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Abstract—A series of techniques are presented that have been
developed to optimize the output magnetic field of the feedback
control system on the RFX-mod reversed field pinch device. With
the aim of minimizing the harmonic distortion and correcting
localized error fields, these methods should be lightweight for
real-time application and effective in improving the performance
of a system that is routinely used for active control of magneto-
hydro-dynamic plasma instabilities. The implementation of sim-
ple, linear algebra based, real-time optimization methods will be
described along with proof of the sought beneficial effects. Focus
of the work is set on a spurious harmonics reduction technique
based on the decoupling of sensors and actuators, a description
of its derivation will be given together with the implementation
in the control loop. A similar procedure for the compensation of
faulted actuators will also be mentioned.

I. INTRODUCTION

AGNETIC confinement of fusion relevant plasmas is

the target of many devices that are nowadays work-
ing towards the achievement of electricity from controlled
fusion reactions. Such plasmas constitute a particularly harsh
nuclear environment in which violent instabilities can arise,
causing confinement losses and possible damage to structural
materials. Effective control of such instabilities is therefore
compulsory for controlled fusion experiments, with active
control playing an important role. The RFX-mod experiment is
a medium size (R =2 m, a = 0.459 m) toroidal device that has
been operating since 2004. Originally designed as a Reversed-
Field-Pinch experiment [1], it is capable of confining plasmas
also in the Tokamak configuration [2]. It is equipped with a
state-of-the-art system for active control of magneto-hydro-
dynamic (MHD) instabilities [3]. Such a system, operating
with a cycle frequency from 2.5 to 5 kHz, is composed of 192
independently fed actuators (saddle coils arranged into a 4 x 48
grid), located on the outer surface of a stainless steel support
structure at r=0.6 m, and a considerable set of magnetic sensors
counting 192 bi-axial pick-up probes (measuring toroidal and
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poloidal B components) and 192 saddle sensors for the radial
component [4] . Each active coil can be fed a maximum
current of 400 A, providing a DC radial field of 46 mT
at the vacuum vessel surface. The radial component of the
magnetic field in particular, is measured by 192 saddle probes
whose positions correspond to the projection of the actuators
on the outer surface of the vacuum vessel, at minor radius
r=0.505 m. The high degree of flexibility of the control system,
working in a bi-dimensional Fourier space characterized by the
poloidal (m) and toroidal (n) mode numbers, allows to switch
on or off each single coil. Many control schemes can thus
be easily implemented [5] and the controller has the capacity
to independently act on selected modes with different sets
of coils. In order to improve the efficiency and effectiveness
of the active control system, a series of efforts have been
made in optimizing the produced magnetic fields, for example
by minimizing the harmonic distortion due to the toroidal
geometry, or adapting the control scheme to real experimental
conditions, such as the fault of one or more sparse active coils
[6]. The techniques used to achieve these results, which will
be illustrated in the present work, have been tested both in
simulations and experiment. A dynamic simulator has been
developed for the purpose of testing optimization strategies
[7]. It consists of a detailed three-dimensional description of
the conducting structures coupled to a two-dimensional plasma
magneto-hydro-dynamic (MHD) model. These are the two
components of the CarMa code [8] [9] which is then integrated
by a complete representation of the real time control system.

II. THE COUPLING PROBLEM

Improving the performance of the control system described
in Section I is a complicated task that can be tackled by
using the coupling terms between actuators and sensors. Given
the presence of passive structures in between, these coupling
terms are frequency dependent. Decoupling based optimization
techniques have been developed with different concepts, such
as the so-called dynamic decoupler [10] which relies on offline
pre-computed current distributions. In the present work we
will concentrate on a different, lightweight method that can
be applied real-time taking action on all the modes of the
Fourier spectrum for a fixed frequency. Dedicated measuring
campaigns have been carried out on RFX-mod, leading to
the development of a full electromagnetic model of the MHD
modes active control system [11]. Mutual coupling matrices
between active coils can be derived for a given set of frequen-
cies from the ratio between coil voltage (V;) and coil current



