , sens (θ ,ϕ ) = bn0 exp[i (mθ + nφ )] where bn0 is the mode amplitude and m
and n are the poloidal and toroidal mode numbers (only m = 1 is considered for the RFP case
in the following discussion). Experimentally the harmonic is derived from a real-time fast
Fourier transform (FFT) of the measured sensor coil array signals. The mode harmonic is
multiplied by a gain that can be complex, Gn = Gn exp(iα n ) , which gives the desired control
harmonic. Applying an inverse FFT then gives the distribution and amplitude of currents that
are to be produced in the active coils. The feedback loop action is repeated with a rate
dependent on the latency-time of the controller.
A general issue for RWM feedback systems is the coupling of modes introduced by the
generation of side bands in the magnetic field mode spectrum produced by the active array.
The actuator coil system has a discrete number of coils in the poloidal direction (Mc) and
toroidal direction (Nc). The separation of the side band harmonics, in terms of mode number,
is dependent on the number of coils in the array. The side band harmonics can couple the
growth of unstable modes or stimulate the growth of marginally stable harmonics through
field error amplification [9, 10].
A basic control method is the intelligent shell concept, which minimizes the total signal in
a radial field sensor at the wall. In order to optimise the feedback, the controller can
incorporate a feedback law to determine the gain that includes components based on the
integral or derivative sensor signals as well as the component that is proportional to the
sensor signal. The fake rotating shell in effect incorporates a complex feedback gain,
essentially adding a phase shift to the control field, thereby inducing rotation of the modes.
The generic feature of a RWM is magnetic diffusion of the non-axisymmetric mode in the
thin wall. Therefore, flux loops measuring the local perpendicular component of the
2
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magnetic field (radial component in cylindrical co-ordinates) at the wall are typically used as
sensors. However sensors that measure the tangential field inside the wall have also been
suggested. This concept requires resolution of the RWM perturbation into harmonics and
feedback action on individual modes. The potential advantage of tangential sensors is that
the coupling is reduced between the active saddle coils that produce the control field at the
wall and the sensor array [8].
2. The EXTRAP T2R reversed-field pinch
The EXTRAP T2R device is a reversed-field pinch with a resistive shell (or wall) and is
described in detail in reference [11]. The resistive shell has a magnetic penetration time for
an n = 0 vertical field of τw = 6.3 ms. The spectrum of m = 1 RWMs is shown in FIG. 1. The
unstable RWMs have m = 1 and are mainly non-resonant; there is no flux surface with a
safety factor q = 1/ n where n corresponds to an unstable RWM. By convention, modes with
a handedness corresponding to the pitch of field lines inside the reversal surface have n < 0
and modes outside the reversal surface
have n > 0. The system for active control
of RWMs installed on T2R includes a fullunstable
coverage, radial-field coil array located
just inside the shell that consists of 64
(toroidal) by 4 (poloidal) positions of
stable
which 32 toroidal positions are used in the
sensor coil array, and a full-coverage
saddle coil array located just outside the
shell that is 32 (toroidal) by 4 (poloidal).
The saddle coil width is twice the sensor
coil width. Control harmonics can be
produced for targeted m = 1 modes in the
FIG.1. Spectrum of m=1 modes in the EXTRAP
range –16 ≤ n ≤ 15 with side bands at
T2R device. The unstable modes are -11≤n≤-2
∆ n s b = 3 2 intervals. The saddle coils are
(internally non-resonant) and 1≤n≤6 (externally
powered by suitably modified audio
non-resonant). Modes n ≤ -12 are resonant.
amplifiers.
The digital feedback controller used on T2R is a prototype of the controller developed for
the RFX device at Padova [12]. The controller can be operated as an intelligent shell
controller, with full PID action, and as an individual mode controller, where the feedback law
that is implemented potentially has a different complex gain for each resolved harmonic.
3. Side band effect
The active coil array consists of a discrete number of coils. In EXTRAP T2R, the chamber
cross-section is circular and there is full coverage of the shell with Mc = 4, and Nc = 32. If the
controller targets a specific mode (mo, no), then side bands are produced at msb = mo ± kMc and
nsb = no ± lNc where k,l = 1,2,3,…. Concerning the negative effects of side bands, in
experiments it has been shown that if Mc = 4, the sideband effect due to the discrete number
of coils in the poloidal direction can be neglected. For m = ±1, the closest sidebands are then
at msb= -5, -3, 3 and 5, and all such modes are robustly stable. However, the number of coils
in the toroidal direction Nc must be sufficient so that the side bands for all unstable modes
correspond to robustly stable modes. For example, for the n = -10 mode, with Nc = 32, the
first side bands are at nsb = -42 and nsb = 22. Both of these modes are robustly stable, as seen
in FIG. 1. However if the number of toroidal positions is reduced to Nc = 16, unstable modes
are coupled by the side band effect. For example the n = -10 and n = 6 modes, which are both
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Amplitudes [mT]

