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FOREWORD

Development of nuclear fusion as a practical energy source could provide
great benefits for all mankind. This fact has been widely recognized and fusion
research has enjoyed a level of international co-operation unusual in other
scientific areas. From its inception, the International Atomic Energy Agency
has actively promoted the international exchange of fusion information.

In this context, the IAEA responded in 1986 to calls for expansion of
international co-operation in fusion energy development expressed at summit
meetings of governmental leaders. At the invitation of the Director General
there was a scries of meetings in Vienna during 1987, at which representatives
of the world's four major fusion programmes developed a detailed proposal for
a joint venture called International Thermonuclear Experimental Reactor
Conceptual Design Activities. The Director General then invited each
interested party io co-opcratc in ITER activities in accordance with the Terms
of Reference that had been worked out. All four Parties accepted this
invitation.

ITER Conceptual Design Activities (CDA), under the auspices of the
IAEA, began in April 1988 and were successfully completed in December 1990.
The CDA included two phases, the Definition Phase and the Design Phase.
In 1988 the first phase produced a concept with a consistent set of technical
characteristics and preliminary plans for co-ordinated R&D in support of
ITER. The Design Phase produced a conceptual design, plans for R&D
programmes, safety and environmental analyses, a cost estimate and a
description of site requirements. All information produced within the CDA
was made available for all ITER Parties to use either in their own national
programmes or as part of a larger international collaboration.

As part of its support of ITER Activities, the IAEA is pleased to publish
the documents that summarize the results of the Conceptual Design Activities.
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1. INTRODUCTION

It is foreseen that ITER will contain a highly elongated plasma, which

will require carefuDy designed systems for control of vertical position. Both

passive and active control of vertical instability are provided in the ITER

conceptual design [1J.

The saddle-loop concept was initially proposed for passive stabilization

of plasma vertical displacement [2]. However this concept resulted in design

integration difficulties near the machine midplane due to intersections with large

ports for neutral beams, diagnostics and maintenance. In addition, acceptable

stabilizing effect can be reached only for very small width of the gaps between

blanket sector {_<_ 1 cm electrical or_<_0.5 cm geometrical).

This report presents results of analyses of a new type of plasma vertical

displacement passive stabilizer, developed by the joint team engaged in the ITER

Conceptual Design Activities [3]. It describes scoping studies of efficiency, based

on two models, and a simple analytical model useful for active control analysis.

In the analysis of passive stabilization of plasma vertical displacements,

the most interesting quantities are the stability margin, m (defined in Ref. [2])

and the growth time of instabilities, T. The instability growth time is the product

of the stability margin adnd current decay time in passive stabilizers, T • T =

raj.. The value of T . depends on the plasma parameters and the geometry of

the passive stabilizer elements.

For reliable passive stabilization in ITER, a criterion in the conceptual

design was that there should be a stability margin of 0.5 or greater for all regimes

of tokamak operation [4]. The most demanding operating regime is one with

maximum plasma elongation, K, maximum internal inductance 1-, (peaked current

profile), minimum B and maximum plasma inward shift.

The saddle loop concept initially proposed, besides being unsuitable

because of the interferences with midplane ports, would provide rather low

values of stability margin for plasmas with the new ITER parameters. For a

plasma with high I low B and 15 cm inward shift, the stability margin m
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Model 1

(a)

Model 2

(bl

Fig. 1. Poloidal cross section of twin loops and vacuum vessel:

(a) - near-to real geometry; used in analysis model 1;

(b) - simplified geometry of passive stabilizers used In analysis model

2.(hatched regions - twin loops)

would be approximatly 0.3 even for a 1 cm gap width between the neighbouring

vertical legs.

To avoid these disadvantages an alternative passive stabilizer design,

twin loops, has been proposed. The geometry of the twin loops is shown in Fig.

la and Fig. 2 (hatched regions). This stabilizer consists of a number of open

conducting boxes attached to the outboard blanket segments above and below

the machine midplane, and low resistance plates, attached to the inner surface of

the vacuum vessel bulk structure, facing the back wall of each conducting blanket

box. There is no special vertical electrical connection between the upper and

lower boxes and plates. This feature provides a design that does not interfere

with any of the horizontal port allocations.
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Centrol blanket module

Side blanker module

Copper plates

A, in Modsl 1
or

A in Model 2

Fig. 2. Geometry of the twin loops (hatched regions).

