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A general circuit formulation of resistive wall mod®WM) feedback stabilization developed by
Boozer[Phys. Plasmas, 3350(1998] has been used as the basis for¥heeEN computer code that
calculates the performance of an active control system in arbitrary geometry. The code uses a finite
element representation of a thin shell structure in an integral formulation to model arbitrary
conducting walls. This is combined with a circuit representation of stable and unstable plasma
modes. Benchmark comparisons \ofLEN results with large aspect ratio analytic model of the
current driven kink mode are in very good agreemegnatEN also models arbitrary sensors, control
coils, and the feedback logic connecting these sensors and control coils to provide a complete
simulation capability for feedback control of plasma instabilitigsLEN modeling is in good
agreement with experimental results on DIlIF@arofaloet al, Nucl. Fusiord0, 1491(2000] and
HBT-EP[Cateset al, Phys. Plasmag, 3133(2000]. VALEN feedback simulations have also been
used to evaluate and optimize the sensor/coil configurations for present and planned RWM
experiments on DIII-D. These studies have shown a clear advantage for the use of local poloidal
field sensors driving a “mode control” feedback logic control loop and configurations which
minimize the control coil coupling to the stabilizing resistive wall. Z001 American Institute of
Physics. [DOI: 10.1063/1.1362532

I. INTRODUCTION ternal inductanc€!’ and in HBT-EP:® Two schemes to
control the unstable RWM have been proposét): the

Control  of long-wavelength magnetohydrodynamic lasma rotation with respect to the walls can be maintained
(MHD) instabilities using a conducting wall near the plasmap P

boundar I . ion€-0., with neutral beam injection® and (2) a network of
y and application of external magnetic perturbations™* . . N
is one of the most important routes to improved reliability active feedback c0|I_s can bezcoonflg_L_lred S“O as fo S'mmate'
and improved performance of magnetic fusion confinement peerectIy__c_:onductmg_ Wéﬁ’_ , or (i) a “fake” rofating
devices. Conducting walls are known to prevent or reducé‘va”'_ orzglgs) to provide direct feedbgck on the RWM
the growth of harmful, long-wavelength MHD instabilities in &MPlitude===*In D”I'[?]Otvl’\:ae" plasma rotation is observed to
tokamak$ and spherical tof,and they are essential to the SIOW down wheng=> g™ """ resulting in the failure of pas-
operation of reversed field pinch@@FP3® and spheromaks. SIV€ rotational stabilizatiol? hence, thg dgvelopment of ac-
Most attractive fusion power scenarios require wall stabili-tivé feedback systems may be essential if these modes are to
zation to reach high fusion power density and operate conP€ controlied.
tinuously with low recirculating powet-® Long-wavelength The computer codeALEN has been developed to predict
modes are stabilized by close fitting conducting walls bethe performance of active feedback systems. The code mod-
cause wall eddy currents oppose the helical perturbation%'s arbitrary conducting walls via a finite element represen-
created by these instabilities. However, for slowly growingtation using a thin shell integral formulation. This yields a
instabilities, passive wall stabilization will fail when the Ccircuit representation of all conducting structuresLEN has
eddy currents decay due to the finite resistivity of the wall.a circuit representation for stable, and unstable plasma
This allows resistive wall mode(RWMSs) to grow on the modes, and also models arbitrary magnetic sensors, control
time scale of magnetic diffusion through the wal,,. coils, and simple power supplies. The ability to simulate the
RWNMs have been identified in RFFsand in tokamak&™'*  effect of various feedback strategies among the sensors,
Since the initial observations in DIII-D of the effective- power supplies, and control coils provides a complete simu-
ness of wall stabilization, high-performance, wall-stabilizedlation capability to accurately model active control of exter-
plasmas have been produced transiently which satisfy theal MHD instabilities.
requirements for attractive higB- steady-state tokamak In Sec. Il A we briefly describe the techniques used to
operation>® However, the onset of the RWM has been model arbitrary conducting structures. In Sec. Il B we review
observed to be the limiting factor in the lifetime ag® the formulations used to model the plasma instability in a
achieved in DIII-D advanced tokamak regimes with low in- circuit representation. The plasma model is exact within an
ideal MHD linear mode analysis. Although these techniques
*Paper GI1 4, Bull. Am. Phys. Sod5, 118 (2000. may be extended to model rotating plasma instabilities we
finvited speaker. limit this paper to nonrotating instabilities. A simple example
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with one degree of freedom for each major component is  The circuit equations can be derived by making standard
presented in Sec. IIC. Section IID indicates h@wLEN substitutions intoE+A+V¢=0. Each term is expressed in
brings these techniques together for addressing the genetgrms of the mesh currenttg(t) and the basis functions from
problem of active feedback control. In Sec. Ill we present aEq. (1). We use Ohm’s lawE= 7J, the familiar expression
study that examines the passive stabilizing effect of a nearby )

conducting wall in a large aspect ratio tokamak comparing  A(r)= ~— J'

the predictions of th&ALEN code with analytic calculations 4 Juor|r—r’|
from the single mode model. In Sec. IV we present basiGor the vector potentialwhich assumes the Coulomb gaiige
VALEN predictions for active feedback using the “smart multiply by w;(r), and integrate over all space. This integral
shell” feedback logic. Section V discusses approaches tgormulation gives the basic equation for distributed circuit
optimization of the feedback sensor/control coil configura-analysis, Eq.(2), and the current distribution is now de-
tion in the HBT-EP tokamak and in DIII-D. Conclusions are scribed in terms of mesh currents instead of field variables.

v

given in Sec. VI. The shape/weight functione,(r) essentially define finite
elements
Il. PHYSICS MODEL FOR ACTIVE FEEDBACK
CONTROL J Wi(")‘( 72 T(DWi(r)
| k
A. Circuit model for induced currents in conducting v _
structures S 1 (DW(T
| . ﬂf 2N vy |do=0. @
The VALEN code models the induced currents in distrib- A Jyor  |r—r'|

uted conducting structures as a seRsL circuit equations.
This is similar to thespARK?* code. The formulation allows
analysis in the time domain, and also provides eigenvalue
and eigenvector information.

