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Both of the shell effect due to passive shell-structures and the
characteristic of simplified feedback control systems, for the vertical
position stabilization of the elongated INTOR plasma, are studied and the
following conclusions have been obtained.

Inductive components of the device consist of shells, shields and
control coils. Both of the shells and shields are toroidally divided into
24 sectors.,

A newly devised rectangular shell, which has the sufficient shell

effect for the stabilization of the fast mode, is presented, along with
the studies of various kinds of shell-structures described on this paper.
Tt can be expected that the rectangular shells have negligibly small
effect on the breeding ratio by locating them separately on both of the
front and rear surfaces of blanket.

Some properties with the modelled feedback control system are eluci-
dated under a disturbance field, B ==Bm'[l-exp(-t/Td)](Bw: field strength

d

at t=o, T,: time constant). They are studied for two kinds of decay

indices, that is, -1.0 for the pump limiter and -1.3 for the divertor.

Conclusively, the control system is found to have good characteristics.
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kK Tokyo University , Tokyo



JAERI — M 82-213

The PID controller seems to provide the stable control of vertical posi-
tion better than the PI controller.
max

The maximum of vertical displacement, Zp under the disturbance

field, B,» are in proportion to B_. The power required for its stabiliza-

d
) . . 2 MaX, ?
tion, P, are also in proportion to B, and then to (Zp ) , too. There-
, MAX | ] . ] .
fore, some common basis for B_ or Zp is required for its estimation.

Moreover, the power is found to be independent of selection of the PIL

or PID controller, and to have approximately the same relation with ZMAX

The difference of P between -1.0 and -1.3 in the decay index is very large

when ZMAX is more than -1.0 cm. For example, in the vicinity of ZEAX = 1.0
cm, the power in the case of n=-1.0 is about one half of that in the

. MAX |
case of n = ~1.3. But it decreases abruptly when Zp is less than 0.5 cm.

Keywords : Plasma Control , Feedback Control , INTOR ,

Plasma Position , Shell Effect , Control Power
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1. Introduction

Both of the shell effect due to passive-shell—struétures and the
characteristic of simplified feedback contrecl systems, for the vertical
position stabilization of an elongated plasma, are described in this
paper. These studies were presented on the INTCR Workshops from the
Phase I through the Phase II A.(I)N(B)’(7)’(9)

The shell effect is indispensable for suppression of the fast verti-
cal position instabiiity with plasmas of 1.5%v1.6 in elongation. The
evaluation method of shell effect in this paper is based on previous
papers.(a)%(6) Therefore, main subjects here are direéted to shell-
structures desirable to tokamak reactors, and threé kinds of shell-
strﬁctures, i.e. doughnut-like shells, cylindrical rings and rectangular
coils are investigated.

The INTOR specification for the shell effect requires that the
shell-structure should produce the larger growth time of vertical posi-
tional instability than 50 msec. This target on the growth time is found
later to be reasonable and compatible with the stable active control of
its instability, and to result in the acceptable power supply for position
control, judging from some simulations with the modelled feedback control
system described in this paper.

Actually shell-structures need to be ﬁoroidally divided into 24
sectors to make the remote assembly and maintenance of the torus possible.
Some structures without cuts, for example, the cylindrical rings which
are studied in detail, does not seem to be practical. But those studies
is very useful for obtaining better shell-strucgures. The shell-structure

should also be located as close to the plasma column as possible to

assure usefull shell effect, and it is expected to be located just behind
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the first wall. Additionally, its thickness should be selected to be
as thin as possible, taking its influence upon the breeding ratio into
account. |

A new shell-structure presente& here has the sufficient shell effect
and just a little effect on the breeding ratio. This structure can
provide the stable control not oﬁly for the pump limiter case, but also
for the divertor type. The decay index of the wvertical magnetic
field for plasma confineﬁent has about -1.0 for the pump limiter and
about -1.3 for the divertor. The differencé, 0.3 imposes more strict
requirements for the shell—structure;

In this paper are also described some properties with the simplified
two feedback control.systems for stabilization of the slow mode with the
elongated INTOR plasma. One is composed of the shell-structure, a shield
structure, and a pair of control coils. Another has only shell-structures
and a pair of control coils..As a sector of shells, the new type of shell-
structure is employed. The PID or PI controller is used as the method of
feedback control and both of the systems will be found to have good
characteristics., A tentative value for disturbance field or vertical
displacement is adopted for estimation of the pdwer required for its
stabilization, |

The shell effect is described in Section 2 and the.modelled.feed—
back control sysfem in Section 3. The theoretical bases of both of the
shell effect and control system are pfovided in Section 2.1 and inm
Section 3.1, réspectively. The shell-structures are described in Section
2.2.2 for the pump limiter, and in Section 2.2.3 for the divertor. The

results and discussions for the feedback control is given in Section 3.2.2.
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2. Shell Effect
2.1 Basic equations

An evaluation of shell effect.is based on analyses of the interaction
between a plasma column and a group of passively inductive structures
surrounding the column. Therefore, its basic equations consist of the
following equations. One of them is the equation of plasma motion in
the cylindrical coordinates(é).