Mainly circulating currents are induced in the conducting boxes due to

plasma vertical displacement. The reverse parts of these currents flowing on the

blanket box back walls induce toroidal currents of similar value and opposite sign

in the adjacent conducting plates attached to the vacuum vessel. Magnetic fields

from the opposite currents flowing on the blanket boxes back walls and on

vacuum vessel toroidal loops, practically compensate one to one in the plasma

area result, mainly the currents flowing on the conducting blanket boxes face

plates have an influence on the plasma movement.

The self-inductance of the twin loops is lower than that for saddle loops

with the same face plate shape and electric gaps due to the shorter current path

length in the gaps and its larger width. Therefore the twin loops provide a higher

stability margin in comparison with saddle loops.

This paper presents the results of several scoping studies on twin loop

stabilizing efficiency carried out by the ITER team during 1989-1990. A more or

less complete set of ITER team results is given in Ref. [5]. In this paper, the
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results of only two numerical model studies are described in detail. The first

model includes many details of the real twin loops and vacuum vessel structure,

including a 3-dimensional cell description of all conducting elements. The second

model includes only the main features of passive stabilization elements. Although

this model is simpler, it allows for the rapid evaluation of the effects of plasma

and stabilizer parameter variation. The second model is also useful for active

control analysis using analytic methods. Both models assume rigid plasma vertical

displacements, which is a reasonable assumption for the range of ITER

parameters (k. < 2.2 and m > 0.5). The dynamic plasma model gives about
s s

20% higher growth rate than that of the rigid model [5].

2. ANALYSIS MODEL 1

The formulation for the ms and T calculation is described as the analysis

model 1 in a previous work [2).

Plasma parameters used in this calculations are: plasma major radius R

= 6 m, minor radius a = 2.15 m, separatix elongation k = 2.2, triangularity 8 =

0.6. In some calculations the plasma has an inward radial shift AR = -10 cm. The

value of fi was varied from 0.01 to 0.6 and the value of 1- from 0.65 to 0.9. The

plasma facing walls of the twin loops and the blanket modules are located along

the magnetic surface (corresponding to a plasma with 1- = 0.65, 8 = 0.6, AR =

0), which has 15 cm outward shift from the separatix at the equatorial plane.

The twin loops and the vacuum vessel are modelled by thin conductors

with equivalent electrical conductivity. The geometry of these conductors is

shown in Fig 1 a,3,4. The vacuum vessel (Fig. 3) is modelled by stainless steel

(p = 8.2x10 Q"m) with a uniform thickness of 20 cm. High resistance bellows (5

mm thick, 10 cm toroidal width, p = 1.8x10 Q*m) are inserted at 16 locations in

the toroidal direction. The hatched regions of Fig. 3 are copper

(p = 1.72x10 Q'm) plates connected to the vacuum vessel and electrically
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Hatched region
Cu 5 mm1

(except for bellows)

Vocuum vessel

sus 200 mm'

Bellows region

50 mm' , 10 cm"

1.8 x I0"6 fim

Vertical poM
sus 50 mrr.1

Horizontal par'
sus 50 mrr'

Fig. 3. Geometry of the vacuum vessel in analysis model 1. (Hatched regions

twin loops.)

connected in series with the high resistance bellows. The vacuum vessel has an

effective 1-turn toroidal resistance of 20mQ.

The blanket modules with stainless steel walls are shown in fig. 4. The

thickness of all elements is also shown. The twin loops (hatched regions) are

modelled by copper shells of 5 mm uniform thickness. Figure 5 shows a typical

mesh division of the structural model, which is a half part of one sector.

The following parameters of the stabilizers have been varied in this

study: A j - the width of all gaps between neighbouring blanket modules

(distance between the centers of the currents); A2 - the width of all gaps

between the back side of twin loops and the copper plates connected to the

vacuum vessel (distance between the centers of the currents): d - half of the

distance between the upper and lower loop, nearest boundaries.

The results of m and T calculations are presented in Table 1. For the

case A, = A2 = 3 cm, d = 1.7 m, with the most dangerous plasma parameters:



Side
module

Center
module

End wall
SUS 50 mmt

Upper wall
SUS 50mm'

Hatched region
Cu 5 mmt

Front wall
SUS 15 mmt

Side wen
SUS 20 mn

Fig. 4. Geometry of blanket modules in analysis model 1. (Hatched regions - twin

loops.)