(I) phasors. The resulting complex number can account for
the effects of passive structures on the magnetic flux.
V@) 7 w) = R+ jwba(w) (1)
I (w)
The same procedure can be followed to measure the cou-
pling terms between actuators and sensors, only changing the
voltage phasor with the flux measured by each saddle sensor.
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Once the response of the saddle sensors has been measured for
the desired frequencies, full information on mutual couplings
can be used to build a full state-space electromagnetic model.
This black-box model derived from experimental data can
be used to develop simplified strategies for improving the
quality of harmonic content in output magnetic fields, taking
into account the effect of toroidal geometry and coil-sensor
couplings. Another way to proceed in challenging the decou-
pling problem, is making use of existing three-dimensional
electromagnetic codes to obtain a first-principles description
of the coils and passive structures. This has been done for the
RFX-mod device with the CARIDDI code. From this second
model, which will be described in Section III, another state-
space representation of the system is obtained from which the
following transfer function can be calculated:

K(w) = [C(jw— A)"'B+ D] 3)

where standard state-space notation is considered with the
matrices A, B, C, D. By inverting the transfer function K (w)
for a given frequency, a matrix is obtained that can be used
to account for the couplings and reduce the magnetic field
harmonic distortion. Various matrices have been obtained with
both the aforementioned methods and applied in simulations
(details on the simulation tools are given is Section III) and
experiments. Some examples of these matrices are reported
in Figure 1, from which the different magnitude of coupling
can be appreciated with varying frequency and between experi-
mental or model based calculations. Figure 1a and 1b represent
the decoupling matrices obtained from experimental data for
w = 0,10 Hz, while Figure lc is the inverse of the CarMa
transfer function in the infinite frequency limit. This latter
particular case is also called D-matrix, since it is calculated
from the only surviving part of Eq.3 after the w — oo limit.
All these matrices are normalized to their maximum value and
they will be used, as specified in Section III, to recombine the
current reference pattern fed to active coils.

III. THE MODEL
A. Dynamic simulation tool-set

A dynamic simulator has been developed as a Matlab
Simulink application to allow the simulation of a full control
loop and the test of the optimization techniques described in
the present paper. The core of this flight simulator is a state-
space representation of the system (Plant) given by the CarMa
code, which is integrated with a complete representation of the
digital control system. This allows for a realistic description
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Fig. 1. (a) Experimental decoupling matrix calculated for w = 0, i.e. step-like
request. (b) Experimental decoupling matrix calculated for w = 10Hz. (c)
CarMa derived decoupling matrix representing the infinite frequency limit. All
matrices are normalized to their maximum value (Please refer to the online
version of the paper for the colors).

of the passive and active structures with the effects of 3D
geometry on plasma dynamics. The active system can be
simulated at its full potential or downgraded to a reduced
number of coils with virtually any geometry. The CarMa code
itself is the result of coupling a 3D eddy current problem



integral solution (given by the CARIDDI code) with a 2D lin-
earized MHD solution, which results from the MARS-F code
[12]. Instantaneous plasma response to a given perturbation
is calculated on a coupling surface (S) and used to evaluate
the effect of the 3D structures on the plasma. The currents
induced by the plasma in these structures are computed using
an equivalent surface current distribution on S, such that it
generates the same magnetic field as the plasma just outside
S. The model used for the dynamic simulator in particular,
includes a fully 3D description of the resistive copper shell
surrounding the vacuum vessel (3 mm thick with 7y = 50 ms
vertical field penetration time) as well as including the active
system components. The copper shell itself is the fundamental
component in plasma stability applications, since it slows
down to its characteristic penetration time some of the fastest
growing MHD instabilities (i.e. ideal kinks),thus allowing the
possibility of feedback control [13]. The flexibility of the
RFX-mod digital controller allows to apply different control
strategies, the most common one being the so-called clean-
mode-control (CMC) [14]. This method consists in acting
independently on each harmonic component of the discrete
Fourier transform of the radial magnetic field. Furthermore a
real-time algorithm is applied to remove the aliasing error from
the magnetic field harmonic component measurement, caused
by high order sidebands produced by the 4 x 48 discrete grid
of active saddle coils. A block scheme of the system described
above is given in Figure 2, both for the open-loop case (Figure
2a, in which the sidebands cleaning is not applied) and closed-
loop (Figure 2b). An exploded diagram of the control system
block can be seen in Figure 2c, in which the application of
the decoupling based on static matrices is represented, as
described in Section II. The main part of the Plant block
is the state-space representation of the CarMa model, which
is implicitly preceded by the saddle coil current controller.
Finally a state-space filter has been added to the Plant block,
also in series with the main model, in order to mimic the effect
of the stainless steel vacuum vessel, with a 5 ms time constant.

