INSTITUTE FOR
FUSION STUDIES

DOE/ET-53088-486 IFSR #486

General Analysis of Magnetic Loop Positioning
for Plasma Control in Ignition Tokamaks

R.R. KuayruTDINOV, E.A. Azizov,! R. CARRERA,? J.Q. DONG,?
and E. MONTALVO?
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

April 1991

11.V. Kurchatov Institute of Atomic Energy, Moscow, USSR
2Center for Fusion Engineering, UT-Austin, Austin, Texas
2Southwestern Institute of Physics, Leshan, China

THE UNIVERSITY OF TEXAS

AUSTIN







General Analysis of Magnetic Loop Positioning

for Plasma Control in Ignition Tokamaks

R. R. Khayrutdinov!, E. A. Azizov!, R. Carrera?, J. Q. Dong?®, and E. Montalvo?
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

The control of the plasma vertical position in tokamak configurations and the posi-
tioning of magnetic, pick-up loops are considered. The equilibrium problem for a'plasma
with free-boundary is solve‘d using the inverse-variable technique. Circuit equations for
eddy currents in the vacuum vessel, eddy currents in structures, aﬁd currents in active
coils coupled with the plasma equilibrium and transport equations are solved. The influ-
ence of the location of pick-up coils on control of the plasma vertical position is examined.
It is shown that there are geometrical arrangements of the magnetic loops suéh that the
plasma vertical position can not be controlled using a conventional control law (this is
regardless. of the resistivity of the passive conductors and the gain value in the control
system). An explanation of this phenomenon is given. A new control law is proposed
such that plasma control is possible with general positioning of the magnetic loops. Our
conclusions should be important for the operation of ignition tokamaks, where elongated,
high-current plasmas have to be stabilized with magnetic loop positioning subject to severe

constraints.
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Introduction

Many present day tokamaks (e.g.: JET, D-III-D, PBX, etc.) have elongated plasma
shapes and operate in divertor regimes. The next generation tokamaks (e.g.: ITER),
will be high-elongation devices. It is well known that elongated tokamak plasmas are
unstable to axisymmetric vertical displacements. Vacuum vessel or passive conductors can
stabilize the fast plasma motion. For stabilization of the slow plasma motion and position
control, an active feedback control system is utilized. The plasma vertical position and
displacement velocity are input parameters to the control system. The voltage applied to
the active coils is one of the output parameters.

In many tokamaks the plasma position and velocity are determined by magnetic pick-
up loops. Usually it is considered that the change in the poloidal flux through each
loop is proportional to the plasma displacement and the induced voltage on each loop is
proportional to the plasma speed. To determine the mode’s growth time under passive
stabilization, the pick-up coils can be located at any position. However, when a feedback
system is added the situation changes dramatically. The positions of the pick-up coils
become important and only an adequate location of the coils leads to control of the plasma’s
position.

An explanation of this phenomenon based on the change in the plasma shape is given
in Ref.[1]. Here we suggest a different mechanism to explain this effect. In this paper
the influence of the pick-up coils location on the possibility to control the plasma vertical
position is studied. A simple modification of the standard control system is suggested
which enables to control the plasma with any position of pick-up coils.

The numerical simulations are carried out in the IGNITEX [2-5] configuration for two
different cases: a) with very high resistivity of the poloidal field (PF) coils (i.e. neglecting
the influence of the PF coils), and b) with the real resistivity of PF coils. A 1 -1 D
equilibrium-transport code (DINA) [6] has been used to model the evolution of a plasma
with free-boundary coupled to the currents in the vacuum vessel, passive conductors, and

active-control coils.



