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Abstract. An analytical model for studying the feedback control of Resistive Wall Modes (RWMs) in a tokamak
with single or double conducting wall is presented. The model is based on a cylindrical approximation. It is
shown that the outer conducting shell, in the case of ITER-like double wall vacuum vessel, does not significantly
reduces the RWM instability growth rate but deteriorates the feedback stabilisation. It is also shown that six side
saddle coils with the nominal voltage 40 V per turn is capable of stabilizing the RWM for the expected range of
normalized beta.

1. Introduction

An analytical model for studying the
feedback stabilisation of RWM in a /
tokamak with single or double conducting
wall is presented. The model is based on a A\
cylindrical approximation - a single mode
with poloidal number m and “toroidal” N /
number n is considered. The model 2 {4
comprises a cylindrical plasma with radius LT
ay, two thin cylindrical conducting shells s
with radii a;, a,, thickness d;, d,, electrical oo L
conductivity o;, 02, and the ideal feedback
coils producing the same harmonic (m, n).
Thus, all currents and magnetic fields are
proportional to exp[i(m- ng)], where &
and ¢ are the poloidal and “toroidal”
angles, so that r, ¥ and z = Rg are the
cylindrical coordinates (R is equivalent to
tokamak major radius).
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FIG. 1. ITER plasma, vacuum vessel and their
simplified cylindrical models.

Numerical estimates have been made for ITER, which has elongated plasma and double wall
vacuum vessel. The upper part of Fig. 1 shows an ITER plasma of 9 MA steady-state scenario
and two shells of the vacuum vessel. The cylindrical circular model of ITER, used in the
analytical study of RWM stabilisation, is shown in the lower part of Fig. 1. The model has a
plasma radius @, = 3.5 m and shell radii a; = 1.35 a,, a> = 1.7 a,. Each shell of the vacuum
vessel has a thickness of 60 mm and resistivity 0.825 puQem.

2. Equation for RWM

The equation modeling the feedback control of the (m, n) mode in the double-wall tokamak,
derived in [1], can be written as:

d’B, dB, YA
i O —%Bf. (1)
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Here B, is the radial component of the total magnetic field of the mode on the 1* shell,
T =t/T, is the dimensionless time normalized by resistive time constant of the 1** shell

T, = w010, /(2m), B, is the radial component of the magnetic field of the (m, n) harmonic
produced by the feedback coils on the 1* shell, and vo = IyT,, with Iy being the growth rate of
RWM in the presence of only the 1% shell without the feedback stabilisation. Parameters y and
A are, correspondingly, the normalized growth rate and decay rate of the two branches of
RWM. They depend on the wall parameters and on yp: y -A=y,-a§, yA=vy,& (a —1),

where & = Kaz /a, )" - 1]1 and a =1+ (o, /0, )\d,/d, \a,/a, }"".

The model for ITER is characterized by & =0.66, o = 3.0 for the m = 2 mode and by §= 0.33,
a = 4.2 for the m = 3 mode.

———GAMMA(m=3) = = LAMBDA(m=3)

3. RWM without Feedback Control s — S ‘

4.5 /
Without the feedback control, the 2™ shell with . 7 4
high resistivity (o, — 0) would not affect the 3.5 ///
RWM growth rate, y — v, (the case of a single < 2_35 PpZ
wall), whereas it would reduce the growth rate in Tl . ///
the opposite case: y =y, — € when 0, =  [1]. I e e :

: /",7““‘““--“
The estimated effect of the 2™ shell of the ITER A
vacuum vessel on the RWM growth rate for m = 2 0 05 1 152 253 3.5 4 45 5
and m =3 is shown in Fig. 2. The outer shell of v
the ITER vacuum vessel does not significantly FIG. 2. RWM unstable (y) and stable
reduce the RWM growth rate (y= ), but, as (A) roots of equation (1) for RWM
shown below, it may deteriorate RWM active modes m =2 and m = 3 in ITER
stabilisation, screening the feedback-produced cylindrical model as function of y,.

magnetic field.
4. Ideal Feedback Coils

For active stabilization of the mode (m, n), the feedback coils must produce the field with the
same (m, n). Static efficiency of this ideal feedback coils can be characterized by a parameter
bmn defined as B = b, \I¢, where |; is the current in feedback coil producing mode (m, n).