1- =0.9, 6 = 0.01, AR = 10 cm, passive stabilizers provide m = 0.53 and
1 P i

T = 23 ms. Figure 6 shows m dependence on the width of gaps A for the cases

d = 1.7 m (Fig. 6a) and d = 2.7 m (Fig. 6b) when A j = A 2 = A for plasmas

with AR = 0 and different values of \- and B (solid lines).

3. ANALYSIS MODEL 2

3.1 COMPUTATIONAL PROCEDURE

In this model we consider only the main mode of currents in passive

stabilizers - the mode, induced by rigid rapid (t < < T_.) plasma vertical

displacements. For this mode the current in each mesh element of the stabilizer

is determined by the following formula:
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\

Fig. 5. Mesh division of the structural model 1.
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TABLE 1. PASSIVE STABILIZATION PARAMETERS (MODEL 1)
Upper value = stability margin m ; lower value = growth lime of plasma
vertical instability (T) in ms.

Blanket-to-
blanket gap:

Blanket-to-
vessel gap

Twin-loop-
to-mid-plane
distance

AR(cm)

0

-10

Aj(cm)->

A2(cm)->

d (m) ->

V'i

0.6/0.65

0.1/0.75

0.01/0.9

0.6/0.65

0.01/0.9

1

1

1.7

1.31
66.

0.85
42.

0.66
30.

1.23
63.

0.59
28

2.7

1.01
50.

*

0.54
23.

*

*

5

1.7

1.21
63.

*

0.59
29.

*

1 3

3

1.7

1.19
60.

0.77
37.

0.57
26.

1.13
57.

0.53
23.

2.7

0.88
38.

*

0.44
16.

*

*

5

1.7

1.15
58.

*

0.55
25.

#

*

£A, /A , = Hlankct-to-blanket and blanket-to-vesscl elecrrical gaps,
shown on F'ig. l(a) and F'ig. 4.

!Jst - i d M i
1,(1) = I s t ( t ) 2 L.. — . (i-1 Nst)

j - l dZ

where: I- - ihe current in i-th mesh element;

N . - the total number of elements;

Lj-" - the inverse matrix of their inductances;

M-P - the mutual inductance between plasma and i-th mesh element;

I . - the amplitude of the main mode of passive currents.
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i 0

05

Model 1. reference case

Model 2. reference case

Model i . deteriorate case

20 40
A = A, = A , (cm)

(a)

I 5 r

I 0

05

Model 1. reference case

Model 2. reference case

Model 1. deteriorate case

0 2 0 4.0
A = A, = A, (cm)

Ibl

Fig. 6. Stability margin m as a function of the electrical gaps value

(A = A •• = A^) for different vertical distance between loops and mid-

plane (d)

(a) - for d = 1.7 m;

(b) - for d = 2.7 m.

Solid lines - results of analysis by using of model 1:

Upper line - for plasma with AR = 0, lj = 0.65,f$ = 0.6

Lower line - for plasma with A R = 0, lj = 0.9,f} =0.01

Dashed lines - results of analysis model 2 for twin loops with increased

height (see dashed lines in Fig. 7) and for plasma with AR = 0, lj = 0.65,B = 0.6.
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We can express the value of I . from the vertical force balance equation

for massless plasma:

6 coil

Where: ICQn is the control coil current and d f ^ / d Z , fz
oon, fz

err, fz
st are

expressions for the vertical forces acting on the plasma (calculated from

numerical code):

6z except the control coil;

= Vcon fz°°n ' force due t0 ̂  controi coil

r e r r , 2 , e r r . po e r r i

magnetic field:

st _= I I _f - force due to the main mode of passive currents.

The equation, describing the dynamic amplitude I . can be obtained

from the energy conservation of the main mode:

d Ist J
5t \ dHsP MstC0" dIcon

dt Tst LstdZ Lst dt

where: TJ t = Lst/Rst - current decay time for the main mode;

Tst, R t - the main mode inductance and resistance;

MsfP - mutual inductance between the plasma and the

main mode (dMst
p/dZ = f2

st) ;

M s t
c o n - mutual inductance between the control coil and the main

mode.