N

mZp = I (B,*n/Ry) = Z, - Ip'(iil B, +B,;) , (1)

which is based on the assumption that the plasma column behaves like a
rigid column. The others are circuit equations between its column

and the inductive structures,

N _
I, + jzl (Mij/Li) 'Ij + (R:/L;) = L
(jei) .
= —Ip '[(BMpilaz)/Li]- zp , . (2)

where Zp, ™ Ip and Rp are the axial displacement, mass per unit length,
current and major radius of the plasma column, respectively. B, and n are
the axial component and n-index of the equilibrium field (Shafranov's field)
at (RP,IO.O), respectively. Ii, Li’ Ri’ Mij’ Mpi and Bi with the i-th
inductive structure are its current, self-inductance, resistance, mutual
inductances with the j—th inductive structure and with the plasma column,
radial component of the magnetic field produced approximately at (Rp, 0.0)
by Ii' Bd is a disturbance field. " means time-derivative, d/dt.

Moreover, Bi is expressed by
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Bi = Ui'Ii ’ (3)

where Vi.is its radial field per unit current, approximately at (Rp, 0.0).
The above inductive structures of a tokamak fusion reactor indicate
a vacuum chamber, shell structure, blankets, shield and so forth. In
general, an inductive structure has various kinds of inductive
current components, that is, eigen modal currents which are not coupled
mutually, A modal current can be dealed equivalently as one of the inductive
structure on Eq.{1), Eq.(2) and Eq.(3).
Suppose a shell structure with M in number of its modal currents
(M:.=0). Equations from Laplace transformation of Eq.(l) and Eq.(2),

ij
using Eq.(3) and setting Bd=0’ give

M
2,2 _ _ T e
T’ "y, [n+§ {nm T Yg/(1+'rmyg)}] . (4)
m=1
where T, is the intrinsic time constant of plasma column (= \/—mpRp?IpB0 ,
Ip:>0, B, <0), and Yg and T are the growth rate of its vertical displace-

ment or vertical instability and the time constant of m-th modai current,

respectively. n, is defined by

no=v_* [(BMPm/E)Z)/Lm] . (RpIp/Bo) (>0) . (5)
. M
It is found that if Tm'Yg>>-1 and {n + L nm) > 0, the shell effect
m=1 -

can be expected, and, on the other hand, if Tm-Yg<K 1, no shell effect
can be obtained.

In a case that the shell structure has only a modal current and B, is

given by Bm,°[1-—exp(-kt)] (B, = Bdlt=m)’ an analytical solution with Zy in

Eq.(1) and Eq.{(2) is given approximately by

Zp==A.'e_A1t » sinffit + B 'eAzt + C 'e_)\t + D , (6)
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where both of Z|t=0 and Z are set to zero and T, is assumed to be

t=0

negligibly small in comparison with T, Constants are defined by

A, =n,/2(n+n)t, (>0, n; >0, n;>-n) (7
A, = -n/(n+n )T, (>0) s | (8)
B = V(n+n )/, ; (9)
A= —R /) [ieg/m P (10)
B= ~(B.R /B (An, 7, /n{A1, (0+n)) -n}] (11)
C = (B,R /By) - [(-Aat ) /a7, (a+n) -n}] (12)
D = (B,R,/Bon) - | R (13)

The first term in FEq.{6) is produced from the term on the left hand

side of Eq.(1), and is damping-oscillatory if n, +n>0. 1Its second term

is a diverging one with K;l in growth time. The larger A;l provides the

more useful the shell effect becomes. A;lis found to be comparable with

inl = = 1.0.
Ty because in (n+n1) 1.0

The ratio of |A| to |B| in Eq.{6).is given approximately
1

by (1,/7,)*(n+n and is found to be negligibly small compared with

1 under the present parameters: n=-1.0, n,= 1.50, t,= 107% s and 1, = 0.1 s.

Therefore, the left term in Eq.(1) can be neglected in comparison with its

right term, and then Eq.(1) is expressed approximately by
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N
Zy = (RP/BOn) -[igl viIi*-Bd] . (14)

Suppose a shell structure with two modal currents, in order to obtain
a further more measure of shell effect for any shell structure with multi-
modal currents or [cr multiple shell structures. In this case, two eigen
values, am {m=1,2), corresponding to the reciprocal of each time constant

for the wvertical displacement can be obtained from Eq.{2) and Eq.(14),

and expressed by
(lm = [-—n/’[l(n+n1+n2)] . fm(GO_’Bl’BZ) . (15)

where suffix m (m=1,2) is used for the m-th mode. fm (0y,8;,B8,) is given

by

£ = (1/2) - [o (1+6,) + 1 +8,]

b D™ Sfa, (148,) - 1-8,1° + 408,86,

where a,, B, and B, is (Tl/TZ)’ (nlln) and (nzfn), respectively. In case of

T, =T

L 2= T Eq.(15) is reduced as follows, taking By < 0 and By < 0

into account.

(165

*]
It

-n/TC(n+nl+n2)

a7)

@
]

-1/t
C

Therefore, the shell effect in T,=T, is found to be expressed by a, and

to have (n4ni+n,) as its measure, and, in general, it can be estimated by

M
n+ X n_ in case of multi-modal currents with T1=‘T2——~==TM.

m=1
On the other hand, o, in case of T, # T,, can be known from Fig.l, where

-1 . . .
dependence of f (a,,B ,B,) upon ay 1s shown on selecting typical sets of
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(B1,8,). It is found that fi(o,,B,,B,) decreases moderately with increasing

OtEl (= TZ/T.].)’ and then decreases monotonically with decreasing 181'

and increasing |82|, too.

