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1. Introduction

One of the S limiting phenomena in stationary tokamaks can be the external kink modes

which stabilization by the vacuum vessel wallnsomplete because of the wall resistivity,
so-called Resistive Wall ModeRWMs. Such modes and methddstheir stabilization have

been systematically studied the DIII-D tokamak in lasyears. From the beginning, the
experiments on RWM stabilization in the DIlI-Bave been done with external stabilizing
coils (the so-called C-coils) [1-5]. Recentlynaw set of the coils for stability control has
been installed inside the DIII-D vacuum vessel [4-6]. In the experiments, the feedback using
these new Internal-Coils was found to bereneffective when compared to previously
operated system with the External-Cddsated outside the vacuum vessel [4-6].

Here we analyse the RWM feedback systenth internal coils using analytical
approach similar to that described in-9f The approach is based on cylindrical
approximation. The model, which was testediast the numerical selts and was found
reliable [10, 11], is generalized so thatlib&s now to consider the RWM feedback control
with either external (EC) or internal (IC) reection coils, or withboth. The IC and EC
feedback schemes are compared via the gain fa@€tmecessary for suppressing the mode
with a given growth rate. For quantitatiestimates, a proportional control is assumed.

2. Theoretical model

We use a model described in detail in [749¢re its main featuresnly are outlined with
emphasis on new elements that appear whemial coils are included into the analysis.
In the cylindrical approximation the amplitude of tfw,n) harmonic of the radial

perturbed magnetic field on the walt, , is described by the equation
0B,

w at
wherez, = u,or,d is the ‘wall time’, o, r,, andd are the conductivity, minor radius and

T = _ZﬂB::a” ’ (1)

thickness of the wall, respectively/=|m|, and B)* is the part of B, created by the

currents induced in the wall. Equation (1) idieect consequence of the Maxwell equations
and Ohm’s law for a conducting wall and long-wkangth perturbations. In a general case,
we can distinguish four source$ the magnetic perturbation: plasma, internal correction
coils (IC), the vessel wall, and the currentghe external region (behind the wall). These
sources make additive inputstte perturbation, so that
B, =B +B. +B" + B ©)
Equation (1) givesB!'™ if the time dependence @, is known. To convert equation

(1) into equation forB, , we need an additional relationship betwe&ff’ and B, . This can
be obtained from boundary conditions for the ydxd magnetic field at the plasma surface,

as discussed in [8, 9]. Finally, following the loglescribed in [8, 9we come to the linear
dependence

B'" +B™ =, B, +0B“)/2u, 3)
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where
o =T, (x* =1+ 2uc, @)
and I’ is a parameter depending on the propeufethe equilibrium configuration. Using
(3), we can transform equation (1) into
T, ag " =T B, +aB' +2uB". (5)
t
This is the main equation for the furthemalysis. In this eqdi@an, the internal and
external correction coils are pezted separately by terms wiﬂf and B, which provides

a direct way for comparison of different stabilizing systems. Such equatiorByita0 was

used for analysis of the RWMédback stabilization with the external correction coils [7, 8]
and in studies of the error field amplificatifh 12]. Similarity of (5) and the equation used
earlier allows the same technique be apphiecke. It worth noting, however, that the terms

with B and BS" in (5) may produce esseriljadifferent effects sincex depends o, ,
while the other coefficienu is constant.

In equation (5),BC is a known quantity determined blye geometry of the internal
coils and the IC currents. It can be shown thatis determined by the perturbed magnetic
field in the plasma [8, 9]. At the same time, it follows from (5) that

T, =7,(7+inQ,), ©)
where y, is the instantaneous growth/decay rate of the mode, 3nds the angular
frequency of the mode toroidal rotation, whéj" = B'“ =0. They can be found from

magnetic measurements outside the plasma,saastied in [9, 12]. This allows one to close
the problem by using experimental data without finding» in the plasma. BelowW', is

assumed constant.
3. Feedback algorithms

Equation (5) allows one to cadsr the RWM feedback control with either external or
internal correction coils, or with both. For anadysf a feedback system we must prescribe a

