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Stability and control of the vertical position of tokamak plasmas are studied using
the “rigid displacement” and the resistive MHD models. In the rigid displacernent model
the plasma current and plasma shape are assumed not to change with time. The'plasme,
the vacuum vessel, and the active conductors are represented by a set of rigid, ax'isyrﬁQ
metric filaments. In the resistive MHD model no limitations on the time variation of the
plasma shape and current are 1mposed The c1rcu1t equations for the eddy currents in
the vacuum vessel and the passive coils, and the currents induced in active conductors are
solved simultaneously with the equilibrium and transport equations for the pla.sma. The
plasma response to a step-control signal is studied. A defailed comparison between the
two simulation methods is presented. It vis shown that the resistive MHD model predicts a
more stable plasma than the rigid displo,cernent model. The computational time advantage
of the rigid displacement analysis over conventional resistive MHD calculations is almost
outvreighed by the numerical algorithm used in the integration scheme of the DINA code
employed here. | | '
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Introduction

It is well known that elongated tokamak plasmas are generally unstable to an axisym-
metric vertical displacement. The vacuum vessel and passive conductors usually stabilize
the fast plasma motion. For stabilization of slow plasma motions, an active feedback con-
trol system is required. For the definition of a feedback system, a detailed simulation of
the characteristics and operation of the active control system is required. In this paper,
the plasma response to a step-control signal, and its voltage and current trajectories are
studied. We determine the characteristics of the active control system such as gain, lead
time, delay time, and power supply specifications.

We consider two approaches for the investigation of this problem. In the first method,
the plasma consists of a set of rigid, current filaments. It is assumed that no changes
in current and plasma shape are produced throughout the plasma motion. This model is
named the “rigid displacement” (RD) model. In the second (the most exact), no limitations
on the plasma shape and current time variation are imposed. The circuit equations for the
eddy currents in the vacuum vessel and the currents in the active conductors are solved
simultaneously with the equilibrium and transport equations for the plasma. The plasma
current and shape change during the plasma motion when a control input signal is applied
to the active control coils.

The pur.pose of this work is to study tokamak vertical stability and control using
these two approaches. We want to find the regions of the stability diagram where both
methods give similar results and the regions where there are discrepancies. The numerical
simulation has been carried out for the IGNITEX configuration [1-4]. The code DINA
[5] is used in the second approach. In this method the evolution of the plasma with free
boundary in externally changing magnetic fields is modelled. The problem is coupled with
the currents in the vacuum vessel, passive, and active coils. The plasma current filaments
for the RD model are defined from the solution of the resistive MHD (RMHD) equilibrium

problem (at the midplane plasma position).

Rigid displacement model

An axisymmetric vertical plasma displacement in a tokamak configuration can be
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described by a system of equations which includes: force balance, circuit equation, and
voltage control law. The plasma is modelled by a set of rigid, current filaments. The
coordinates and the currents of the plasma filaments are determined from the result of a

plasma equilibrium calculation. The vacuum vessel and the poloidal field coils are repre-

sented by a set of filaments. The equation for plasma motion in the RD approximation

can be written as:
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where m is the plasma mass; N, is the number of plasma filaments; ¢ is the speed of
light; R; is the major radius of the i** plasma filament; B,; is the external radial magnetic
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é,nd the active-coil unit currents on the i** plasma filament; I,; and I; are the currents in
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Thus, the plasma equation of motion and the circuit equations can be written as:
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where My, is the mutual inductance between the k** and ji* filaments; Rj is the resistance
of j** filament; M;; is the mutual inductance between the j** filament and :** plasma
filament; and V; is the voltage imposed on the j** filament.

The stability of the system is determined by the character of the voltage applied to
the feedback control coils. A general control law is considered here. The equation contains
proportional terms, derivative terms, and various time constants for the feedback control

system. The control law is written as:
totcVi + (b + tc)V; + Vi = ~gi {(# — 2res) +1a(Z = Zre)}

where g; is the gain on the j** active control coil; 2,y is the reference plasma position; tp
is the delay time of the active control system; and, ¢, and t; are the lead and lag (filter)
system time constants, respectively.

The full system of equations can be expressed in matrix form as:
Bi=A3+F, (1)

where © = {z,é,Ij,Vk,Vk}; j=1,--- . M; k=1,---,Ngc;
F = {0, -, gk(2rer + taZref, -+,0},k = 1,--,Ngc; Ngc is the number of active-coil

filaments. First we consider the homogeneous system

Bz = A%. (2)
The Laplace transform of Eq.(2) is:

ABZT = A% .