Substituting (1) into (2) and using the assumption that the time scale of

variation of control coil current ( T) is negligible in comparison with scenario

18



times (I lj, 6 variation time scales) we can obtain the equation for plasma

vertical displacement:

dZ K d Icon
T — - Z - - ( I c o n • H * aT — ) (3)

dt I_ ' dt

where: T = m T_. - vertical instabih'ty growth time;

m s = (l-\)fk - stability margin;

= L c f ( 6 f , / 6 Z ) / ( f , s t ) - stability parameter;

K = f z
c o n / ( & f z

c o i l / 6 Z ) - static control coil efficiency;

a = ( l - f z
s t M s l

C O D / L s t f z
c o n ) / m s - s h i e l d i n g parameter;

W = Ipf 2
e r r ^ z

c o 1 1 - B f
e r r - disturbance for the active control.

3.2 P A S S I V E STABILIZATION

Plasma parameters R, a, kc, 6 e , in this calculation are the same as in

analysis model 1.

Calculations were performed for two plasma parameter sets.

The former - plasma with reference parameters:

A R = 0 , l j = 0.63,Bp = 0.6.

The latter - plasma with deteriorated parameters:

AR = -15 cm, lj = 0.83, B = 0.05.

The plasma facing sides of the twin loops are located along the

magnetic flux surface (corresponding to a plasma with reference parameters),

which has a L5 cm outward shift from the separatrix at the equatorial plane.

Passive stabilization in this analysis model is provided by the twin loops,

which include conducting boxes on the blanket segments and conducting plates

on the adjacent surface of the vacuum vessel. The inboard wall of the vacuum

vessel is also included in the analysis. The geometry of these stabilizers is shown

in Fig. 7.
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800

600
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200 400 600
R (cm)

800 1000

Fig. 7. Geometry of passive stabilizers in analysis model 2. Hatched regions - twin

loops. Increased height of the twin loops (dashed lines) was used for

comparison with the results of model 1.

TABLE 2. PASSIVE AND ACTIVE CONTROL PARAMETERS
(MODEL 2)

Plasma

Param.

lj-0.63

V0-6

AR-O

l.=0.83

Pp-0.05

AR-15
cm

K

(cm)

1397

1067

d

(•»)

1.

2.

1.

2.

7

7

A

(cm)

l

3

1

3

1

3

1

3

ms

1.14

1.01

0.88

0.74

0.58

0.60

0.41

0.32

T

(ms)

77

72

53

49

39

35

25

21

a

0.11

0.18

0.16

0.27

0.22

0.36

0.33

0.61

K(l-)

(cm)

1551

1648

1621

1774

1302

1451

1419

1717

max

v I

0.39

0.42

0.57

0.61

0.78

0.86

1.2

1.4

=300kA!

7 mxV
f\ 11

12.7

13.5

13.3

14.5

10.7

11.9

9.7

10.

C B

32.4

32.4

23.3

23.6

13.7

13.7

9.7

10.

: a " electrical gap values
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The inboard part of the vacuum vessel and low resistance plates on its

outboard part are considered as continuous in toroidal direction. The toroidal

resistance of these elements is determined by high resistance inserts. For uniform

toroidal current, the total resistance of these elements is 20 |xQ.

The twin loop parts on the outboard blanket are characterized by means

of 48 equal boxes, disposed in the toroidal direction. They are modelled

electrically using copper (p = 2.2x10 Q"m) of 4 mm uniform thickness. Mutual

inductances between close elements with opposite currents in neighbouring boxes

and plates were calculated analytically. The width of the gap between

neighbouring boxes - A is the same as that between boxes and plates. The value

of A and the half distance between the upper and lower twin loops nearest

boundaries - d were varied.

The results of m and T calculations are presented in Table 2. For the

case of A = 3 cm, d = 1.7 m with the most demanding plasma parameters: \R

= -15 cm, 1- = 0.83, p = 0.05 passive stabilizers provide m = 0.5, T = 35ms.

3.3 COMPARISON WITH MODEL 1 RESULTS

To compare the results of the passive stabilization analysis provided on

the basis of simple model 2 with one provided on the basis of detailed model 1,

some additional calculations were performed. For this purpose the twin loop

height was increased as shown by the dashed line in fig. 7. The nominal plasma

parameters were again used. The results are shown in Fig. 6 for m calculations;

solid lines are for model 1 and the dashed line is for model 2. One can see good

agreement between the detailed and simple models for the m calculation; results

are within 10 %.