unstable, are coupled and cannot be stabilised simultaneously with intelligent shell feedback.
Experimental studies of this effect are described in detail in References [2-4].
This effect is demonstrated in FIG. 2
0.6
which shows the effect of feedback using
a) n=-10
an active coil array with Mc = 4 and
N c = 1 6 . Comparing panels (a) and (b) it is
0.3
seen that without feedback, both the n = -10
and n = 6 modes have growing amplitudes,
0.0
0.4
but the n = -10 mode has a larger amplitude
b) n=6
as expected (see FIG. 1). With feedback
0.2
using the 4x16 configuration, the controller
produces a harmonic to suppress the n = -10
mode, but the side band reinforces the n =
0.0
6 mode growth. The n = - 1 0 mode is
-5 0
5 10 15 20 25
time [ms]
dominant, so the sideband effect of the n =
-10 mode on the n = 6 mode dominates
FIG. 2. The time dependence of mode harmonic
over the sideband effect of the n = 6 mode
amplitudes without feedback (solid line), with
feedback using the 4x16 active coil configuration
on the n = -10 mode. The end result is a
(dotted line); (a) m=1, n=-10. (b) m=1, n=6.
partial suppression of the n = -10 mode and
faster growth of the n = 6 mode [13].
New experiments have been performed with Nc = 32 but with only 2 coils in the poloidal
direction, Mc = 2. The toroidal sideband interval is Δnsb = 32 and these sidebands are
unimportant. The poloidal sideband effect however becomes important because with Mc = 2,
the m = -1 and m = 1 modes having the same n are coupled. The amplitude of a perturbation
with mode numbers (1, n) is A12,n = b1, n ⋅ b1*, n , where b1,n are complex Fourier coefficients. The
perturbations are real so that b1*,n = b−1, − n . If
the controller produces a control harmonic
for mode numbers (m, n) = (1, n) then a
side band harmonic, (-1, n), is produced
with amplitude A−21,n = b−1,n ⋅ b−*1,n . Using the
b−1,n = b1*, − n and

Amplitude [mT]

relations

0.30

b−*1,n = b1, − n then

gives an expression for the amplitudes of
the coupled modes A−21,n = A12,− n . The effect