The plasma displacement model

The evolution of a free-boundary tokamak plasma in external, changing magnetic
fields is modelled using the code DINA [6]. The equilibrium problem in 2-D geometry
coupled with the system of 1-D transport equations obtained by averaging on the magnetic
surfaces are solved. The eddy currents induced in the vacuum vessel and in the poloidal
field coils are evaluated. The plasma parameters (current, temperature, density, poloidal
flux, toroidal flux, etc.) are obtained. The vacuum vessel, the passive coils, and the active

control coils are described by circuit equations of the form:

L;I; +ZJ\I,ka-I-RI + 7
k#j

n="Yi (1)
where L; is the self-inductance of the j** filament; Mjj is the mutual inductance between
the k™" and j** filament; I; is the current on the jt* filament; R is the resmtance of the

jt filament; v’ 2l is the poloidal flux produced by the plasma on the j* ﬁlament and V;
is voltage on the j** filament.

To exclude the symmetric contribution of the PF coils and the plasma. curr_;ﬁt, an
up-down, symmetric pair of pick-up coils are employed. The difference of fluxes ti1rough
the upper and lower loops is used to determine the plasma position. In what follows, the
“Hux” ¢, refers to the difference of magnetic flux through the pick-up loops. Here we
assume that the control voltage applied to the active coils is proportional to the flux and

has the simple form:

= _g(¢ - “prEf) ) | (2)

where ¢ is an imposed reference flux and g is the gain on the active coil. The flux

through the pick-up loops has the form:

Y = Pps + Pact + Yol N (3)

where ¥ps, Yact, and ¥Pp; are the fluxes produced by the eddy currents induced in the

vacuum vessel and the passive conductors, by the currents in the active control coils, and

by the plasma current, resf)ectively.




Analysis of the the Control of Vertical Displacements of the Plasma Discharge

The poloidal field system configuration and the positions of the active coils and pick-
up loops considered here are shown in Fig.1. A number of different positions of the pick-up
loops are analyzed. Each position is denoted by a number as shown in Fig.1. In the sim-
ulations, the resistivity of the active coils is the resistivity of copper at room temperature
(pc) and the reference flux is s = 3 x 107 2vs.

First we study a case in which the resistivity of the PF coils is artificially increased to
ppf = 108 x p.. This is equivalent to neglecting the effect of the PF coils in the calculation.
The simulation is organized as follows:

a) a location of pick-up loops is selected.

b) the resistivity of the vacuum vessel is fixed.

c) the plasma time response to a step-control signal for different gain values is obtained.

d) the resistivity of the vacuum vessel is changed and step c) is repeated.

e) the calculation is repeated for various locations of the pick-up loops.

The values of resistivity considered for the vacuum vessel are: 10p., 100p, and 1000p,
(this permits the analysis of several vacuum vessel materials and break configurations).

It is found that there are some locations of the pick-up loops for which the plasma
position can not be controled regarless of the values of the gain and the resistivity of
the vacuum vessel. The plasma response to a step-control signal with the pick-up loops
located at point 1 (see Fig.1) is shown in Fig.2 for three vacuum vessel resistivity values.
In Fig.2-a (with p, = 10 x p. and g = 40V/4,es) it is shown that the plasma oscillates
aroun the midplane with increasing amplitude. The period of the oscillations is a 100 ms.
In Fig.2-b, (with p, = 100 X p. and g = 45V /9,..5) the period of oscillation is smaller than
in case a) and the amplitude increases at a faster rate. In Fig.2-c (with p, = 1000 X p, and
g = 90V /1p,.f) the period of oscillation is a few ms and the amplitude increases rapidly.
In these simulations the relation |1,,] > [act| > |tp1] is satisfied (Fig.3).