Suppose a case of 3, =-1.0 and B, =-0.75, for example, n= -1.50,

100 ms, It gives 1.0 and about 0.6 in f; for

n,=1.50, n, = 1.13 and T,

1 and 4 in a;l, respectively. This means that this increase in oyl gives

aIl more than in case of a;1==1, by 1.67 (= 1/0.6) times. That is, if one
-1

want to increase aIl with fixed 1,, a;" can be fairly increased by selecting

T, more largely, as described on the following-section.

2

2.2 Studies of passive shell structure

2,2.1 Plasma parameters and analysis method
The typical plasma parameters of INTOR are shown in Table 1. The
negative decay index of the elongated plasma, which mainly causes unstable

vertical motion, is -1.30 for the divertor and -1.0 for the pump limiter,

~and then the divertor is required more shell effect than the pump limiter.

Additionally, the above decay index values for the divertor and pump
limiter are based on typical results from the plasma equilibrium calcula-
tions. In special, the results for diveftor are shown in Fig.3. It is
found that 1.3 in absolute n-index is an average value, thaf is, smaller
than the minimum from the INTOR "Universal' and larger than the maximum
from the INTOR-J "Universal'. |

On the other hand, n_, as defined in Eq.(5), is in proportion to

usl
the reciprocal of Bp. B3! for the divertor is larger than for the pump

limiter, and n obtained from one shell structure is only a little larger

for the divertor than for the pump limiter,
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Analyses of the shell effect consist of the following process.

(1) The eddy current evaluation from a model, in which the modal
current analysis based on the finite element circuit method is
used.(s) The eigen modes of current induced on a shell structure
can be calculated by higher order, using its model. Here, only
the largest eigen mode among those time constants is tentatively

used on evaluating the positional stability.

(2) Evaluation of the derivative of its mutual inductance of the plasma
column, (BMPSIBZP)(S is the largest of those time constants),
which is performed by both means of the dipole current model and a
method using the plasma equilibrium codes.
On the dipole current model, coupling of a shell current with a plasma
colum is replaced by coupling of its current with a set of dipole ring
currents located at (Rp, + (w/4)a). BMPS/BZP in its model can be given

approximately by the following equation,

BMPS/BZP= (2/wa) 'Mds

=(1/2) -(BMdS/BZp)

where Mds is the mutual inductance between the shell and dipole currents.

The method from the plasma equilibrium codes is due to a conventional

evaluation of the mutual inductance of its column with a pair of filament
currents located instead of the shell current.

In Fig.2 are shown the structural view around the plasma column,
two contours, that is, contour I and II along which the shell structures
or the filament current are located. The contour I is exactly located
upon the first wall surface, and the contour Il is located between the
blanket and the shield.

In the pump limiter case, the sufficient shell effect for stabilization



JAERT — M 82-213

of the fast mode of vertical motion is obtained by a special shell
structure merely located on the top and bottom of the contour I, as shown
later. On the other hand, the shell structure for divertor need to be
located not only on the contour I, but also on the contour II, because of

its large n-index, as shown in Table 1.

2.2.2 Shell-structure on the contour I

It is useful to get what shape of the shell-structure is preferable in
obtaining the large shell effect. The four kinds of the shell-structures
shown in Fig.4 are investigated.

(a) Doughnut without cuts
This is the ideal shell-structure which surrounds the plasma column,

and has the best performance as the shell.

(b) Doughnut with cuts

The doughnut-like shell is devided into 24 sectors in toroidal
direction. Each sector is completely insulated or connected by bellows.

This has the best shell performance among the shell-structures with cuts.

{(¢) Plane ring with and without cuts

The shell-structure consists of a plame ring surrounding the outboad

side of the plasma column.

(d) Rectangular coils

Twenty-four coils are installed on the outboard side along the circuits
which will carry the first eigen mode of the doughnut with cuts. This will
be the most preferable with respect to the breeding ratio and the assembly

and maintenance of the device, if this shell-structure can has the sufficient

shell effect.
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n, obtained from those shell structures are listed in Table 2.
The dimensions of the shell-structure are shown in Fig.5(a).

The ideal shell-structure of the case {a) perhaps gives the maximum
n_ and, as a matter of course, is expected to have the adequate shell
effect. The plane ring without cuts placed only on the outboard, which
is called (c¢'), is also expected to provide the enough shell effect as
well as the case (a).

On the contrary, the shell-structures with cuts have the poor shell
effect. Even though the shell-structures with cuts, that is, the cases
(b) and (b') completely surround the plasma column, which are expected to
be the best performance among those with cuts, n becomes less than one,
and the insufficient shell effect can be provided. This poor shell effect
of the shell-structures will be attributed to the fact that the first eigen
mode of the induced current changes from the current in the toroidal
direction to the saddle-type current.

Judging from the results in Table 2, the shell-structures with cuts
seem to be unsuitable for the sufficient shell effect.