0.15

0.00

can be summarised by saying that four
-15 -10 -5
0
5
10 15
Toroidal mode number
equally spaced coils in the poloidal
direction can produce both the sine and
FIG. 3. The vacuum |m|=1 mode spectrum for a
cosine components of the perturbation, but
targeted mode n=6 for the active coil configuration
two equally spaced coils produce only one
with Mc=2 and Nc= 32.
of the components. In FIG. 3, a spectrum is
shown for a vacuum case where the digital
controller is programmed to produce the (m, n) = (1, 6) harmonic. A side band of equal
amplitude is produced for n = - 6 . The effect of the toroidal side bands on plasma mode
growth is shown in FIG. 4. Without feedback, both the n = 6 and n = - 6 modes are observed,
but the unstable n = 6 mode has a larger amplitude than the marginally unstable n = -6 mode.
With feedback using the 2x32 configuration, the controller produces a harmonic to suppress
the n = 6 mode, but the side band reinforces the n = - 6 mode growth. The end result is that
the n = 6 and n = -6 modes are coupled and their growth is not suppressed. Furthermore, they
have about the same amplitude with a phase difference of π as predicted [4, 13].
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4. Intelligent shell
0.4
For EXTRAP T2R, full coverage with
a) n=6
Mc=4 and Nc=32 is sufficient for
stabilisation of all the unstable RWMs in
0.2
the spectrum shown in FIG. 1. A series of
experiments has been performed with the
0.0
0.2
full coverage active coil system to study
b) n=-6
the requirements for stabilisation of all the
unstable modes with intelligent shell
0.1
feedback. The original intelligent shell
feedback system as envisioned by Bishop
0.0
[5] incorporates discrete active coils and
-5 0
5 10 15 20 25
overlapping sensor coils that measure the
time [ms]
perpendicular component of the nonFIG. 4. The time dependence of mode harmonic
axisymmetric growing modes. In the most
amplitudes without feedback (solid line), with
basic form of the intelligent shell scheme,
feedback using the 2x32 active coil configuration
it is not necessary to resolve the mode
(dashed line); (a) |m|=1, n=6. (b) |m|=1, n=-6.
spectrum. Each active coil and coincident
sensor coil form a subsystem. The
feedback law is simply to zero the sensor signal, bsens. The control field is bcont= -Gbsens, where
G is real. On T2R, the digital controller can also be used in the intelligent shell configuration
with a one-to-one relation of sensor and active coil. The latency time in this configuration is
less than for the mode control configuration. Also, in recent experiments full PID controller
action is incorporated. Complete stabilisation of the modes is achieved. An example of a
plasma discharge without feedback and with intelligent shell feedback is shown in FIG. 5.
The amplitudes of representative RWMs are shown. Without feedback, the RWMs grow on a
time scale in agreement with the normalised growth rates shown in FIG. 1. The discharge
shown in FIG. 5 terminates after three wall times.
With feedback, growth of the unstable
100 I
p
modes is suppressed, and the pulse length
50
is ten wall times. The limitation is set by
0
0.8 n=-11
the power supplies.
0.4
0.0
1.0

Br (mT)

5. Fake rotating shell
The concept called fake rotating shell has
been tested on EXTRAP T2R [14]. The
full sensor coil array for the radial field has
64 toroidal positions, which means that the
sensor coil center-to-center separation is
δ φ s = π / 3 2 radians. The separation of the
active coils is δφa = π/16. Therefore by
running the controller in the intelligent
shell mode but with the sensor array
connections displaced by δφ = π/32, the
mode harmonics produced by the active
coils will be displaced by δφ = π/32
relative to the harmonics derived from the
sensor coil signals. Since the displacement
is fixed, the phase shift of the control
harmonic relative to the plasma harmonic

0.5
0.0
0.4
0.2
0.0
1.0

n=-10
n=-9
n=-8

0.5
0.0
1.5
1.0 n=+2
0.5
0.0
0.4
0.2
0.0
0.4

n=+5

0.2 n=+6
0.0
0
10

20

30
time (ms)

40

50

60

FIG. 5. Comparison of discharges with and w/o
feedback control. The panels are as follows:
plasma current, modes m=1, n=-11, -10, -9, -8, +2,
+5, +6.
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Amplitude [mT]