Fields and currents are assumed to be quasistatic, i.e., [L]{I(t)}+[R]{I(t)}={V (1)} (3)

the circuit approximation is valid, and we ignore displace- h brack q
ment currents. The distributed conducting structure is repre€re the square brackefis] are used to represent matrices

sented by a collection of simple elements. Within the con- and the notatioR } is used to represent a column vector. The
ducting structure current density is expressed as inductance matrifL] has terms

J wi( r) wi(n)-wi(r')
J(f.t)Zz L (t)w(r). (1) Lij fvol ol =t dv’ dv (4)

The divergence free shape/weight functiong(r) corre- ~and the resistance matriR] is
spond to macroscopic loops of current, usually a circulating
current in each element. The shape functions define closed Rij:J 7W;(r)-w;(r)dv. 5
vector paths with units of inverse area. When elements are in vo!
physical contact, adjacent element currents are shared resiBhese matrices are constants for a particular conducting
tively on the common edge or surface. Thét) have units  structure. Equation$4) and (5) are generalizations of Neu-
of amperes and are functions of time. Our final circuit equaman’s formula for inductance, and the standard definition of
tions will be expressed in terms of these variables. Thidumped resistance. Since the basis functions are divergence
choice of basis functions guarantees that the resulting equéee, the integral,,w;(r)-V ¢dv=0 in general. The right-
tions will satisfy current conservation, i.eV-J=0. If the  hand side of Eq(3), {V(t)}, is the applied voltage
global geometry is multiply connected a few special global ]
loops of current may be required to complete the space of V;(t)= —J W, (1) -(Agylr,t) +Ve)do. (6)
possible solutions. For example, in a complete toroidal shell vol
two additional global loops of current are required, one forFor example, if there are exterior sources of changing mag-
net poloidal current and another for net toroidal current.  netic field then the applied(loop) voltage is V;(t)

In vALEN we use a thin shell approximation in which = — [oWi(1)-Agr,t)dv. If there are voltage power
currents and fields are assumed to vary on a spatial scalgipplies present then V;(t)=—f,owW;(r)-V ¢(t)dv

much larger than the thickness of a typical conductor and ne- — ¢ ¢(t)w;(r)-da for those paths that pass through a volt-
effort is made to model skin current penetration through thegge power supply.

thickness of an element. Currents are assumed to be uniform
through the thickness of these thin elements. The thin she
approximation is accurate if the conducting structures ar
thin compared to ¥ with k the wave number of the mode. If a plasma instability is completely internal with no ex-
This approximation is adequate for almost all existing ex-terior magnetic signature, then feedback stabilization will not
perimental fusion devices. In this approximation the currentgontrol the instability. When a plasma instability has an ex-
are analogous to a surface stream function, and are referréelrnal magnetic signature, the external magnetic properties of
to as mesh currents. a MHD perturbation are completely described by giving the

Equation(2) produces the standard circuit equation for dis-
tributed conducting structures. Collecting terms dependent
on I(t) andl(t) we obtain

. Plasma circuit formulation
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normal component of the magnetic perturbation at the locapotential energy is inconvenient in a study of wall modes.
tion of the surface of the unperturbed plasma. The interactioiVe use a dissipative shell lying on the surface of the plasma
of an external MHD instability with all surrounding conduc- to serve this purpose. The current in the dissipative shell that
tors and coils may be modeled by representing the instabilitys associated with a given mode has the spatial distribution,
in terms of a scalar magnetic potential. The circuit model forg;(6,¢) of Eq. (9), and an amplituddaid. The current in the
the plasma instability has been formulated by BodZdtis  dissipative shellid is determined by Ohm’s law,

formulation was designed to combine with the circuit model g

used for distributed conducting structures described previ- d®i/dt=—Ril{, (11

ously. with R; an assumed resistivity in ohms for the dissipative

Let (p.6,¢) be a set of toroidal coordinates in which the .\ " 0\ o) ofR is chosen soR;/L; simulates the

surface of the plasma is defined pgqual to a constant. The growth rate of the ideal mode. The total curréntiowing in

”Om_“?" component Of. the ”_‘agne“c field for the plasma "Nthe surface current on the plasma boundary is the sum of the
stability may be written in terms of flux agiB-Vp

—S®,(1)F,(6,0) with 3 the Jacobian of the coordinate sys- perturbed plasma curreht and the current in the dissipative
I I '

d
tem. The eigenfunction§;(8,¢) are chosen do diagonalize shelll,
the operator, Li=1P+19, (12
1 . _
SW= EE w D2, ) The effects of currents in walls and coils external to the

plasma are important factors in the study of feedback stabi-

which gives thechange in the energip the region occupied lization. We define théth component of the flux associated

by the plasma and a surrounding vacuum. The plasma pefith an external magnetic fieldey by

turbation is unstable in the presence of a conducting wall if

any of the eigenvalues ofW, the w;, are negative. The <I>F’“=j f,(6,0)Beygrda (13

eigenfunctionsf;(6,¢) of 6W are orthonormal f;f;dé de

=§6j. This implies that the ®; are given by ®;  evaluated on the plasma surface. TW&" are proportional to