There are positions of the pick-up loops for which the plasma can be controlled ( that
is, for any value of the vacuum vessel’s resistivity we can find a gain value such that the

plasma is stabilized). This is the case of position 2 (see Fig.1). The plasma response to
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a step-control signal with the pick-ﬁp loops located at point 2 is presented in Fig.4. In
Fig.4-a (with p, = 10 x p. and g = 40V /9,..s) the plasma approaches without oscilations
the reference position zpey = 0.14 ¢cm with a response time 7, = 400 ms. Changing the
_resistivity of the vacuum vessel to p, = 100 X p, reducves the response time to 7. = 40 ms.
In this case the plasma has as reference position znef = 0.135 ¢ and as gain g = 45V /9,.5.
Fig.4-b shows a plasma which becomes stable very rapidly. In this case it is observed that
the relation |¢p,| < [tPact| holds (Fig.5). ,

From this analysis we conclude that, in terms of the location of pick-up loops, there
are two possible cases. In the first case the relation |¥ps] > |Yact| > |¥pi] holds (for any
vacuum vessel resistivity and for any gain) throughout the plasma response to the control
signal. In this case the plasma vertical position can not be controlled. In the second case
the relation |tp,| < |thgct| is satisfied and the plasma can be controlled.

There are locations of the pick-up loopys for which the relation [¥ps| > |Yact]->-|¥pi]
holds for any resistivity of the passive conductors. In this case plasma can not be controlled
for any value of the gain. In a first sight it would seem that in this case, er the ,-,“b_est_”
control we should simply reduce [1p,] by increasing the resistivity of passive conductors.
Unfortunately, this leads to a decrease in the paséive mode growth time and to-a fast
plasma motion. Then a fast change of the current in the active coils is required. This leads
to a increase of the induced current in fhe paséive conductors and to a increase in the
value of |1fps|. To show that this depends on the value of the eddy current in the passive
conductors (induced by the changing flux of the control coils), we exclude the influence of
the active coils on the passive conductors by assuming that the mutual inductance (M;;)
between the active coils and the passive conductors is zero. The results of the simulation
with M;; = 0 for an initially unstable plasma (Fig.2-b) are given in Fig.6. It is seen that
plasma motion is stabilized.

For improved plasma control we propose here a new control law:

v = "'g("wb - ¢ref) with »
Y = Yp1 + Pps + (1 + a_)¢act )

—

(4)
where o is the stability coeficient (> 0). The value of @ is choosen so that |Yps] <

5




(1 + a)|¥gct]. The results of our simulations show that a “good” a value is such that

[¥ps| < (1 + @)lYace| < 2|9ps|-

The simulation for a previously unstable plasma (given in Fig.2-b) is repeated with o = 2
in Fig.7. It is seen that the plasma becomes stable and the results are similar to those
of Fig.6. The parameter a compensates for the flux of the eddy currents in the passive
conductors which are induced by the changing active coil currents.

Next we consider the IGNITEX configuration with the actual resistivity of the PF
coils. The pick-up loops are located at point 3 (Fig.1). The plasma response to a step-
control signal with gain g = 100V /9, is shown in Fig.8-a. It is seen that the plasma is not
stabilized. Using our new voltage control law with a = 0.5 the plasma c.a,n be controlled
with a short response time 7. = 20 ms. The plasma time response to a step-control signal
with a gain ¢ = 100V /¢res, is shown in Fig.8-b (e = 0.5). We can see that plasma is
controlled rapidly and is kept at the reference position zp.f = 0.085 ¢cm. The control of
the plasma vertical position is made possible by with the use of the control law proposed
here (Eq.4). An analitical analysis of a symple system (the plasma column is represented
by a single filament) is given in an Appendix to this paper. This analysis helps to explain

the influence the positioning of the magnetic pick-up loops on plasma control.

Conclusions

It has been studied numerically, and shown analitically for a simplified system, that
the location of pick-up loops is fundamental in the problem of plasma vertical position
control. As a result of our simulations it is found that there exist locations of the pick-up
loops such that the plasma can not be controlled regardless of the resistivity of the passive
conductors and the gain value of control system. An explanation of this effect has been
given here. It is shown that this is due to the influence of the change in flux produced by
the active coils on the passive conductors (and vacuum vessel). A simple modification of
the standard voltage control law has been proposed. This makes possible to control the
plasma position with any location of the pick-up loops. These results will be important
for the operation of ignition tokamaks, where elongated, high-current plasmas have to be

stabilized with magnetic loop positioning subject to severe constraints.
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Figure captions

Fig.1. Poloidal field coil system. Locations of the active control coils and pick-up loops.