We study the feedback control of RWM assuming 7y>> T,,, where Tr= Ls/ Ry (Ls and Ry are
the effective inductance and resistance of the feedback circuit), since in ITER the time
constant of the 1* shell for m = 1 mode is 7; = 0.17 s, while Ty= 5 s.

The feedback circuit equation can be written as

dB BT,
_f+T_me=—m’n me, (2)

where V;is the voltage applied to the feedback circuit. The second term is small under ITER
conditions.
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5. Feedback Control with Radial Field Sensors

We describe the feedback control of RWM in terms of the radial component B, of the total
magnetic field on the 1* shell, consisting of several parts: B, from the plasma, B; from the 1*
shell, B, from the 2™ shell, and By from the feedback coil, B, = B, + B +B, +Bs.

The following feedback algorithm is studied:
dB; dB. |, d?
dr KB -k dr s de? ®)

Here the term proportional to &, is a conventional term used for RWM stabilization (see, for
example, [1] and [2]). It is shown below that the term proportional to &3 is needed in the case
of double wall for stabilizing a highly unstable RWM. The term with k; determines the
desired level of B, (zero, in this case). This feedback algorithm is equivalent to the voltage
control through equation (2).

Using (3) with constant gains &;, one can get from (1) the following characteristic equation for
RWM in the double wall tokamak when radial field sensors are used in the feedback system:
S+cS°+CS+Cy =0, 4)
G=5a-Dk-yo+as ¢ =8a-Dk-v) C=k&a-1), s=SI,

where § is the variable of Laplace transformation. When the RWM is stabilized, all the
coefficients in (4) are positive. This would make negative the real parts of the roots of
equation (4). Therefore the necessary conditions for RWM stabilization can be fulfilled if
S(a_l)k3>YO_ycr’ k2>70’ k1>0’ Ver =as. Q)
In principle, in this case (double wall) stabilization of RWM could be possible without the
term d°B,/df’ in (3) (k; = 0), if the instability would not be too strong (y,<74) [1].

According to (5), with proper £;3 this restriction on vy, is eliminated.

In ITER cylindrical model the critical value of RWM instability growth rate, I',, corresponds
to I', T, =my, =4 for m = 2, 3. Therefore, moderately unstable RWMs having I'T; < 4 are
expected to be stabilised in ITER without a signal proportional to ¢°B,/df’. In order to achieve
QO =5 at steady state operation, the value of By should be somewhere between fBn(no wall)
and 0.5[Bx(no wall) + pn(ideal wall)]. (Here Pn(no wall) = 2.6 and Pn(ideal wall) = 3.6 are
corresponding limits imposed by kink modes on the value of By in the cases without
conducting wall and with ideally conducting 1% shell [3].) This range of By corresponds to
moderate unstable RWMs with I'T; <4.

In the case of a single wall (0, =0, o — ), assuming k; = 0, the characteristic equation (4)
is reduced to

S+ps+pp=0, P=k-7o Pp=k. (6)
The RWM is stabilized when k; > y, and k; > 0. These conditions for k, and &, are the same

as those in (5). However, in this case the term with d’B,/df* in (3) is not needed even for a
very unstable RWM (high value of yy).

6. Feedback Control with Poloidal Field Sensors

In this model, a feedback system with sensors measuring the poloidal component B, of the
total perturbed magnetic field on the inner side of the 1* shell cannot be much different from
that using the radial sensors because By = (1+2y,)B, [4]. Using B, instead of B, in (3), we
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obtain the same B, as in the previous case, if we reduce all k; by a factor of 1+2y, .

Therefore, in this case the stabilization of RWMs in the double wall tokamak will be
achieved with gains k&, smaller than those in (5) for the feedback with radial sensors:

E(a—1 k! > o Ve g0 Yo g0 5. (7)
1+2y, 1+2y,

Similar to the feedback with radial field sensors, a signal proportional to d’B/df’ is required
when the instability is strong (y, >y ). In the case of a single wall we obtain the same

conditions for kY and &/, but the term with d’B,/df’ is not required even for a very unstable
RWM. Note that, in contrast to the case of the feedback with radial field sensors, the required
gain k! does not increase proportional to y,. Therefore, with poloidal sensors, any k! > 0.5 is
sufficient for stabilizing the RWM with arbitrary growth rate.