=J1i(6,¢)B-da whereda=3Vpd 6d¢. the currents in the walls and coil¥, and may be written in
The perturbed magnetic field outside a plasma can behe form cpieXt:zMij”N_ The normal field on the plasma

defined by a surface current distribution on a control surfacgurface in each of the modes is given by the sbm-L;l;

just outside the surface of the unperturbed plasma. The sur®®, or

face current distributiorK(6,) may be obtained via the

equation$B-Vp|=0 andV X|B|= uoK, with| | meaning the

jump across the control surface. This surface current is di-

vergence free and tangential to the control surface so it m

be written as

i=Lili+ > Myl (14)

a . .
¥he wall or coil currents are also determined by Ohm’s Law,

_ _ dd,,
K=VxXVpd(p—ps) ®) T:_E Ryl I+ Vi (1), (15

with
with the flux through the wall or coil circuits given by
K(6,0,0)=2 1i(1)gi(6,¢). ©)
, o , ®,=2 Ludi+ 2 Muili, (16
Eachg;(6,¢) is chosen so the field it produces, in the ab-

sence of any other currents, is the normal fidlB-Vp  4nq the applied voltage on the external cdifsany) speci-

=®i(t)f(6,¢). Thed; and the current; are proportional, fieq py\V,,(t). These equations define the circuit model used
so the effective inductance for a plasma perturbation may bg, ya en.

defined byP;=Ll;. The surface current associated with the  The plasma perturbation eigenfunctions are defined once
plasma perturbation is defined by a set of curreifts Since Eq.(7) has been specified. At present only one plasma eigen-

. . 22
Ii" is proportional to theb; , function is used invALEN—the eigenfunction associated
with the least stable perturbatigmost positives). This is
Lilip:E (6 +siNij) P, (10 equivalent to assuming that the plasma perturbation mode

structure is rigid, and only changes in amplitude and not in

where s; are constants such tha=—w;L;, and )\ijl spatial form. It is planned to generalizaLEN to implement
=[fig;d 6d ¢. Equation(10) connects the stability of the multiple plasma mode eigenfunctions. These additional
plasma perturbations to the circuit equations that follow. eigenmodes can be excited by the feedback system and their

In standard MHD stability analysis the potential energyinclusion would give an accurate response of the plasma to
released by the instability is transferred into plasma kinetideedback. However, as noted by Okabay#stiie approxi-
energy. Growth rates of an instability are frequently esti-mation of a rigid plasma perturbatiga single plasma eigen-
mated by finding the extremal value for the ratio of potentialfunction) appears to be accurate for the plasmas such as
to kinetic energy. The use of kinetic energy as a sink for thehose of the RWM studies in DIII-D.
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C. Single mode example =

Consider the idealized passive case, i.e., the interactionE
of a single plasma eigenmode with a wall. The response of ‘&
the wall is approximated by one circuit, i.e., one curréht
The strength of this eigenmode is characterized'bpr the
associated magnetic flux penetrating the wél|,. We char-
acterize the plasma perturbation as a single currentith
flux ®. The perturbed plasma curremt, is determined by
the stability equationl.1P=(1+s)®. On this same control
surface there is also a curreft associated with the dissi-
pative circuit. The total current in this surfacelis |P+19. |Og ( s )
Collecting the expressions for magnetic flux in the wall, the

normal field on the p|asmﬁn terms of flux, and the stabil- FIG. 1. (Color) Idealized, single mode, dispersion relation for the growth
ity equation rate of the kink mode with a nearby resistive wall.

log ( growth r
Y
=S
k|
A

Ll Y+ Myl S+ My I P= D,
Ml "+ LI+ LIP=0, (17)  D. VALEN finite element implementation

LIP(1+5)=® VALEN implements the general formulation of the above-
’ mentioned problem. The complete problem may be thought
of as a partitioned matrix circuit equation, E@). The sta-

w
dt +RyI"=0, bility matrix, [S], comes from Eq(10). The column vector
(18) {dg} refers to the flux in sensor coils add/s}= —{dg}
@+ R.19=0 refers to the voltage in sensor coils,
de 4
{I"}
Since the plasma perturbation fldx occurs in the second [Lwl  [Mwp] [Muyp] 14
and thir_d parts of Eq(17) we may elimin_atdp_ gnd defin_e a [[Mp] [Lp]  [Lp] !
new pair of inductance equations that implicitly contain the .
stability equation from Sec. 11 B, :{{q)w}} {(DW}+[RW]{|W}:{V},
1(1+s » {®} )" {@}+[Rq{1%={0},
'-w_wa[ e Mow|! (21
[Lo{IPt=[SK P},
1/1+s q
| Mup=Mup | —— L 17= P, where
19
1+s)1 " 1+s\1 ) | 19 S;j=(8ij +si\ij) (22)
MpW—L — EMpW | + L_L T EL | Zq),
and
where, as befores=—wL.
Whens is positive, the plasma perturbation produces an {I"}
unstable mode in these circuit equations. The growth uate, [[Mew] [Msdl [Mepl] (19 =0y 23)
(inverse time constanbf the unstable eigenvalue character- [P

izes the growth of the plasma instability in the presence of
the conducting structure and is given by a quadratic disper-  The techniques described in Sec. Il A have been imple-
sion relation?? mented inVALEN to describe arbitrary thin shell conducting
2 _ structures. MatricegL,,] and[R, ] are defined by the tech-

