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Plasma perturbations due to ideal, pressure driven external kink unstable modes induce, in a
conducting nearby wall, eddy currents which may have a stabilizing effect. Due to eddy
currents decay, related to the non-zero resistivity of the surrounding wall, the resulting
resistive wall modes (RWM) grow on a time scale of the order of the wall time.
In ITER, non-axisymmetric coils can be used to actively stabilize such modes. To evaluate the
performances of a controller it is fundamental to accurately model the plasma response to
such coils, including the effects of 3D active and passive conducting structures.
To this purpose, we apply to ITER the recently developed CarMa code [1-3], that allows a
rigorous and self-consistent treatment of any three dimensional conducting structure. The
mathematical model obtained has the same form as for the axisymmetric vertical instability
[4]; hence, all the existing tools of system theory can be used. In particular, it is possible to
calculate the so-called Best Achievable Performances, quantifying the maximum performance
that any control system can achieve with given voltage limitations on control coils.

The CarMa computational tool [3]
The main assumption made is to neglect plasma mass, which is a good approximation since in
ITER the RWM growth time is typically much slower than the Alfvén time.
A surface S is chosen, in between the plasma and the conducting structures. The plasma
(instantaneous) response to a given magnetic flux density perturbation on S is computed as a
plasma response matrix, using the MARS-F code [5]. With such plasma response matrix, the
effect of 3D structures on plasma is evaluated by computing the magnetic flux density on S
due to 3D currents. The currents induced in the 3D structures by plasma are described using a
volumetric time-domain integral formulation of the eddy currents equations [6], which
requires a finite elements discretization of the conducting structures only. The induced
currents are computed via an equivalent surface current distribution on S providing the same
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magnetic field as plasma outside S. The overall plasma response model can be recast in statespace form [3]:

dI
? A I - B V, y ? C I
dt

(1)

where I is the vector of discrete currents in the 3D structure (state vector), V is the vector of
control coil voltages (input vector), y is the vector of magnetic field perturbations at given
measurement points and A, B, C are the dynamical, input and output matrices respectively.

The Best Achievable Performances

Considering n=1 unstable RWMs, the matrix A in equation (1) has a pair of unstable
eigenvalues c ‒ jy ( c @ 0, y

0) , corresponding to unstable eigenmodes that are shifted of

r/2 in the toroidal direction [3]. These modes have to be stabilized by using the available
control coils, which are voltage driven by suitable power supplies. The voltage and currents
limits of the power supplies constraint the amplitude of the maximum perturbations which can
be recovered. A method to evaluate such maximum perturbations is the evaluation of the null
controllable region of system (1) [7] when the power supplies are subject to a given maximum
voltage constraints. Hence, we assume that each component Vi of vector V is admissible when
it satisfies the inequalities -VMi ~ Vi ~ VMi, where VMi is the maximum voltage available on the
i-th power supply.
An initial 3D current distribution I0 is said to be null controllable, if there exists a finite time
tf and an admissible control voltage law V(t) such that the state trajectory I(t) of the system
(1) satisfies I(0)=I0, I(tf)=0. The set of all null controllable states is called the null
controllable region of the system (1).
By a suitable state space transformation x=T I, system (1) can be rewritten as follows:

Ç Çc / y
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È
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È
dt
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(2)

The ns·ns matrix As contains the stable modes of system (1). The null controllable region of
systems (1) and (2) are isomorphic under the transformation T, so it possible to work directly
with representation (2). A procedure to evaluate this null controllable region, outlined in [7],
is based on solving a suitable optimal control problem for the reduced order system:
Çc / y Ç x1
d Ç x1
?È
- Bu V ,
Ù
È
dt É x 2 Ú Éy c ÙÚ ÈÉ x 2 ÙÚ

(3)
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which contains only the two unstable modes. Once the null controllable region has been
evaluated, using the output mapping in equation (1), it is possible to characterize the
maximum allowable perturbations as initial (i.e. at t=0) displacements of the magnetic fields
measured by the sensors. These maximum initial displacements define the so-called best
achievable performances.

Results

The ITER geometry has been represented with a high level of details (Fig. 1): double shell,
outer triangular support, port extensions, active coils.
First of all, we have made an open-loop analysis of growth rates for various values of dN.
Table 1 reports the results for the mesh of Fig. 1 (with port extensions) and for a simplified
mesh with the ports represented simply by patches with a varying resistivity jH. The results
suggest that purely 2D estimates (i.e. with patches having the same resistivity as vessel) can
underestimate the results (about 20-40% for moderate growth rates), while replacing the ports
with pure holes (jH ›+¢) can be severely pessimistic (more than 50%). With a value

jH=4©10-6 Ym, it is possible to reasonably estimate the growth rate in the whole dN range.
We have considered the ITER external coils, intended for error field correction, as possible
actuators for RWM control. Figure 2 reports a typical result of the analysis of the best
achievable performances for the equilibrium with the lowest dN, in which y1 and y2 are:
y1 * t + ?

2
N

N

Â Bk * t + cos *hk +
k ?1

y2 * t + ?

2
N

N

Â B * t + sin *h +
k ?1

k

(4)

k

and Bk(t) are N=18 measurements of the vertical magnetic field in the outboard region at
equally spaced toroidal angles lk. The perturbations corresponding to points in the interior of
the polygons can be stabilized with the given voltage saturation level. The hexagonal shape of
the boundary is due to the fact that there are six external coils (fed in antiseries by three
actuators). This work was supported in part by Italian MiUR under PRIN grant 2006094025
and in part by Consorzio CREATE.
Port extensions
2D estimate
dN
jH = 4©10-6 Ym
2.86
7.64
5.99
8.25
3.02
15.4
11.5
16.1
3.17
30.0
20.9
29.6
3.33
69.0
41.5
59.9
3.48
272.0
98.9
148.1
-1
Table 1. Growth rates (in s ) for various values of normalized dN.

Holes
11.3
24.3
51.8
155
N.A.
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Fig. 1. Discretization of ITER geometry: overall view and cutaway figure.
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Fig. 2. Best Achievable Performances.
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