In the above, the time constant of the shell-structure, T4 has not
been discussed, In the tokamak devices in which plasma currents are induced
by means of the current transformer, there is the lower limit in the loop
resistance, e.g., a few tenth mfl. It means that there is found to be
the upper limit in T_.

The shell-structure with rings, which are shown in Fig.5, will have

some difficulties in the assembly and maintenance of the torus accompanied

with them. However some improvements can be expected in the breeding

efficiency. The results of the typical cases are in Table 3. All cases

have ng > 1 and the shell effect decreasing moderately from the case (a)

to the case (f) can be anticipated,.
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As shown in Table 1, the decay indexes, n for the divertor and pump
limiter are about -1.30 and -1,0, respectively. The cases (e) and (f)
are expected to be hopeful candidates for the shell structure providing
the sufficient breeding ratio. Therefore, as far as on attaching important
to the breeding ratioc, the shell-structure shown in Fig.5 will perliaps
give only the unsufficient shell effect for the divertor , and then ,
its studies for the divertor will be performed on taking the contour I
and II shown in Fig.2 into account.

Before those studies with the shell structure adequate to the divertor,
the cases (e) and (f) are investigated from the viewpoint of increasing

the breeding efficiency in more detail.

The results of the case (e) and (f) are shown in Fig.b and Table 4.
The figure shows the loop resistance, Rg, and ', versus the thickness of
the ring plate, t, with a parameter of the width of the ring plate, L.

Since the growth time of the positicnal instability, ﬂgl

(= Yg_l) depends
on both of T, and ng of the induced current, as known from Eq.(8), the
table indicates. that the longer Ty does not always suppress the vertical

motion of the plasma column during the longer time span.

The case (f.1.3) can stably maintain the plasma column almost during

the same time span as the case (e.l.l). When the blanket on the

inboard side is non-breeding type, the case (e.l.1) is more preferable than

the case (£.1.3).

In the above descriptions, the shell structures from the following

points of view have been discussed.

(1) Doughnut-like shells with and without cuts, and rectangular coils as
a special case of its shell with cuts.

{2) The shell-structure with some rings which are located on the contour I,

and go around in the toroidal direction.
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in the case (1), difference in n between "without cuts' and 'with
cuts" is found te be remarkably large. This comes from increase of Lg»
and decrease of (BMPS/QZP) and Vg due to the change of toroidal mode
current to saddle-like current. On the other hand, the case of the
rectangular coils has the feature that LS is about 2.5 times as large as
on the plane ring without cuts and both of (SMPS/BZP) and Vg is only a
little less than on it. That is, the decrease on both of (BMPS/BZP) and
v in the cases, '"with cuts” is due to decrease of the toroidal compenent
of eigen mode current, and this can be understood from the above result
with the rectangular shell.

On the other hand, the case (f.1.3) in the above case (2) has the
feature that LS is about 1.7 times as large as the plane ring without
cuts and both of (BMps/BZp) and v, are about 1.5 times as large as the
doughnut-1like shell without cuts. Therefore it is clear that the above
difference in LS between the rectangular shell and the case (f.1.3) will
be produced by two poloidal bars, which are the two sides of a rectangular
shell from the top over bottom of the torus. The difference in both of
(aMps/aZp) and v_ between the case (f.1.3) and the doughnut-like shell
without cuts is also produced by localizing the broad toroidal current on
the doughnut-like shell, usefully upon the shell in the case (£.1.3).

Figure 7 shows dependence of (BMPS/BZP) upon the location of filament
current along the contour I, obtained from the equilibrium codes. The
shell in the case (f.1.3) is located nearly from No.8 to No.ll in the
number of filament coil position in the figure. Its location of the
case (f.1.3) is found to be near the optimum region. One of 24 rectangular
shells obtained on the basis of the above results is shown in Fig.8.

Figure 8 includes the dimension of structure, too, and it has about

1.0 cm (TS==126 msec) in uniform thickness of copper.

_12__
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These 24 rectangular shells have almost the same n_ as with (f.1.3)
in Table 4 but can have the desirable T, by selecting a appropriate value
in its thickness. Two toroidal bars at its top and bottom, which have
about 1 m in width of the poloidal direction, have to be kept in its
thickness as thin as possible, because of making the breeding ratio more
preferable. From both of the purposes to obtain its thinner toroidal bars
and to produce more effective shell effect for the divertor, will be
studied some shell structures lecated on the contour II.

On the practical use, the shell structures on the contour I and II
will synthetically have the shell effect expressed approximately on 03 in

Eq.(17) whose suffixs, 1 and 2 are used for the shell structures on the

contour I and 11, respectively.

2.2.3 Shell-structure on the contour II

Figure 9 shows four kinds of shell-structures located on the coutour
II. All kinds of the shell-structures are devided into 24 sectors along
toroidal direction, and each of the sectors has the similar structure,
as shown in Fig.8.

Figure 9(a) is the ideal case, in which the plasma column is surrounded
completely, and could give the best shell effect among those in Fig.9.

n., which is shown together in the figure, is corresponding to n_ in the

2
above section. n, of Fig.9(a), (b), (c) and (d) are 1.71, 1.20, 1.05

and 1.13, respectively. The case (d), similar to (f.1.3) in Table 4, is
selected as the shell-structure located on the contour II, because (a) and
(b) can not provide the access area of the divertor or pump limiter.