(1=Cp ™yl (1=C)v = vg%=0, 20 niques described \ién WS]ec. II[A\.N]Currents in al?/ conducting
where C=M,,M,/LLy,, A=[(C+yy/yg)/(1=-C)]=s, structures are now essentially surface currents. Which is ad-
v4=Ry/L~1rpmnen, andy,=R,/L,,. The key parameters equate for almost all existing plasma experiments. The con-
are the normalized plasma—wall coupling, which varies ducting walls may be conformal to the plasma, nonconfor-
from 0 to 1, the ideal mode Alfwéc growth rate,y4, and  mal, partial walls(see Sec. I, or any combination of these
the resistive wall time scaley,, . Sinceyys> v,,, the charac- options. Depending on the geometry of the conducting wall,
teristic form of this dispersion relation is given in Fig. 1, several hundred to a couple of thousand elements have been
showing a slowed growth rate, resistive wall mode branch atised to model, respectively, HBT and DIII-D.
low values ofs, and a transition to the Alfugc ideal mode We use the same techniques to include control coils into
branch atS,=C/1- C corresponding physically to the maxi- the circuit model. A coll is treated as a global loop of current
mum value ofs stabilized by a perfect conducting wall with specified cross-sectional area and resistivity. We also
where y,,— 0. allow the possibility of sensor coils. Since a typical sensor
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coil would have negligible current we exclude sensor coil
currents from the eddy current formulation. This avoids nu- Vo= 2 Go®(t—15)+ 2 GOVI(t—r5)
merical problems produced by great differences in current
magnitudes. Sensor coils are included in the eddy current P P D; D
formulaton only as a mutual inductance ymatrix +2 Gfil(t=m)+ 2 GRli(t—1), (26)
[[Msw] [Msql [Mgp]] which has size number of sensors by
the total number of currents, ER2). In VALEN, the geom- ~ WhereV, is the applied voltagep? is a sensor fluxV? is a
etry of active coils or sensor coils is described by piecewiseensor voltagel; andl;, are any current or its time deriva-
linear paths in space. The cross-sectional area, resistivity tive, Gfi and G(E’i are the proportional or derivative gain in
active coil3, and number of turns must also be specified.the active coil ‘c,” G|, and G} are proportional or deriva-
[Mg,] is derived by a straightforward application of Ed).  tive gain for any current, and a time delaynay be applied
The plasma perturbations representing the eigenfundo any term. The gain terms have user specified characteris-
tions of the operatosW must be supplied t¥ALEN. These tics. Current power supplies may be modeled as an extra
eigenfunctions specify the external magnetic field and defeedback expression between power supply voltage and cur-
pend on typical plasma parameters such as current and preent through the power supply circuit.
sure.bcoN?® produces this type of information. Usually sta- If we limit ourselves to zero time delays and constant
bility codes calculate the most unstable eigenvector and itgains a feedback strategy may be studied as an eigenvalue
growth rate(eigenvalug This is different from the desired problem in Eq.(3). For example, if all time delays in Eq.
eigenvectors oBW. Boozer argues that at the point of mar- (24) are identically zero, and the gain coefficients are con-
ginal stability, growth rate eigenvectors, which depend on sstants, then Eq:22) may be used to express the sensor flux
kinetic energy operator, approach arbitrarily closely to the®? and its time derivatives in terms of thg(t) and its
eigenvectors describing the change in energy ¥haeNn re-  derivatives. In this situation, all these dependencies may be
quires. In this manner we have used input information fromcollected on the left-hand side of E@) to produce a well-
GATO?’ in someVALEN calculations. Other stability codes defined eigenvalue problem. The unstable eigenvalues of this
could also be used foraLEN input. When such an approach generalized circuit equation are reciprocal growth rates of the
is taken we extrapolate the range of validity by the use of ainstable modes.
qualitatively correct expression for the stability constant, All of these capabilities have been implemented using
FORTRAN 90 and the Numerical Algorithms LibrafNAG)
mathematical library. The/ALEN program is not a single
(B) = (Biree executable code but rather a collection of several executable
SO (29 . .
(B)fixed—{B) modules. For example, the first module computes the induc-
tance and resistance matrix for all conductors and coils. A

) _ ) second module computes the additional inductance and resis-
Plasma perturbations need to be described in terms qfnce contributions from all the plasma modes. Other mod-

the normal magnetic field on a control surface placed at thgjes then are used tq1) calculate transients in the time
location of the unperturbed plasma. This information is theonmain,(Z) examine the eigenvalues and eigenvectors of the

used to solve for a surface current distribution that best remogel, and3) produce graphical summaries of the resulting
produces that normal magnetic field. Equati@n is again  ~,rrent distributions.