Ipla (kA)

will be dependent on the toroidal projection of the wave length of the mode, δφn = 2π/n. For
the fake rotating shell to be effective, the displacement δφ = π/32 should be less than δφn/4,
which corresponds to the condition that |n| < 16 for the fake rotating shell to have a stabilising
effect for the EXTRAP T2R device. The results of a fake rotating shell test experiment are
shown in FIG. 6. Amplitudes are shown for the modes with n = ±5, (|n| < 16), and for n = ±20,
(|n| > 16) as well as for n = -14. The low–n modes are non-resonant RWMs and their growth
is suppressed. The n = 20 mode is robustly stable RWM, but the mode amplitude is increased
indicating that the fake rotating shell can
potentially destabilise modes if the phase
90
a)
shift of the control harmonic is greater than
45
a quarter wave length of the mode. Indeed
0
0.4
the pulse discharge length is shorter with
b)n=-20
fake rotating shell feedback. The n = -14
0.2
mode and the n = -20 mode are resonant
0.0
0.4
c)n=-14
tearing modes. These tearing modes
0.2
normally exhibit natural rotation, induced
0.0
0.4
by the plasma rotation, and have velocities
d)n=-5
0.2
far exceeding the inverse wall time. As a
result the radial fields at the wall for these
0.0
0.4
e)n=5
harmonics are normally low unless the
0.2
modes wall lock. The action of the fake
0.0
0.4
rotating shell induces wall locking for the
f)n=20
0.2
n = -20 mode, however the effect on the
0.0
n = - 1 4 mode is initially small.
-5

0

5

10
15
Time [ms]

20

25

30

6. Feedback system stability
FIG. 6. Mode growth without feedback (solid line)
Studies of the gain required to achieve full
and with fake rotating shell feedback (dashed line).
stabilisation of the modes in the intelligent
(a) plasma current. (b) n=-20. (c) n=-14. (d) n=-5.
(e) n= 5. (f) n=20.
shell configuration have been performed
and are described in detail in Ref. [13].
An advantage of the intelligent shell configuration, with a shorter latency time, is that higher
gains can be implemented while maintaining feedback system stability. Also, comparisons
have been made between controllers with only proportional feedback and controllers with
proportional plus different combinations of integral and derivative gain coefficients. The
studies demonstrate that for the EXTRAP T2R feedback system there is a smooth
improvement of mode suppression with increasing gain and there is a range of gain values for
which adequate suppression can be achieved with proportional gain. Introduction of integral
gain reduces the required proportional gain for mode suppression. For gains larger than that
required for suppression of mode growth, the mode amplitude starts to oscillate. Incorporation
of a derivative gain suppresses the tendency for oscillation allowing full suppression. In
summary, for the EXTRAP T2R device and controller, there is a stable feedback system
operation range where mode suppression is achieved for many wall times as seen in FIG.5.
Experiments using the individual mode feedback concept have also been carried out. The
digital controller utilises a real time Fourier transform of sensor data, and therefore has a
longer latency time. The studies show that the growth of the dominant RWMs can be
simultaneously suppressed with about the same gain requirements as for the intelligent shell
concept without integral and derivative feedback action, however the system stability limit is
at a lower gain level [15].
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7. Sensor coil configuration
Using the individual mode control configuration, the feedback gain can be set for selected
harmonics, with both real and complex values (targeted-harmonics). Using the mode control
concept, it has been possible to carry out the first feedback experiments using a sensor array
measuring a tangential field component at the wall (toroidal field) [13]. The results have
been compared with mode suppression
2π
0.60
achieved with radial field sensors.
0.50
π
0.40
According to theory, the gain required for
0
0.30
0.20
suppression of the RWM instabilities can
-π
0.10
be lower for the case with sensors
0.00
-2π
2π
measuring a tangential component of the
0.8
π
0.6
perturbation (toroidal component) as
0
0.4
compared to a system with sensors
-π
0.2
measuring the perpendicular component of
0.0
-2π
0
5
10 15 20
0
5
10 15 20
the perturbation (radial component) [8]. A
time [ms]
time [ms]
mode control scheme with complex
feedback gain is used, targeting one
FIG. 7 Feedback using toroidal field sensors. Mode
dominant mode (m = 1, n = -11). As seen
control scheme targeting m=1, n=-11. Variation of
the complex feedback gain phase. Radial (top) and
in FIG. 7 mode suppression is achieved.
toroidal (bottom) field at wall. Left: Mode
The phase shift of the control field has
amplitudes, Right: Mode phases. Traces are shown
been varied. The best suppression is
for reference shot without feedback (full), feedback
achieved at the predicted complex
with complex gain phase π/2 (dashed), feedback
feedback gain phase around π/2. Mode
with gain phase 5π/6 (dot-dashed).
rotation is induced at other complex gain
phases. In these experiments suppression is seen when targeting individual modes. However
simultaneous suppression of all modes has not yet been achieved. This is attributed to the fact
that the toroidal sensors are small in size and therefore are sensitive to pickup of high order
field error harmonics that are ubiquitous due to structural features. The dimensions of the
radial field pick up coils are sufficiently large so that pick up of high order field errors is
lower. In general it is anticipated that the use of the tangential component will require more
signal conditioning of the sensor coil data. This is an area for future studies.
3. Field error effects
Open loop experiments have been used to observe the effects of resonant field errors applied
to unstable, marginally stable and robustly stable modes [10]. The observed effects of field
errors are consistent with the thin-wall model, where growth of the mode perturbation for the
(m, n) harmonic is determined by the resonant field error amplitude ( bmerr,n ), the wall
w
penetration time for the harmonic ( τ m,
n ) and the growth rate of the harmonic ( γ m, n ). The