Fig.2. Plasma response to control input signal with control law v = —g(¢ —res) ( pick-up
loops are at point 1 (Fig.1) ).

a) py =10 X pc, g = 40V /trey

b) py = 100 X pe, g = 45V /tres

c) py = 1000 X pc, g = 90V /thres

Fig.3. Time dependence of the poloidal fluxes through pick-up loops (pick-up loops at
point 1 (Fig.1)).

‘A total flux

B plasma flux

C vacuum vessel flux

D active coil flux

a) py =10 X pc, g = 40V /thpes

¢) py = 1000 X pg, g = 90V /e

Fig.4. Plasma response to control input signal with control law v = —g(¥) —¥res) (pick-up
loops at point 2 (Fig.1)).

a) py =10 X pe, g = 40V /tbrey

b) py = 100 X pc, g = 45V /tPres

Fig.5. Time dependence of the poloidal fluxes througn pick-up loops (pick-up loops at
point 2 (Fig.1)).

A total flux

B plasma flux

C vacuum vessel flux

D active coil flux

a) py = 10 X pe, g = 40V /thres

b) py =100 X pc, g = 45V /¢bres



Fig.6. Plasma response to control input signal with control law v = —g(¥ — ¥res) (pick-up
loops at point 1 (Fig.1)). The influence of the flux produced by the active coils on vacuum
vessel has been excluded.

py =100 X pe, g = 45V /thres

Fig.7. Plasma response to control input signal with control law v = —g(¢ — %res) (pick-up
loops at point 1 (Fig.1)). Stability coefficient o = 2.
pv =100 X pc, g = 45V/¢ref

Fig.8. Plasma response to control input signal with control law v = —g(¥ — ¥res) (pick-up
loops at point 4 (Fig.1)). The resistivity of the PF coils is equal to the resistivity of the
copper at room temperature.

a) Stability coeficient o = 0, py = 100 X pc, g = 100V /2ppes

b) Stability coeficient a = 0.5, py = 100 X p¢, g = 100V /2.5




App endix

We consider the rigid displacement model [5] in the simple case of one passive conduc-
tor element, one active control coil and one pick-up loop. It is shown here that there exists
a position of the active coil, the passive conductor, and the pick-up loop such that the
plasma vertical position can not be controlled regardless of the resistivity of the passive
conductors and the gain value in the feedback system.

An axisymmetric vertical plasma displacement can be described by a system of equa-
tions which includes: force balance, circuit, and voltage control law. The plasma is mod-
elled by a single rigid filament. The plasma motion equation in the rigid displacement

approximation is
dB, 2rR, 27R,

dz ¢

mz = Ija

2
Iz — Y Bjl,

j=1
where m is the plasma mass; c is the speed of light; R, is the major radius of plasma
filament; B, is the external radial magnetic field on the plasma filament; B; is the radial
magnetic field produced by induced and active coil unit currents on the plasma filament;
I, and I; are the currents in the plasma and the external filament, respectively; z is the

plasma displacement; and, Z is the plasma acceleration. We define:

dB, 27nR
b= - dz ¢ pIp’
27 R
S; = —B,I, ”c 2. and
M,
SM=1, az”’ .

Denoting the active coil by the index 1 and the passive coil by the index 2, the plasma

motion and the circuit equations can be written as

2
mi = Sz + »_ S;I;,
j=1

Lyl + MI + Ry, + SM: =V, and
Lol + MI; + Ry I, + SMz =0,
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where L; is the self-inductance of the jth filament; M is the mutual inductance between
the active coil and the passive conductor filaments; R; is the resistance of the j* filament;
Mp; is the mutual inductance between the jt* filament and the plasma filament; and, V'

is the voltage on the active coil.