used to define the self- and mutual inductances of the plasma

perturbation. When using E) in this situation, one of the

shape functions represents the complete surface current dis-

tribution and the other shape function represents either a walll- VALEN PASSIVE STABILIZATION STUDIES AT
finite element, an active control coil, a sensor coil, or anothe}FARGE R/a

complete shurfa_ce (iurrent d|Ttr|b.ut|on. oushv the stabil Our first example of/ALEN results uses the eigenvalue
- As in the simple example given prswous;;\t e stability ¢ jation described previously and examines the passive
information must be incorporated back into the inductanceyapijization provided by a resistive wall concentric with a

matrix. The stability matrix[S], is used to eliminatdI®} 500 aspect ratidR/a=7.66, circular cross-section plasma
from the problem formulation. We substitute the following it minor radiusa. The helical perturbation of the unstable

expression fo17} into Eq.(20). This again incorporates all ,q4e describes am/n=23/1 external kink. The toroidal re-
the stability information into the circuit equations, sistive wall (faken as a cylindrical aluminum wall, radibs
and thickness 0.01 jmwas examined for two plasma wall
p— —1 _ -1 wi_ p radii, one close to the plasma surface witla=1.08 and the
=S Ll = [hpD) H(IMpu I =L })('25 other relatively far away witth/a=1.7. Figure 2 illustrates
the results of this study as a plot of growth rate versus the
strength of the unstable mods, as defined in Eq(10).

A very important aspect of theaALEN implementation is VALEN calculations show the characteristic two unstable
the ability to specify feedback strategy. WALEN we have branchegRWM and ideal kink illustrated in Fig. 1 for the
the ability to specify the voltage on any active coil. In gen-single mode analytic model. The expected result that stron-
eral a coil forcing voltage has the following form: ger unstable moddse., largers) can be slowed to the RWM
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10°;
] bra=1.70

/,- the VALEN calculation are in very good agreement with the
values ofS; from the analytic Wesson model. The value of
y S is obtained from the Wesson calculation by estimating the
b/a=1.08 value of s where the inflection point occurs in the growth
il rate. The value 08, is obtained from th&ALEN calculations
by altering the wall resistivity to approximate a perfect con-
ductor and then estimating the valuesafhere the inflection
point occurs. In th&/ALEN results the region to the left of the
appropriate blue curve have extremely slow growth rates and
e s are essentially stabilized.
ideal mode An important feature of th&ALEN code is that the wall
need not be conformal or simply connected. To illustrate this
. : capability, Fig. 4 summarizes the results for the situation
Il B iikksia . where theb/a=1.08 and the 0.01-m-thick aluminum confor-
10° 10" 10° 10 mal wall modeled in Fig. 2 was cut into isolated segments. In
s VALEN HaT one sequence of calculations, equally spaced poloidal cuts of
_ _ 1°, 5°, and 10° toroidally were applied as shown schemati-
FIG. 2. (Color vaLEN calculation of the growth rate for am/n=3/1 kink . . . ° .
mode at largeR/a surrounded by a concentric conducting wall at two nor- Ca"y in the flgure. In another sequence the inner 180 p0|0|_
malized wall radiib/a. Both the original plasma and the surrounding wall dally of the wall was removed and the same equally spaced
have a circular cross sectiona™ is the plasma minor radius ands” is the poloidal cuts of 1°, 5°, and 10° toroidally were applied as
wall minor radius. shown schematically in Fig. 4. Th&LEN calculation of the
value of S; for these configurations is plotted in Fig. 4 as a
function of the fractional % of conducting wall area which
remains for each configuration. We see that the relation be-
tweenS, and wall fraction is roughly linear. This result is to
) o be expected since we are modeling a current driven kink at
In order to provide a quantitative benchmark 8LEN, 546 aspect ratio which has little poloidal variation in mode
we compare the values & presented in Fig. 2 with the it de. In the case of a lower aspect ratio beta driven

results of an analytic calculation of ideal wall stabilization kink with ballooning character the outer wall segments are
based on a circular cross plasma for an ideal, current drivegeen to have a greater relative stabilizing effect

kink published by Wessoff The circular cross-section
plasma in the Wesson model has minor radias’“and the
surrounding aluminum resistive wall was placed at two dif-IV. VALEN MODELING OF BASIC SMART SHELL
ferent radii, “b.” We see in Fig. 3 that the values & from  STABILIZATION

Two approaches to active feedback control have been
xplored with theVALEN . the “smart shell” an

5> Scf be)  S»Sc ) ‘(?poed t ”te ) code t? satse._ad
When bia=1.70 When m‘ u :h.rlhua mode control.” In the “smart shell” approach, originally
proposed by Bishdf for the reversed field pinch, an exter-
nally generated radial magnetic field is applied by a control
coil to the resistive stabilizing wall which cancels the un-
stable mode generated radial flux soaking through the resis-
tive wall. In this way the response of a perfectly conducting
wall is simulated. Alternatively, the “mode control”
approach??to feedback control seeks to cancel out the ra-
bia=1.08 dial mode flux at the plasma surface by application of an

\ externally generated field proportional to the mode ampli-
tude.