Denoting by ); the j®* eigenvalue and by «; the j** eigenvector, the general solution of

the system can be written as
#(t) = ) axilpe™*?, (3)
k

where the ar‘s are general constant coeflicients. In solving Eq.(1) we assume that the

coeflicients aj are time dependent, i.e, ar = ax(t). Substituting Eq.(3) in Eq.(1) we obtain

B> aritpe™t) = F. (4)
k



Using @ = age**?, then Eq.(4) can be rewritten as:

B(Z Sok'l-l:k) = -ﬁa
k
or

Z(Pk(ﬁl_’:k) = ﬁ
k

Let dj, = Bily, then >k ordr = F or >k dikpr = F;, which is equivalent to

Solving the matrix equation (5) we obtain vector ¢. After integration, we obtain
ax(t) = ~LEe™MTIE 1 a4(0).
Ak
Substituting in Eq.(3) we obtain the solution

5(8) =Y ar(t)e™ iy = {_9;—:(1 _ Mty ak(o)em} T .
k .

(7)

Eq.(7) describes the time response of the plasma to a control-input signal when the eigen-

Jralqes Ak, the eigenvectors #y, and the initial conditions &(0) are known. If z,..f = 0, then

F =0, and the coefficients {ar} are constants. The coeflicients {ar} are determined by

the initial conditions from:

5(0) = Z arUg -

k

(8)

The quantities A\; and %; are usually complex. For plasma stability it is necessary that the

real parts of all eigenvalues be negative.




Resistive MHD model

The evolution of a free boundary tokamak plasma in an external, changing magnetic
field is modelled using the code DINA [5]. The equilibrium problem in 2-D geometry
coupled with the system of 1-D transport equations (obtained by averaging on magnetic
surfaces) is 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, and so on) are obtained. The vacuum vessel and the passive and active

control coils are described by circuit equations of the form:

M
LjI.j+ZMjkjk+ﬁjIj+\i'1];=V:,', (9)

k#j
where \If;; is the poloidal flux produced by the plasma on the j** filament. The control

voltage applied to the active coils has the form
t3Vi + Vi = =95 {(z = 2res) + ta(Z — 4res)}

where t. = 0 is considered here.

Stability analysis

The poloidal field configuration and the position of the active coils used here are
shown in Fig.l. We study the plasma behaviour and the active control system using a
controi—step input with a proportional law for the voltage applied to the active coils. This
voltage has the form V = —g(z — z..s), where z,.f = 1 cm. For various gain values we
calculate the plasma time responses and thus, find the values of gain required for plasma
stability. These values lie in a region gmin < ¢ < gmaz, Where gmin is the minimum gain
which stabilizes the plasma and gmq is maximum gain for plasma stability. For ¢ > gmaz,
the plasma oscillates and becomes unstable.

When we compare the values gmin and gmqz obtained using the two models described
before, we find some differences. The values of gmin in the RD and RMHD models are
rather similar. The value of gmar is higher in the RMHD calculation than in the RD
calculation. The regions of the stability for both models are shown in Fig.2.
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The plasma time response to a step-input voltage when a plasma reference position
(zref) is imposed is shown in Fig.3. Here the plasma displacement is given as a function
of time. With low gain we obtain a large steady state error in the plasma position. In
Fig.B-a for a gain g = 550 V/m the plasma becomes stable in both models. In Fig.3-b for
- again g = 3-10° V/m, the plasma becomes unstable with RD but is stable with RMHD.
In Fig.3-c for g = 7-10% V/m, the plasma is unstable in both cases. Higher gain values
lead to decreasing steady state errors. ‘

The time responses for the two models are shown in Fig. 4 (for ¢ = 1000 V/m and
g = 4500V /m). For g = 4500 V/m, the steady state error is small.

It is interesting to compare the results using a more complicated voltage law:
tyV +V = —g{(2 = zres) + ta(Z — ref)} ,

for various values of ¢3, ¢4, and g. The results of the analysis for ¢, = 10ms, t, = 05 ib =0,
t, = 10ms; and ¢, = 10ms, tav = 10ms are given in Figs.5-a, 5-b, 5-c, respectively. It
is seen that with RD, the plasma oscillates more than in the RMHD analysis. However
the values of current and voltage required for control in the active coils are very similar
in both models. For ¢, = 0, {, = 10ms, and g = 4500 V/m the plasma becomes unstable
with both models.