The stability of the system is determined by the character of the voltage applied to

the feedback control coil. A standard control law is given by:

V= _g("/Jpl +‘¢ps + Tpact) y Or

V =—g(SMz + MyI) + MaIp),

where SM = di,i/dz; M, is the mutual inductance between the active coil and the pick-

up loop; and M, is the mutual inductance between the passive conductor and the pick-up

loop. : : : : » e

The system of equations can be expressed in matrix form as:

Bz = Az, ' - )

where ¥ = {z,2,1;,15}.

The Laplace transform of Eq.(1) is
ABZ = AZ. (2)

Denoting by A; and @; the jt* eigenvalue and eigenvector, respectively, the general solution

of the system can be written as
Z(t) =) cxiipe™t, (3)

where ¢, are general coeflicients. The quantities A; and @; have usually complex values.
For plasma stability it is necessary that the real parts of all eigenvalues be negative.

Equation (2) is a polinomial of fourth order in A:

aadt + a3 A+ as A2 a3 X +ap =0 (4)
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with:

as =m(LyLy — M?),
a3 =m{LaRy + L1Ry + g(L: My — MMz)},
az =m(Ry + gM;)Ry + S1SMLy + S25M Ly — $SMM — 5,5M M — Sy(Ly Ly — M?),
ai =515fWR2 + stéle — Sp(L2R1 + L1 Ry )+
9(SoeSMM,; — S.SM M, + 5,5MLy — SoSMM — SyLy My), and

ap =g(515M — SyM;)Ry — SyR1R; .

For stability the coefficients must satisfy the Routh-Gurvit‘s criterion [7], i.e, the following

numbers should have all the same sign:

. . a4ay Az
a4; QG3; Q2 — P a; — a ag .
3 1

Since azag/a; ~ m <K ay the fourth term is: a; — azap/a; =~ a;.

The first term a4 is positive for all values of Ly, L, and M, because the mutual
inductances are smaller than the self-inductances. This imposes the requirement that all
the other terms must be positive. We first consider the second term a3. From the condition

that as > 0 it follows that:
LyRy + LR, +g(L2M1 - MMz) >0,

that is,
LyRy + L1 Ry

g

MMy — Lo My <

or,

M; LR+ LR,

M Lo—
2 < 2M+ Mg (5)

This relation requires that the mutual inductance between the passive conductors and the

pick-up loops must be less than a given value. If the inverse relation

M1 L2R1 —+ L1R2
M Ly—m 4 ————— <
2 > Lo i + g
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holds, then the system is unstable.

Suppose that the system is unstable. Then, we consider changes which can stabilize
the system: increased resistivity (R, or R;) or decreased gain (g). The value of g is limited
by:

a) g > rsﬁ‘%‘-gb—jw—l, from @ > 0 assuming S1.5M — Sy My > 0

b) g > S15MRy34+5,S¥ Ry =Sy (LaRy+L1Ry)
g 53 ST My — 5,57 M;+515M Ly~ 5, SMM—5, Ly M

from a3 > 0 assuming that the de-

nominator is positive.

An increase in the resistivities (R; or R3) does not stabilize the system. Increasing R,
leads to increasing gmin from the first inequality. Increasing Ry leads to increasing Imin
from the second inequality. These two changes result in an increased gain and thus, the
term Lz_&l\}-_:x& in Eq.(5) remains unchanged.

The relation S;SM — SyM; > 0 results in limitations on the derivative of the radial

component of the external magnetic field, Sy, and the plasma elongation. The assumption

b) also restricts the plasma elongation. Particularly, if the relation

N Sy SMMy — S;SM My + S1SMLy — S, SMM

S
b Lo M,

holds, the plasma can not be stabilized. -

Therefore, it has been shown that there are locations of the passive conductor and the
active control coil such that the plasma vertical position can not be controlled regardless of |
the passive conductor resistivity and the gain in the feedback control system. In addition,
there is a limitation for plasma stability on the derivative of the radial component of the

external magnetic field and then on plasma elongation.
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