Boozef? showed that in the idealized limit of one equa-
tion for the plasma mode, one for the wall, and one for a
single active feedback control coil, the dispersion relation for

102 AR Al a plasma mode stabilized by a smart shell feedback scheme
0.01 i 0.1 i 1 may be described by a quadratic dispersion relation. Here the
ity ’ sensor coil located on the resistive wall measures a radial
FIG. 3. (Color) Comparison ofvALEN large R/a calculation of kink mode flux, s, "’.md this flux signal deter_mmes a \/_olta‘geapplled
growth rate shown in Fig. 2 with an analytic result using the Wesson modelt0 the active feedback control coil. If the single active feed-
Both the original plasma and the surrounding walls have a circular crospack control coil has self inductantg , resistanceR;, y;
section. ‘a” is the plasma minor radius andb” is the wall minor radius. =R./L.. mutual inductancé/... between the resistive wall
The vAaLEN results are shown in blue and the Wesson results in red. We it . wi
compare the inflection point for the resistive Wesson model with the inflec-@nd the control coil, mutual 'anCtanCM pf bet\_’Veen th_e
tion point for thevaten structure with approximate perfect conductivity.  plasma mode and the control coil, and a proportional Ggjn

growth rate ( 1/sec )

branch for a close fitting wall is clearly recovered, with the
transition value o identified asS.=the stability limit for an
ideally conducting wall.

105

T =TT T T T T T rTT

bia=1.70

A b iaii

T T T TTIm

A
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Growth Rate (1/s)

=TT
sl
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1.0 5 =i
full poloidal coverages
0.8+ toraidal cuts FIG. 4. (Color) vaLeNn model applied
- to a sequence of complex passive sta-
bilizing structures for the kink mode
0.6 of Fig. 2. with both toroidal and poloi-
Se dal gaps in the conducting structure.

| i The value ofS; as a function of %
¢ . I SN CONMAS R yITe] SRS SRR — = conducting wall coverage shows a
H / ¥ roughly linear relation for this large
aspect ratio geometry. Both the origi-
nal plasma and the surrounding walls
have a circular cross section.

hall poloidal coverage
toroidal cuts

il
0—20 a0 &80 8O TO0

% area in toroidal '3 %% -F

shell

so thatVi= —L;y,Gp®s/My¢ then the dispersion relation that the effect of large values of proportional gain saturates

has the form asGp— < and thats can approact$; only if C;>0. Since in
5 the case of a typical “smart shell” configuration the control
ar°ta,vtag=0, (270 coils are located outside the vacuum vessel wall and hence

are coupled more strongly to the vessel wall than the plasma

wher =— i+ D+ ; =Dys— vy, an ) ; . . o
_e € ag/ 1= =y yu( Cf)G.P’ S AEAS . d . mode,C; is usually negative and this condition sets the limit
a,=D. The key parameters which characterize the active .
n basic smart shell performance.

control system are the normalized coupling of the plasma? ; i )
mode to the wall.C=Mp,M,,,/LL,,, defined earlier and TheVvALEN code was applied to modeling the basic feed-

which varies between 0 and 1. A new parameter is the norPack control performance of the three-dimensional smart

malized feedback system coupling, shell configuration in the HBT-EP tokamak® which is
shown in Fig. 5. The system in HBT-EP uses a resistive
Ci=1-Mp M /Ly Lps, stabilizing shell which is cut into ten 26° wide toroidal seg-

. - . ments covering only roughly the outer 180° of the poloidal
which can be positive or negative, and the functid(s)  cross section. In feedback studies five of these wall segments
=[(1+s)C/s—1] which is large and positive for small in- 46 thick aluminum and are withdrawn far from the plasma
stability drive s, and decreases to 0 agises to ideal wall and the other five thin stainless-steel segménts-0.3 m3
limit, S, . SinceD(s) =a, is positive on the RWM branch of are placed ab/a=1.08 and have been fitted with 30 inde-
the dispersion relation and the Hurwitz condition requires a"pendent sensor/control coil pairs as shown in the Fig. 5
coefficients a,, a,, anda to have the same sign to guar- Shown in Fig. 6 is a summary of theLeN modeling of this

anty no unstable roots, this gives three conditions on th hell active feedback for three diff
maximum value ofs which can be stabilized by the active HBT'E_P smart shell active ee' ac system. ort reg rer-
ent gainsG,, and compared with the result if the stainless-

feedback system. The maximum stable values arfe set by
the lowest of the three conditions steel wall segments were perfect conductors. We see that

these results are in good agreement with the analytic model
described previously. First, we note that the application of
a;>0r s<y—==S, (28 feedback gain not only reduces the growth rate but actually
fully stabilizes the RWM. Second, the effect of gain satura-
C tion is readily apparent a§, is increased from 510* to
a,;>0: S<m<5c’ (29 1x10°V/W. Finally, we note that the largest value of
" which is stabilized is smaller than tt& result for a perfect
C conductor, in agreement with E(0), since the value of;
<1—C—Cf+[yf/yW]G;l' (30 for the HBT-EP smgrt shell configuration is less than 0 due
to strong control coil/wall coupling.

The first condition of Eq(28) limits us to stabilization up to Experiments using this HBT-EP smart shell configura-
the ideal wall limit. The second condition of E€R9) only  tion to stabilize the RWMs have been reported by Cates
approaches the ideal limit if the response time of the feedet al’® and showed that the gain required in the experiment
back systemL;/R;, is much faster than the resistive wall to achieve RWM suppression was in good agreement with
time constant.,,/R,,. The third condition of Eq(30) shows  the VALEN model result of 10V/W.

a,>0: s
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1 cm Aluminum 2 mm Stainless Steel

Sﬂﬂmll'lll I'—-——-________.. Segments

FIG. 5. (Color) Smart shell feedback
control system in the HBT-EP experi-

ment.
Control Cail
V. VALEN MODELING OF OPTIMIZED FEEDBACK In the context of DIII-D the performance of the basic
CONFIGURATIONS “smart shell” feedback scheme with proportional gain was