Table 5 indicats tﬁe growth time, a;l of the plasma column for the
shell-structures located simultaneously on both of the contour I and II.

These shell-structures consist of the case of (f.1.3) on the contour I
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and the case in Fig.9(d) on the contour II. The mutual inductance between
these structures 1is calculated to be about 10 pH. It is found that the
case of 25 ms in T, produces smaller growth rate than (1/50) (ms™*)} for
selection of T, more than 250 ms. 25 ms in T, is equivalent to about 2.6
mm (Cu) in thickness of the toroidal bars. If these cases, 250 or 500 ms

in T, cannot give the stable control of the vertical positional motiom,
any cases more than 50 ms in T, will have to be selected for parameters of
the shell-structures. In such cases, the influence of the thickness of

toroidal bars upon the breeding ratio could not be perhaps ignored.
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3. Vertical Position Control
3.1 Basic equations

The basic equations, which describe with the vertical position
control of a plasma column, are given by both of Eq.(14) and the modified
circuit equation from Eq.(2),

N

+ 351 CHYORES SRV ES

-

It

-7y [(aMpi/BZ)/Li] I (v, /L)) (18)

where symbols except V. are the same as in Section 2.1,, and A is the

apblied voltage of the i-th inductive component and is defined by

v, = 0 for passive inductive ceomponent,
t- Ot
= K+[Z (t-8c) +T +Z (t-5t)+ (1/T) -z dt : 19
[2,e-80) 1,02, (eo00) ¢ QU1 | ode] (19)

for active inductive component,

where the right hand side of Eq.(19) is the PID controller, K the gain,

the starting time of contrel, and T, and T  the time

5t the dead time, t 1 D

g

constants of integral and differential circuits, respectively. In this

paper, 6t and t, are set to zero, respectively.

Equation (14) is obtained by the postulate that an inertial term in
proportion to the plasma mass in the Eq.(l) is negligibly_small compared
with other terms. The vertical position control of the slow mode satisfies

this postulate, as known from one simplified analysis in Section 2.1.
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We analyze here feedback control system consisting of three inductive
components, that is, N=13: vrectangular shells, shield blocks and
control coils. Both of the shells and the shields are passive inductive
components, and only a pair of control coils are active inductive component.
For this feedback control system the differential equation on the current

of control coils, IC, is easily obtained as follows.

IC - (NC/TC) 'IC

= N w [AgTg + BeeTy + €t (By/v)]

t
. . . - el 20
+ N [DC Ig + EgtIy + Fg (Bd/vc)] + No*G, J£ zp dt , (20)

where IS and IX are the current of the shells and shields, respectively,

and indicates time derivative., The others are defined by

No=n/[n+n, - {1- (KD/M;pxpm , (21)
TS s (KM 1) - (/) (22)
Ae = (/) v LaRME T ) -1 - /m) (23)
B, = (nc/n)(vx/vc)[(KD/MépIp)'-1] - (MCX/LC) , (24)
Ce = (n_/n) -[(KD/M;pIp) -11 , (25)
D, = {n /n)* (K/M(;plp) , (26)
E. = (n_/n) - (K/Méplp) , (27)
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=
1l

(o_/n) - (K/Méplp) , (28)

p}
If

(KI/LC) . _ (29

Additionally, the suffixs, ¢, s, x and p mean the contrel coils, shells,
shields and plasma column, respectively. KD and KI are euqal to (K'TD)
and (K/TI), respectively. ' indicates B/QZP

For the stable control of the vertical position of plasma, two kinds
of solutions can be obtained from Eq.(20), depending upon KD. One is the
case in which KD is equal to zero and consequently NC is nearly equal to
1.0. 1In this case, One of constraints for the stable control is expressed

by T, > 0 and is explicitly given by the following.

C

K> (/)0 /1) G K (30)

This solution is a diverging type and is adjusted by K so as to counter-
balance with the diverging plasma column to the vertical direction.
Another is the case given by two constraints: NC < 0 and TC > 0.

The former is explicitly expressed by

Ky2 ML L+ (/)] Ky (31)

The latter, TC > 0, is the same as Eq.(30). In this case of (Nc/Tc) < 0,
the solution of Eq.(20) is an oscillatory type.

Other solutions except the above solutions may exist, but the solu-
tions obtainéd from the circuit parameters in this paper seems to be

limited to the above two types.

On the other hand, the power, P, required to suppress the divergence

of the plasma column to the vertical direction can be expressed by
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. . .' nax max
P+ [K Z,+ Ky sz 1.7
. e m
N N e FC A R N e P (32)

where g, and g, are the ratios of K to Ku' and of KD to KDO’ respectively.

The suffix "max'" of the above notation means its maximum.

3.2 Modelled feedback control system

3.2.1 Structure and circuit parameters

The modelled systems discussed here are the following two.

(1) System with the rectangular shells located only on the coutour I
This system is composed of 24 rectangular shells, 24 sectors of
shield, 24 sectors of blankets and a pair of coils. Its cross-sectional
view is given in Fig.10 where the rectangular shell I and II are shown

together, but only the shell I on the counter I is used here.