equation for the growth of the harmonic is given by [4, 9],
db
(1)
τ mw, n m , n = bmerr, n + γ m , nτ mw, nbm, n .
dt
The wall penetration time and growth rate are mode-number dependent and have been
experimentally measured with good accuracy for the EXTRAP T2R device for a range of
modes [10]. An analysis based on Eq. (1) was performed to demonstrate that the effect of
field errors can be incorporated into the linear MHD model describing mode growth. As seen
in Eq. (1), the growth of the mode has two components; the first term depends on the field
error harmonic and the second term depends on the growth rate. There is always a non-zero
field error present for every harmonic. A localized field error due to a structural element
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w
introduces a broad band of harmonics. The terms τ m,
n and γ m, n in Eq. (1) are known and

therefore the amplitude of the field error harmonic can be derived from the observed mode
growth. An example of a study is shown in FIG. 8. Three modes are selected; two unstable
modes, n = -10 and n = 5, where the mode growth is dominated by the instability term and
one marginally stable mode, n = 2, where the mode growth is dominated by a resonant field
error term. The amplitudes of the field error
harmonics calculated from Eq. (1) are also
shown. Note that the growth of the marginally
stable mode that is stimulated by the field
error is an example of resonant field error
amplification.
γτ = +1.3
8. Conclusion
Important issues for optimisation of RWM
Differences due to FEs
γτ = +0.2
active feedback systems have been studied in
the EXTRAP T2R reversed-field pinch. An
important basic result is that the thin-wall
γτ = +0.5
linear MHD stability analysis model for the
determination of the mode stability and the
description of the plasma thin-wall system
can be successfully used in an analysis of a
FIG. 8. The growth of three modes is analysed to
determine the amplitude of the resonant field error.
feedback system. Furthermore, stabilisation of
The black trace is the observed mode growth, the
the full range of modes can be achieved.
blue trace is the calculated growth from the
amplitude at 5 ms and the known growth rate, and
There are requirements on the system that
the red trace is the calculated field error amplitude
must be considered. These include an
based on Eq. (1)
adequate number of coils in the array to avoid
coupling unstable or marginally stable modes with the ubiquitous side-band effect. Advanced
feedback systems such as the fake rotating shell and use of tangential components in the
sensor array have been tested with encouraging results.
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