Following on the initial success reported in stabilizing studied. Shown in F'g.' 7isa summary of a systematic study
the RWM with active feedback control on HBT-ERand in of the effect of .addlng addltlonal poloidal segments of
DIII-D, 3! the VALEN code has been used to explore opti- sensor/'co.ntrol coils to provide more complete coverage of
mization of the feedback configuration on both devices Withthe resistive vacuum vessel wdli/a~1.3 andr,~5mg

the objective of finding configurations and feedback algo_WhICh provides stabilization of the ideal=1 external kink.

rithms which are projected to stabilize the RWM at the high-The unstable RYV'\IA ?tI’UCthJI’t(; USR?SVII\I;I the?ebslt_l:dl_ess\llﬁsDtaken
est values ofs and approaching as close as possible to thgrom aGATO caiculation of the Instability in ey
ideal wall beta limit,S, . Examples of design choice issues shot number 92544. The feedback control coils presently in-

for the “smart shell” configuration include: extent of poloi- stalled on DIII-D consist of a single poloidal segment of six

dal coverage of radial flux sensors; optimal number of con 80" wide control coils on the midplane located outside the
roidal field coils. Six radial flux sensors are mounted on the

trol coils and sensors, optimal sensor locations, and optimatﬁIII Dv my | h directly under the radial footprint
size for sensors. In the case of application of the “mode”, acuum vessel eac ectly under the radial footp

control” approach to feedback, it is critical to obtain a high of one of the control coils. In these studies, additional polidal
accuracy measure of the RWM,ampIitude and phase to be thseegments of six control coils and six sensors were added
input into the active feedback loop. One promising approach

has been found to be the use of multiple poloidal magnetic

field, B,, sensor coils to identify amplitude and phase and to L

use midplaneB, sensors to minimize inductive coupling to Ideal Wall Beta Limit

the control coils. This scheme for “mode control” was also

studied systematically witliALEN. 0151 \ \ \\
105 ‘ |
passive plat+ ; 0.17 / /
response .
1°l1 SRR Nk T = . _|_.___..__.._._. " S L
s ] G=5x10*
| i ] .
. y

—
W ,
- b G=10% L
B g e ki 0.05;
= | ,
: |
E 102, 1| AR
= i - STABILIZED 0 ; \ ; |
T T T 1
3 G=1a% - | i7" | FOR $<Sc
R R B I | (R e 0 2 4 6 8
1 | ' | %
11 i | idealWall| Number of Poloidal Coil Segments
] T
b H |
10° = | o TR R = FIG. 7. (Color) vALEN calculation of effect of additional poloidal segments
10 10 10 10 of feedback sensor/control coil elements in DIII-D for a smart shell with
5 HET vaben 092000 proportional gain feedback, showing that improvements in the maximum

stable value of saturate after about three segments. Each blue line segment
FIG. 6. (Color vaLEN calculation of basic smart shell stabilization in the is a set of six control segments and each exterior red line segment is a set of
geometry of HBT-EP using proportional gai@,, , feedback. six radial flux sensors.
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l Ideal Wall Beta Limit
B Batwean VV
and Plasma
n 14 Inside
. P w Outside
S i & v FIG. 8. (Color) vaLEN calculation showing the effect of
M ¢ varying the distance between the plasma surface and
0.05¢ radial flux sensors. The outermost segment of the
. .'h vacuum vessel is located Bt=2.445 m. The midplane
/ “outside VV” sensors are located &8=2.474m ¢
/ =*0.599 m), midplane “inside VV” sensors are lo-
o . . cated atR=2.420m = +0.420m), and midplane
'D o “sensors between VV and plasma” are locatedRat

0"'r 5 10 15 20 =2.350 m = +0.510 m). The maximum radius of the
. plasma surface is 2.285 m.
Plasma-Sensor Separation (cm)

\ \
/ @ 4 ‘
vertically above and vertically below the midplane as shownshell performance with proportional gain for three sensor ra-
schematically in Fig. 7. In Fig. 7 the icons illustrate 3, 5, anddial positions as shown in Fig. 8. It is clear from the results
7 poloidal segments for the control coils and radial flux senin Fig. 8 that significant improvements in the maximum
sors. Each straight line segment in blue represents an actiwable value ofs are possible if the sensors are located as
control coil segment and each exterior straight line segmentlose to the plasma surface as possible.
in red represents a radial flux sensor segment. We see that Additional improvements in projected feedback control
the addition of either a single segment vertically above omperformance in DIlI-D are found when the mode control
below the present single midplane segment improves théeedback scheme is modeled. Mode control usesBingen-
maximum stable value of, and that further improvement is sor coils located on the outboard midplane just inside the
obtained with two additional segments, one above and oneacuum vessel wall. Since these coils have nearly zero mu-
below the midplane segment for a total of 3 segments contual inductive coupling to the control coils, they provide a
sisting of 18 sensor/control coil pairs. The addition of morehigh quality measure of the unstable RWM amplitude and
segments up to a total of 7 showed relatively little additionalphasevALEN modeling of this feedback scheme showed dra-
improvement in the maximum stable value ©fSince the matically improved performance relative to that obtained
RWM induced eddy currents in the vacuum vessel wall arevith the smart shell approach usiBy flux sensors near the
largest on the outboard midplane and diminish significantlyvacuum vessel wall.
on the top and bottom of the vacuum vessel due to the strong The results of these optimization studies in DIII-D for
ballooning nature of the mode structure, this result is noboth single poloidal segmeii6 control coil3 and three po-
unexpected. loidal segmeni{(18 control coilg are summarized in Fig. 9.
Further optimization studies in the smart shell feedbackThe results of th&ALEN model are plotted witls mapped to
scheme show little benefit for the addition of finer scale to-B using the approximate relation given in Eg4), and nor-
roidal segmentation in the control coils which make up themalized to the difference between the ideal wallimit (s
additional poloidal segments. There was also no benefit ob=S;) and the no-wall beta limit=0). For the present
served to having the toroidal segments rotated in angle relazontrol coils geometry of six midplane coils on DIII-D, we
tive to the six control coils in the midplane poloidal segment.see the projected performance of the existing system with a
However, there was significant improvement in projectedbasic smart shell feedback scheme with proportional gain
performance when the radial field flux sensors were ‘“shortdimited to improving3 to about 20% toward the ideal wadl
ened” to subtend a smaller poloidal angle by providing alimit, consistent with the modest feedback performance re-
better mode amplitude signal with less averaging of the poported for this system on experiments showing RWM control
loidal mode structure. on DIII-D.Y” The use of shorter sensors located inside the
Using this optimal configuration of three poloidal seg- vacuum vessel and the existing six control coil system
ments consisting of 18 control coils outside the toroidal coilsprojects improvements to about 30% toward the ideal Wall