The control coils at the top and bottom of the torus are used to
produce a horizontal control field and arranged preliminarily at the
location in Fig.10. Each coil has one turn, 0.5 mx0.5 m in cross—-sectional
area and they are at (3.7", * 6.5") on the cylindrical coordinates.

A sector of the shield is divided into two pieces of inside and
outside parts by the cut in Fig.10, and has about 1.0 m in thickness of
stainless steel, A sector of the blanket occupies considerably spacious
area in the figure, but is supposed to have only several cm in effective
thickness of stainless steel. One of 24 rectangular shells is shown in
Fig.8. Its dimension is given together in the figure, too, and it has

about 1.0 cm (Tshell==126 msec.) in thickness of copper. The decay index,

n is set -1.0 for the pump limiter.

Table 6 shows its circuit parameters with the shells, shields and
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control coils. In the table the blanket is excluded, because its time
constant is less than 10 msec and is roughly one order smaller than the
others.

The shield current consists of many current modes, but, here, only
one current mode, which has the largest derivative with the axial coordinate
of the mutual inductance between the plasma and shield, is selected and
indicated in the Table (6). Moreover, that modal current results in the
largest mutual inductance not only between the shield and shell, but also
between the shield and contrel coils. The shield has about 0.172 = in

resistance, and about 312 msec in time constant, for the modal current.

(2) System with two kinds of rectangular shells located on both of the

contour I and TII
This system consists of the shell-structures, located on both of the

contour I and II, and two control coils. The shield included in the

system (1) is excluded from it.

In this fairly simplified system, the rectangular shell I on the
contour T is selected as thin in thickness of its toroidal bars as possible
level. Therefore, the shell effect expected from the shell I is limited
within shorter time span than one required for the INTOR specification,

more than 50 ms, and then the rectangular shell II is set so as to com-

pensate its shortage.

i, of the shell II is smaller than ni (The suffixs, 1 and 2 are used

for the shell I and II, respectively), but T, is selected to be one order
larger than Ty~

The positions of two control coils are optimized and selected

(6.5m, i6.5m) on the following bases.

(1) On taking the forbidden region for those locations into account
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(2)

o 2
P LC/\)C ,

The control power, P i1s assumed to have the following relation.

(33)

where LC and v, are the self-inductance of a control coil and magnetic

flux density per its unit current, respectively.

Main analyses with this system are given the case of n=-1.30 for

the divertor. Its circuit parameters

3.2.2 Results and discussions

The system (1) is studied at the
typical time variations of Z and the
Ishell for the rectangular shell, and

disturbance field which is given by

By = B,

where B is the field strength at t == and T4

10.0 ms. The figure is obtained from

v/m in K and 6.0x10% v/m-sec in KI(E

- [1 - exp(—t/Td)] ,

are also shown in Table 7.

beginning. Figure 11 shows its
currents (Ic for a control coil,

Ishield for the shield) under the

(34)

its time constant selected
the PI controller which has 2.5x 10"

K/TI). The applied voltage, V_ for

one of the control coils is given by (K-Zpi—KI-J—t Zpdt).
o)

All of Zp, I and I

c’ Ishell

inl and IICf has the maximum (defined by |Zp|

at the first peak.

On the other hand, IShell

IShell before this peak is useful for

diverging with its initial velocity.

shield

are damping-oscillatory. Each of

MAX |ICIMAX

has a sharp peak on the initial phase, and

keeping the plasma column away from

The abrupt decrease from this peak

to the first bottom is produced by coupling with the current of control

coils, and such an analogous pattern is also seen in the time evolution

°f Tihield

shell.

which has small shell effect in comparison with the rectangular

, respectively)
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Figure 12 shows time dependence of Zp upon K with the PI controller.
We select -0.001 T in B , 10 ms in T& and 100 ms in T, (= the time constant
of control ceil). The time constant 1, of rectangular shell located on
the contour I is selected to 100 ms and can produce about 50 ms in the
growth time of vertical instability. The time constant Tshield of
shield is selected 100 msec. It is found that the time behavior of Zp
changes from a diverging oscillation to damping oscillations with increas-
ing K. One of measures which are useful for finding this diversion
point from divergence to convergence, 1s given by Eq.{(30). The right hand
side of Eq.{30) has about 4.10%x10% v/m and the stable control of Zp seems
to be required for K several times larger than (n/nc)-(MéC-Ip/TC).

Figure 13 shows time dependence of Zp upon Ky (= K'TD) for the PID
controller which has 1.25x 10" v/m in K and 6 x 10° v/m-sec in KI' Increas-—

ing K Zp changes from damping escillations tc¢ moderately damping veria-

D
rion. One of the criteria for the stable control of Zp in case of the PID
controller is given by Eq.(31) whose right hand term has about 405 v/m/sec.
Figure 14 shows time variation of Zp with KD as a parameter. Figure 14

is for n = -1.30, and different from Fig.l3 with n = -1.0. The value of
criterion from Eq.(31) is found to be clearer in Fig.l4 than Fig.l13.

In Figure 15 shows time variations of Zp, with keeping TC'K constant
There are selected three kinds of TC, that is, 50 ms, 100 ms and 200 ms.
The variations are round to show almost the same for the three kinds, as
far as TC'K is a constant.