B. Validation of the vacuum model

The main goal to be achieved with the optimization proce-
dures described here is the correct assessment of the system
external action on a given plasma. In order to do so, all the
experimental sessions dedicated to the evaluation of mutual
couplings have been carried out in vacuum. The same has been
done for the modeling activity, a vacuum version of the CarMa
model has been used and benchmarked against experimental
data in terms of harmonic content of the output magnetic field.
The very good agreement of simulated B field amplitude and
current with experimental data can be appreciated in Figure
3. During this open-loop vacuum shot the active system has
been requested a particular perturbation with n=1 and m=-6
mode numbers. The same shot can be reproduced as a dynamic
simulation. The amplitude of the (1,—6) component of the
output field is shown for both cases in Figure 3a, where the raw
data is used, indicating that the sideband cleaning procedure
has not been applied for the particular case. Figure 3b shows
the current (1, —6) harmonic component, confirming that the
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Fig. 2. (a) Open loop diagram. (b) Closed loop diagram with clean-mode-
control. (c) Exploded control system block with decoupler.
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developed simulation tools can successfully represent the real
vacuum experimental setup. Figure 3 is not only showing
the general agreement between simulation and measurements
but also the capability of the software tools of reproducing
a very peculiar configuration. Specifically, during shot 33863
a reduced coil array has been implemented, with the (1, —6)
magnetic perturbation generated by only 12 active coils along
the outermost toroidal array. This leaves a characteristic pat-
tern in the produced sidebands which can be appreciated in
Figure 4. The amplitude of each harmonic is given in the
bar-plot, normalized to the desired (1,—6), at a given time
instant of the flat-top phase. The harmonic pattern is given by
the peculiar periodicity of the active array and it is correctly
reproduced by the open-loop simulation.

IV. OPEN LOOP OPERATION WITH DECOUPLING MATRICES

The first set of matrices generated from both experimental
measurements (as described in Section II) and the CarMa code
(Section IIT) has been applied for the open-loop generation
of magnetic field perturbations of varying amplitude and
phase. The Total Harmonic Distortion of the output fields has
been used in order to evaluate the effectiveness in spurious
harmonics reduction.
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where the index ¢ runs on all the harmonic components of
the field signal. An example of this total harmonic distortion
analyses is reported in Figure 5, in which two different
decoupling strategies have been used for the generation of a
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Fig. 3. Experimental and model time evolution of m=1, n=-6 harmonic

component of the radial field (raw) (a) and saddle coil currents (b). Simulation
and data from shot 33863.

step-like perturbation. The red dashed line shows the reduction
of spurious harmonic content when the specific model-derived
matrix is used, with respect to the blue solid line (identity
matrix, i.e. no decoupling applied). The green dotted line
shows a degradation of the harmonic content instead, this
is due to the peculiar applied matrix, obtained through an
infinite frequency limit from Eq.3. Because of this limit, the
so-called D matrix does not work well for a step-like request
during the steady phase. On the other hand its effect can
be appreciated during the fast transient phase, as in Figure
5b, when the B field is increasing rapidly and the infinite
frequency limit holds, during the first 30 ms in particular. The
smaller harmonic distortion obtained with a given decoupling
matrix is reflected in the amplitude of the B field spurious
harmonics, this can be appreciated for two different cases in
Figure 6. For the step-like magnetic perturbation (Figure 6a)
a simple decoupling matrix helps in reducing the amplitude
of the (m = 0,n = 6) component, the very same result
has been obtained in dedicated vacuum experiments [15].
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Fig. 4. Comparison between model and experiment relative harmonic content
of the radial magnetic field (raw) in shot 33863. Amplitudes taken in steady
phase at t=0.17 s

Another matrix has been used with the dynamic simulator
for a 10 Hz perturbation, resulting in a reduced spurious
harmonics relative content (Figure 6b). It should be noted
that the matrices applied in the aforementioned reference cases
(represented respectively in Figure la and 1b) are providing
the best correction during the steady phase of the perturbation,
while during the fast transients the infinite frequency limit
holds as previously discussed.