dependence of the feedbamioduced magnetic field, (either B! or B") on the input
signal. We consider here a simple proportional control
B, =-Kx(inputsigna) . (7)
In [7, 8] equation (5) was used for EC syssewith input signals that can be measured by
radial or poloidal sensors. Here we penfi similar analysis for the feedback wifl) = B, .
From the equationlivb =0 we obtain

i =B (T Iu+)+B alu, (8)
Y7,

where B,” is the amplitude of,, at the inner side of the wall. We have used here the
definition (3) and approximate expression

b, =BIx ™+ B x" 9)
for the amplitude of the radial componenttoin vacuum. Also we have
g =B —2B%, (10)

u
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where B, is the amplitude of,, at the outer side of the wall. Whef" =0, this gives
B, , the same signal as measured by the radial probes.

4. 1C feedback systemswith radial and poloidal sensors

Two cases are considered here: with input sig@glsand B, , assuming that the control

field is created by the internal coils onlg{’ =0). Note that according to (10) the feedback
system with poloidal probes outside the wall moest(within the model) equivalent to that
with radial probes wheB:" =0.

(2). Radial sensors. We assume here

inputsignal=8,, . (11)
With

Bl=-K B, 12
the main equation (5) becomes

Tw aab;m = (Fm _aKr )Bm * (13)
Then for RWM suppression we need

K>tog 1o 1 , (14)
a 1+ x7K 1K,

whereK, =T, /(2u )and

Kmax = 1/(xc_2ﬂ _1) : (15)

It follows from (14) that, for unstable mode& (> ), @ fixed valuek, =K, would

max

guarantee fulfilment of the stability

condition (14). This value is quite
K 5 reasonable even for the coils placed very
close to the wall: for then =2 mode, we
o obtain from (15)K,, < 6for x, <0.96.
31 Smaller x, results in smallerk, . as
2] shown in Fig. 1.
The result (14) expressed in terms
1 of o allows easy comparison of systems
0 with internal or exteral coils: in the latter
08 084 08 092 09 100 case,o must be replaced bgu in (14).
X The mode is unstable whdn, > , @hile
Fig. 1. Dependence of K, on the in-vessel o >2u for I, >—2u andx, < 1, see (4).
coil position (m=2). Therefore, we can conclude that smaller

gains are needed for RWM stabilization with IC system, as compared to similar feedback
using the external coils.
With EC system & =2u ), larger gains would be nesdl for the modes with larger

growth rates, and with fixed (for example,K =K, ) the RWM stabilizabn with external
coils may be possible only for the modes with< 2uK .
(2). Poloidal sensors inside the vessel. Consider the feedback system with
inputsignal=i(m/ u)B," . (16)
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Then for the proportional control (7) with = K, for perturbationse exp( )we obtain
from the main equation (5)
Fm _aKH
}/Z-W I E——
1+0K,lu
The mode becomes stable £ ) @ith either K, >T, /«, which is the same condition as
(14), or K, <—ul e . These two possibilities can be combined into

Ky|> max{r—’”,ﬁ}, (18)
a'«a

(17)

which can be satisfied by
|Kz9| > Kmax (19)
for any positivel’ . Criterion (19) determines the absolute valuekgf leaving its sign

arbitrary. This is a great benefit from the pieadt viewpoint. In particular, this eliminates a
danger of the phase instabilityhen the plasma perturbatiorlips’ toroidally with phase
reversal, escaping from the action of the applied stabilizing field.

5. Conclusion

In the cases considered, the results strodglyend on the position of the coils inside the
vessel: smaller gains are neededtabilize the RWM for smallet,, i.e., when the coils are

placed more close to the plasma. This is nah expected result. Most important may be
that the feedback system with internal caitsng the proportional algorithm (7) with either
radial or poloidal sensors can be opetatéth constant gains, independentof. In both

respects, the systems with internal coils lookdsetttan similar systenig, 8] with external
colils.

In DIII-D experiments [1-3, 5] the feedbaetth external coils demonstrated better
performance with poloidal probes as compareth&b with radial probes, in agreement with
numerical [3-5, 10, 11] and analytical [7, 8] results. Our analysis shows that the same should
be expected for the feedback with in-vessdllsc@he analysis is based on the single mode
approximation which may overestimate the effily of the feedback [8]. More precise
quantitative results will follev from numerical modelling.
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