We have considered the limiting case when plasma is represented as a single filament’
located at the magnetic axis. For the case of pure proportional gain with ¢ = 4500 V/m the
plasma is unstable. Adding in the voltage control law a derivative term with ¢, = 10ms
stabilizes the plasma (plasma displacements for these cases are illustrated in Fig.6).

A detailed stability analysis has been carried out for the case of small gain g =
450 V/m. Here the plasmais unstable and oscillates several times before hitting the vacuum
vessel. Fig.7 gives the plasma magnetic surfaces at times {; = 400ms and ¢; = 700ms,
respectively. In Figs.8 — a,b we show the time dependence of the plasma current and
the safety factor (at the boundary) during the oscillations. In Fig.8 — ¢ we give the
current density profile at various times throughout the simulation. It is seen that, when
the plasma shape changes, the safety factor at the boundary also changes, but the total

plasma current changes only slightly. The plasma current remains rather constant because
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of the low plasma resistivity. Skin effects are observed when the plasma is changing shape.

Conclusions

It has been shown numerically that in the RMHD model analysis the stable region
is wider than in RD model analysis. Comparing plasma motions with the same gain, it
is seen that the plasma oscillates in the RD analysis more than in the RMHD analysis.
In the case when plasma is represented as a single filament the system becomes unstable
for values of gain within the stable region (for both the RD and the RMHD methods).
The dependence of the plasma response on the time constants f, and ¢, in RD is similar
to that in RMHD. Since the simulations with RD are somewhat faster than with RMHD,
RD simulations should be used to obtain preliminary evaluations of stability diagrams
and positioning of active control coils. These preliminary estimates can be used as a first
estimate for the RMHD simulation. Our RMHD approach permits to obtain accurate
estimates of the plasma response. Although our RMHD approach is more time consuming

than RD approach still is much faster than the conventional methods [6].
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Figure captions

Fig.1. Poloidal field coil system. Location of the active control coils.

Fig.2. Values of gains when plasma is stable:
a) rigid displacement model

b) resistive MHD model

Fig.3. Plasma response to control input signal with voltage control law V = —g(z — zref),
where zpes = lem (a: resistive MHD, b: rigid displacement model).

a) g =550V/m

b) g =3x10*V/m

c)g=7x105V/m

Fig.4. Plasma response to control input siénal with voltage control law V = —g(z — zref),
where zpef = lem (d: resistive MHD, b: rigid displacement model).

a) g =1000V/m

b) g = 4500 V/m

Fig.5. Plasma response to control input signal with voltage control law ¢,V +V = — g{z—
Zref +1a(Z — Zref)}, where zper = lem (a: resistive MHD, b: rigid displacement model).
a) g =4500V/m, t, =10 ms, t, =0

b) g = 4500 V/m, t, = 10 ms, tp = 0

c) g =4500V/m, t, = 10 ms, tp = 10 ms

Fig.6. Plasma response to control input signal with voltage control law ¢,V + V = —g{z—
Zref +ta(Z — Zreg)}, where zpey = lem (single plasma filament).

a g =4500V/m, t, = 0, tq = 10 ms

b g=4500V/m, 1, =0, =0

Fig.7. Plasma magnetic surfaces at various times.

a) t = 400 ms, I, = 10.9 M A
b) t =700 ms, I, =11.1 M4

Fig.8. Time evolution of plasma cliaracteristics:
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A) plasma current, internal inductance, safety factor at boundary ¢, and toroidal flux.
)

B) evolution of plasma current density at surface z = 0.

a) t = 400 ms
b) t = 550 ms
c) t =700 ms

11




)
A
>
+0 QO
[N
Dl
< . .
)
)
[y —
L1 M
]
L
Qa
- —
¢ cl o
wn
L . e
Q. - 1¢. ) (AN
0 L
0.
e _ _
, ‘) ¢y ~
(NS I WL ﬂ.v
tn )

150

100

30

Fig.1



|

RN AN : ‘&\\\\.ﬂ

ettt

I 2 3 4 5
3

Fig.2

GAIN [V/cm]*10~




Fig.3-a






~-44

Fig.3-c




- b
300 420
t ms

200

100

Fig.4-a




Zcm

100 260 300 400
t ms

Fig.4-b



zZCm : ¥
10+

b
0 : } —
50 /100 130
t ms
-104+
-20

Fig.5-a




[

()

-3

[§V)

Fig.

b



O 150 200 300 400
t ms !

Fig.5-c




Fig.6



153,83
cSo-

2

7-a

Fig.




Fig.7-b



<

C 7 400

Fig.8-a




g bound

Fig.8-b



]

J tor [KA/cm

2)

Fig.8-c