V. CLOSED LOOP DECOUPLING APPLICATION AND
MISSING COIL COMPENSATION

Once the exact behavior of the active system has been as-
sessed by generating open-loop perturbations, the same can be
done within the feedback loop. While the results to be expected
are still related to reducing the harmonic pollution during
steady phases, attention should also be paid to the possible
gain changes introduced by recombining the reference current
distribution. The static matrix shown in Figure la has been
included in the feedback loop during dedicated experiments,
allowing the verification of expected effects and validation
of the modeling results. Figure 7 shows the amplitude of a
(m = 1,n = —6) perturbation together with its poloidal
sidebands. A reduction of the m = 0 component is found
with the non-diagonal decoupling matrix. Furthermore, since
the amplitude of the requested n = —6 component is the same
in both cases, the gain substantial invariance with application
of this particular decoupling matrix can be acknowledged. The
importance of this last matter lies in the fact that no change in
the gain matrix has to be made if decoupling has to be switched
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Fig. 5. (a) Total harmonic distortion from simulations with D matrix, w = 0
Hz matrix and identity matrix. (b) Zoom of the first 50 ms of the transient

phase in which the effect of the D matrix, i.e. infinite frequency limit, can be
appreciated. Amplitudes are normalized to the (1, —6) component.

on or off during experimental campaigns. The idea of using
a static matrix to recombine the active system input current
distribution has also been applied to a set of problems not
strictly related to decoupling sensors and actuators. Given the
possibility of implementing various active coil geometries, as
mentioned in Section III-B, a systematic study has been carried
out to investigate the effect of one or more faulted actuators on
the produced magnetic fields. This has led to the development
of a set of matrices that while still aiming at the improvement
of the harmonic content, are specifically designed for a system
with sparse missing coils. The procedure that can be found in
[6] has been proven as a simple and fast option for faulted
coil compensation that allows a local reconstruction of the
magnetic field and reduction of spurious harmonics.

VI. CONCLUSION

The present work has summarized many efforts made for
the complete characterization of the RFX-mod active system in
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Fig. 6. Poloidal harmonics produced for (1, —6) reference. (a) Step-like per-
turbation with no decoupling (dashed red) and with CarMa w = 0 Hz matrix
applied (solid blue). (b) For a 10 Hz perturbation the dedicated decoupler is
compared with the identity matrix case. As expected the decoupling effect
can be appreciated in the reduction of the (0,6) and (1, +6) amplitudes, in
this case a normalization to the maximum of the requested harmonic has been
applied to highlight the effect.

terms of output magnetic field, in particular the actuator-sensor
decoupling problem has been considered. Starting from the
first experimental measurements the development of simple,
real-time applicable strategies to obtain almost monochromatic
fields has been described. While the (m = 1,n = —6)
perturbation has been mainly shown in the previous sections,
the same can be done for any desired B harmonic. The impor-
tance of a fast, reliable and extensively benchmarked modeling
tool has to be highlighted. Each of the proposed decoupling
matrices, as well as the whole missing coil compensation
strategy, has been developed with full dynamic simulations
before testing in dedicated experiments or implemented in
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Fig. 7. Step-like (m = 1,n = —6) perturbation generated in a closed-loop
with purely proportional gain on the requested harmonic only. Comparison
between shots 27294 and 27295.

plasma shots. The effects of actuator-sensor decoupling has
thus been investigated and represented mainly by the reduction
of spurious harmonics when a particular one is requested.
With the introduction of the total harmonic distortion the two
limiting cases, w = 0 and w — oo, have been identified.
The high frequency behavior during transient phases has been
assessed with the implementation of the so-called D —matrix
while two examples have been reported to show the m = 0
amplitude reduction when a specific decoupler is used. Finally,
the closed-loop application has been reported with proof of
the expected effect on the B components and of the negligible
influence of the current modification on the applied gains. The
concept of sparse missing coils compensation using a static
matrix has been briefly mentioned.
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