structure, the location of the 18 sensor loops, which measurénit. And the use of a toroidal array of midplane mounted
radial flux, was varied in theaLEN modeling of basic smart B, sensors improves the projected performance of the exist-
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Mo Feedback —— B-coil with internal plasmaM ;. In this way the normalized feedback coupling
Bp sensors coefficient, Cy=1—My,M¢/LyLps, in the single mode
—— Base 6-coll Lﬁ:ﬁ;ﬁ short, internal model [Eq. (27)] can be made greater than 0 allowing the
18-coil with internal maximum v_alue ofs to approach_the ideal wall limitS; .
Bp sensors Shown in Fig. 10 is a proposed improved feedback control
geometry for HBT-EP. Five of the thick aluminum segments
ideal m“{ are withdrawn and the control coils are moved into these
toroidal gaps. The five passive stainless steel stabilizing wall
segmentgshown shadedstill haveB, flux sensors mounted
5 on the back of these remaining wall segments. Also shown in
-ideal wall Fig. 10 are the results of severahLEN calculations. The
limit “No Feedback” curve is a prediction for passive stabiliza-
tion in the existent HBT-EP geometrffive close fitting
stainless steel passive segmerithie curve labeled “Present
HBT-EP” illustrates the best smart shell performance pre-
dicted for the existent geometry. The curve labeled “Mini-
mum M,,; Configuration” illustrates thevALEN prediction
for active control in the proposed improved geometry. Fi-
' " nally the curve labeled “Ideal walB limit” illustrates the
0.0 0.25 0.5 0.75 1.0 VALEN prediction for the passive stabilization that would be
B - B nowall produced by the configuration where all ten passive stabiliz-
N N ing wall segments in the existing HBT-EP configuration are
[3 ideatwall _ B no-wall as close as possible to the plasma and approximate perfect
N N conductors. The projected maximum stable valus fof the
FIG. 9. (Color) Summary ofvaLEN calculations of optimized feedback con- proposed .aCt.Ive feedback .Conflguratlc.m IS very C.Iose to .the
figurations in DIII-D for both smart shell and mode control feedback logic. ideal wall limit S; for a configuration with ten passive stabi-
lizing wall segments. This result is in agreement with predic-
tions of the single mode analytic model.
ing six control coil set further to about 50% toward the ideal

wall B limit. For an 18 control coil set in three poloidal
segments which is proposed for future installation on DIII-D,
the basic smart shell projected performance is improved to TheVALEN code has been developed as a tool to provide
50% toward the ideal waB limit, while the use of a toroidal a complete simulation capability for feedback control of
array of midplane mounte®, sensors improves the pro- long-wavelength external MHD plasma instabilities in arbi-
jected performance of an 18 control coil set further to aboutrary three-dimensional geometry of passive resistive wall
80% toward the ideal walB limit. stabilizers, sensor coils, control coils, and feedback logic.
Finally, a study of optimal feedback configurations for Predictions of the/ALEN code for passive stabilization have
the HBT-EP tokamak investigated changes in control coilbbeen benchmarked qualitatively against single mode analytic
geometry which would minimize the inductive coupling be- model of the RWM and quantitatively against Wesson’s ana-
tween the control coils and the passive stabilizing wall,lytic model of a largeR/a current driven kink mode. The
Mws, While maintaining strong control coil coupling to the VALEN model is also in good qualitative agreement with the
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VI. CONCLUSIONS AND FUTURE PLANS
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FIG. 10. (Color) vALEN calculation of a proposed feedback configuration in HBT-EP which minimizes the control coil-wall coupling allowing stabilization
up the ideal wall limit ofs. The curves labeled “No Feedback™” and “Present HBT-EP” illustrate Wheen predictions for passive and active performance

in the existent HBT-EP. The curve labeled “Minimul,,; Configuration” illustrates thevsaLen prediction for the proposed configuration illustrated. The
curve labeled “Ideal wallg limit” is the vaLEN prediction for perfect conducting plates as close to the plasma as possible in all possible los&#ons
Fig. 5.
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