Smaller gains are better, but that cannot be the only reason of the dramatic difference between
the feedback with radial and poloidal sensors [5]. The argument above is valid for ideal
feedback coils producing a single mode magnetic field. However, the conventional array of
saddle feedback coils generates, in addition to the necessary (m, n) harmonic, some side-band
harmonics that are not needed for RWM stabilization, but affects the probe measurements.
The signals measured by the “radial” sensors in the equatorial plane are affected much
stronger than the “poloidal” sensors [6]. In some cases the “radial” signal can become zero
while the mode is not yet suppressed. That is why the conventional feedback system with
radial probes can fail. At the same time, a similar system with poloidal sensors can be quite
efficient in suppressing RWM [6].

7. Feedback Control with Voltage Saturation

For a given vy, the value of feedback gains providing a desired quality of RWM control can be
easily found from characteristic equations (4) or (6). For example, in the case of a single wall,
feedback control with the radial field sensors will have a critically damped regime with a
settling time Ty, when K, =y,+2/7o, k=1/1%, Te =Ty/T,. The poloidal field
sensors ensures the critically damped regime when these gains are reduced by a factor of
1+2y,.

Even with the appropriate choice of feedback gains, the RWM control can fail, when the
voltage requested by the controller (3) is higher than the limit, ¥, established by the power
supply. For a given value of V.., we can estimate the level of the perturbation B, when the
control of the mode is impossible because of the voltage limitation. Consider a mode growing
till #= 0 without control. At =0 the feedback control is switched on. If B (0) = ENSO is high

enough, the voltage requested by the controller via (3) and (2) is higher than the capability of
power supply Vi, and only the constant voltage will be applied to the feedback circuit. In
this case, the RWM evolution is described by (1) and (2) with ;= —V,,.. Neglecting the term
proportional to 7,,/Ty in (22), the solution is expressed by the following formula:
Br=(éO_Bcr)eﬂ+{l\ Bcre_}w"'(y-F}L)(y)f_y-i-}b)B B =M
\1) A y(y +A)y0Lf

cr? cr
The evolution of RWM will follow one of the two scenarios. If B, < B, B, will sooner or

max *

later reduce to the level when the required feedback voltage becomes lower then V... This
makes possible feedback stabilization of the RWM. In the opposite case, when B, = B, the

|
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RWM will grow unlimited. It should be noted that, in practice, the value of the critical field
B, is reduced by a technical limit imposed on the current in the feedback circuit.

In ITER, the error field correction coils (CCs) will be used for the feedforward and feedback
stabilisation of RWM. The system comprises 6 top CCs, 6 side CCs, and 6 bottom CCs.
Toroidally opposite coils are connected to produce the magnetic field with » =1 and have a
common power supply. The feedforward stabilisation is achieved by error field correction
using all CCs. The feedback stabilisation of RWM will be provided by the voltage applied to
the side CCs according to a signal from the magnetic probes located between the plasma and
vacuum vessel inner shell. A rough estimate for ITER with the design parameters
Vy=40 V/turn, b= 0.1 T/MA-turn, Ly= 50 uH/turn® gives B, about 1 mT. Assuming that an
RWM with the amplitude B, = 1 mT can be detected, the instability can be stabilized with the
voltages available for the ITER side CCs.

8. Conclusions

The study based on the cylindrical model [1] has shown that ITER-like double wall vacuum
vessel does not significantly reduces RWM instability growth rate (y = yy), but deteriorates
feedback control. There is a critical value of instability growth rate, I, above which the
feedback voltage should have a term proportional to d?B/dt? in addition to the conventional
term proportional to dB/dt. In ITER steady state operation with Q = 5, moderately unstable
RWMs having I'T; <4 is expected. These instabilities have growth rates less than the
estimated value of I, and therefore their stabilization can be achieved without knowledge of
d?B/dt?. The voltage of 40 V/turn in side CCs seems reasonable for control of the RWM
having the amplitude less than about 1 mT. These analytical results are also supported by
numerical calculations [2].

The poloidal field magnetic sensors located inside the vacuum vessel inner shell are
preferable for feedback control. For example, in the case of a single wall and ideal feedback
coils, RWM stabilization can be achieved with the “radial” sensors when the gain k, is
proportional to the instability growth rate y,, whereas with the “poloidal” sensors, it can be
achieved with &, independent on yy, if k> 1/2.
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