The following studies are for the system (2).

Figure 16 shows time variations of Zp for three kinds of K for the
PI controller in case of the system (2). The observed feature is the same
as Fig.12. In this case, (n/nc). (Méc.Ip/Tc) has about 3.24 % 10° v/m.

Figure 17 also shows time variations of Zp with KD on the PID controller
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which has 7.5x10° v/m in K and 6.0 = L0 v/m-sec in KI' The right hand
term on Eq.(31) has about 352 v/msec.

On a basis of the above results, the following conclusions can be
drawn.
(1} The two systems are found to have good characteristics. The PID
controller seems to provide the better contrel of vertical position than

the PI controller.

{2) 1In PI controller, the following equation for the first peak value

of z , 2% 5o ho1d.
P’ “p
AW 4 g (35)
p z o

The following equation with the first peak value of L.s IfAX is hold, too.

MAX (36)

Therefore, the power, P required to suppress and contreol the divergence

of vertical position is given by

b LK - AAX | MAX ’
P c
= K « A - B? ,
K+ A .
MAX 2
= . (37)

K - (AI/AZ) : (ZP )

(3} On the other hand, the power, P in case of the PID controller is

represented by

P - BN (38)
D P c
i , MAX . )
On a basis of a series of analyses, ZP (= zp/t:O) can be approximately

expressed by
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MAX . , ) L )
z, = (B /1) = (€, = Cn Ky)) . (39)

Therefore, from Eq.{36) and Eq.(39), P is given by

. . 2. . . -
P = AI (Bw/rd) KD (c, Czﬁn KD) s (40)
where C, and C, are positive constants independent of B_ and Td.
. . MAX

Fig.18 shows relations between P and Zp for the system (2). Results
of both of -1.0 and -1.3 in decay index are given in the figure. Addi-
tionally, the figure includes results of the Pl or PID controllers, and
all of the points are obtained under the disturbance field of B_= -0.001 T
and g = 10 msec. The difference of P between -1.0 and -1.3 in n is very

Max | .

large when Zp is more than 1.0 cm, but it decreases abruptly when Zp
is less than 0.5 cm. These results are thought to be produced from the
reason that the shell can play decreasingly effective role with decreasing

MAX
Z . This can be known from abruptly increasing power in considerably

small ZEAX. Power for the PI controllers is also found to be almost the
. MAX . ,
same as one for the PID controllers in a range of Zp shown in the figure.
The system (2) is composed of the least inductive components, i.e.
the rectangular shells (shell-I and 1I) and the optimized control coils,
and then it is thought of giving the least power required for the suppres-—
sion and control of vertical imstability in the INTOR. In practice, more

inductive components than the system (2) are included and would result in

more power for its suppression and control under the same disturbance

field as in Fig.18.
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4. Conclusions

Both of the shell effect due to passive shell-structures and the
characteristic of simplified feedback control systems, for the vertical
position stabilization of the elongated INTOR plasma, are studied and the
following conclusions have been obtained.

Inductive components of the device consist of shells, shields and
control coils. Both of the shells and shields are toroidally divided into
24 sectors.

A newly devised rectangular shell, which has the sufficient shell
effect for the stabilization of the fast mode, is presented, along with
the studies of various kinds of shell-structures described on this paper.
It can be expected that the rectangular shells have negligibly small
effect on the breeding ratio by locating them separately on both of the
front and rear surfaces of blanket,

Some properties with the modelled feedback control system are eluci-

dated under a disturbance field, B ==Bm-{l-exp(-t/Td)](Bw: field strength

d

at t=e, T time constant). They are studied for two kinds of decay

L
indices, that is, -1.0 for the pump limiter and -1.3 for the divertor.
Conclusively, the control system is found to have good characteristics.
The PID controller seems to provide the stable control of vertical posi-
tion better than the PI controller.
, . . max .
The maximum of vertical displacement, Zp under the disturbance

field, B,» are in proportion to Bm. The power required for its stabiliza-

MAX, ?
tion, P, are also in proportion to Bi, and then to (Zp ) , too. There-

d
, MAX | , . . .
fore, some common basis for B_ or Zp is required for its estimation.

Moreover, the power is found to be independent of selection of the PI

or PID controller, and to have approximately the same relation with ZgAX.
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The difference of P between -1.0 and -1.3 in the decay index is very large

LSMAX
when Z) is more than -1.0 cm. For example, in the vicinity of ZMAX = 1.0
p
cm, the power in the case of n=-1.0 is about one half of that in the
. SMAX
case of n = -1.3. But it decreases abruptly when Ap is less than 0.5 cm.
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Table 1 Major Parameters of the INTOR

Major Radius , RP {(m) 5.3
Minor Radius , a (m)
Plasma Current , Ip(MA) 6.4
Nivertor Plasma
Elongation , K 1.6
Shafrancf's Field , B0 (T) - 0.50
Decay Index , n -1.30
Pump Limiter
Elongation , K . 1.5
Shafranof's Field , BO (T) - 0.52
Pecay Index , n - 1.0

Table 2 Decay Index for Shell-structure in Fig.4

Cases D

(a )Doughnut without cuts 2.35
(b JDoughnut with bellows 0.73
(b')Doughnut with cuts 0.75
(¢ )Plane ring with cuts 0.73
{(c")Plane ring without cuts 2.25
0.64

(d ) Rectangular coils

Table 3 Decay Index for Shell-structure in Fig.5

Cases fa) (b) {c) {d) (e) (f)

ng 2.35 2.32 1.96 2.32 1.82 1.52
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Table 4 Shell Effect with Shell-structures for

Cases

(e.
(e.
(e.
(e.
(f.
(£.
(f.
(f.
(f.
(f.

1.1)
1.2)
1)
.2)
1)
.2)
.3
.1)
.2)
.3

I N L R

Cases (e) and (f) in Fig.5

R (m2)

0.25

Ll L2 Ts(ms)
0.44 24
0.73 21
0.44 0.64 39
0.73 34

0.48 44
0.64 40
0.96 36
0.48 77
0.34 75
0.96 73

Table 5 Growth Time of the Plasma

from the Shell-structures

n Ygl(mS)
1.53 22
1.33 6
1.53 27
1.33 11
1.11 4
1.26 10
1.52 20
1.11 6
1.26 17
1.52 31
column

located on

both of the contour I and II
T, T, (l/al)(msec.)
{msec.) {(msec.) m = - 1.0 C - - 1.3
100 63.3 32.8
25 250 101.0 46.2
500 146.1 58.1
100 - 49.5
50 250 - 71.0
500 - 90.8
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Table 6 Circuit Parameters
{ System (1) )
( uH )
. J i 1. Shell 2. Shield 3. Coils
1. Shell 46.7 10.48 1.40
2. Shield 53.77 2.68
3. Coils 38.00
m - /az (2R -~ 5.86 - 2.72 0.64
pj m ) ) '
-7
uj(lo T/A) 1.77 0.832 0.180
n, 1.45 0.275 0.010
(1) Plasma Parameters
I = 6.4 MA , B, =-10.52
P 0
R =5.3m , n =-1.0
p
Table 7 Circuit Parameters
( System (2) )
( uH )
. 3% 1. Shell- T | 2. Shell-IT | 3. Coils
1.Shell-T 46.7 9.96 1.51
2.Shell-II 37.2 2.40
3.Coils 47.1
m /az (2 - 5.86 — 4.62 - 0.62
pJ m
v1(10_7T/A) 1.77 1.39 0.37
n. 1.45 1.13 0.0159
3
(1) Plasma Parameters
I = 6.4 MA , B, =-—0.50
P 0
RP =5.3m , n =-1,30
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2.0
o INTOR-J “Universal

1gk  * INTOR “Universa®
- 1675m < Zy % 1.750m
' 4gL B28, 1,:6.4MA
> -
= Y gl
| o ° °
==t 1 4 - .
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O
g ol g°

Vd
1.0Jj
O /L?(} 1 Il |
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Fig. 3 Dependence of decay index , n upon the radial coordinate , RN ’

of active null point in cases of both of the INTOR-J "Universal”

and the INTOR '"Universal"

{a) Doughnut (b) Doughnut (c) Plane ring {d) Rectangular

without cuts with cuts with cutls coils

Fig. 4 Various types of shell-structures ; (a) doughnut without cuts,

(b) doughnut with cuts , (¢) plane ring with cuts , and (d)

rectangular coils. These cross-section is shown in Fig, 5
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Fig. 5 Various types of plane ring shell-structures, Solid line means
plane ring. Coordinates of A is (3.8,0.0) , B(6.6,0.0) ,

C(6.6,0.9) , D(5.8,2.2) , and E(3.8,2.2)
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Fig. 6 One-turn resistance and time constant of shell-structure as
a function of its thickness in case (e) of Fig.5. Material

of the shell-structure is stainless steel with 7 x 10“79 ul

in resistivity
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Fig. 7 Dependence of (BMPS/BZp)upon the location of filament

current along the inner surface of plasma vessel
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Fig. 8 S8tructure of a new rectangular shell
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Fig. 9 Various types of plane ring structures located on the

contour 1I. Coordinates of A is (3.8,0.0) , B(3.8,2.7) ,

€c(5.8,2.7) , D(7.1,1.0) , E(7.1,0.0).
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Fig. 10 Vertical cross-sectional view

of inductive components used for

the modelled feedback controel system.
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shield
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Fig.12 Time evolutions of Zp for various K with the PI

controller in case of the system(1)
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Fig.13 Time evolutions of Zp for various KD with the

PID controller in case of the system(l)
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Fig.1l4 Time evolutions of Zp for various KD with the

PID controller in case of the system(l)
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Fig.15 Time evolutions of Zp on keeping Tco K (=1.25
><106V-msec/M) constant with the PID controller

in case of the system(l)
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Fig.16 Time evolutions of Zp for various K with the

PI controller in case of the system{2)
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Fig.17 Time evolutions of Zp for various KD with the

PID controller in case of the system(2)
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Fig.18 Dependence of the power , P ,required for the
suppression and control of vertical instability

upon the maximum vertical displacement , Zgax

obtained under the disturbance field ; B = Bm-(

1.0 - exp(—t/Td)) , in case of the system(2)