3.4 ACTIVE CONTROL

To create an analytical model of the active control of the plasma vertical

displacement we can use similar assumptions to those used in the above analysis.

We also assume several assumptions about the controller. First, an ideal PD-
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controller with voltage restriction is assumed. It provides control coil voltage

according to the formula:

where UQ is power supply voltage and U . is determined by the

expression: U j = -I^Z - KydZ/dt. The second assumption is that the control

coils have low resistance: ^•COQ < < L c o n / T, where LCOQ, R c o n are the

inductance and resistance of the control coils and T is the growth time of the

instability. Third, we neglect the voltage, induced on the control coil by the

plasma and passive stabilization currents (due to high value of L for ITER).

With these assumptions the control coil current can be determined by the

equation:

con
L c o n - = U (5)

dt

Fourth, the following initial condition is used:

Fifth, the disturbance for the active control, caused by the error

magnetic field is negligible (W = O).

Equations (3) through (5) provide an analytical solution to the active

control problem.

Results are shown in Fig. 8 for two types of PD control simulations.

Solid lines show the results of a multimode numerical simulation, which takes

into account 20 modes of the passive currents. The dashed lines show analytical

results based on the main mode approximation. One can see that the analytical

approach is useful for estimating system response on a device like ITER.

The analytical analysis of the active control problem leads to the

following results.
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Vertical displacement
(a)

0

- 2
=> - 4

- 6

2 4 6

Control coil voltage

10

(c)

Fig. 8. The resulls of two types of PD control simulation (critically damping

regime with 9 = 1 + a ) . Solid lines - the results of multimode

numerical simulations. Dashed lines - one mode analytical results.

(a) - dimensionless plasma vertical displacement

z = ZL I 7U TK(1 +<X) as a function of dimensionless time T = fT;

(b) - dimensionless control coil current i = I c o n L c o n /U 0 T(l -f-a) as a

function ofT.

(c) - dimensionless control cou" voltage u = U/UQ as a function of T.

1. To provide critically damped response, the PD coefficients must be:

LconIp(1+(X) L conV e ? + 2 0 - a >

KT(6-ar

where G =

K(0-ar

- dimensionless time constant during feedback (z'
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For low value of 6 (for 8 = > a < 1) the values of K and Kv, in the

critically damped response, are very large and lead to extreme coil power

requirements, however, this region has fast response and small time constant. For

8 _>_ 3 to 4 control is very sluggish (Tj^ > > T). The optimum value of 6 is close-

to 1 + a - 1 to 2 for ITER.

2. The maximum vertical displacement during feedback is approximately

(within a factor of 2) the same as the initial displacement Z , if 1 < 6 < 3 and

| Z 0 | < 0 . 8 U o T K ( l + a ) / L c o n I p .

3. The maximum permissible initial displacement for PD control (in the

critically damped regime) with voltage and current restrictions (\V\ < UQ,

l ^ l K ' v ) m a v be estimated by an approximate formula:
1 1 1 £LA>

U I max
^ - o.6K (i*a)— f(v), v - o . a ^ i ^ / i y , (7)

f(V) = 1 - i f v <

l/v, ifv > 1

where !„„„ is the maximum allowable current in the control coil; T,K,a, are

parameters of equation (3).

To arrive at a more accurate expression for ZQ
max, the values of Im a x

must be divided into three regions. For the first region I m a x < TUQ/L n

(corresponding to V < 0.6 ), the maximum permissible initial vertical

displacement is restricted by the value of maximum admissible current in the

control coil and can be estimated by the formula: Z Q
m a x - 0.6K(l + a)Im a x/I .

For the second region (the case without current restriction) I m a x > S U Q T / L ^ ^

(corresponding to V > 1.8), the maximum permissible initial displacement is

determined only by the control coil voltage restriction.

In the intermediate region (0.6 < V < 1.8) we have smooth transfer from

the first z m a x dependence to the second.
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As an example, for the ITER structure with a one turn control coil (R =

700 cm, Z = 500 cm) the analysis parameters: static efficiency K, shielding

parameter a and dynamic efficiency K(l + <x) are presented in Table 2. The

maximum permissible initial vertical displacements, with L = 250 \iH, and U

= 1.5 kV, are presented in Table 2 fcr two variants of Im a x :

the first region with current and voltage restrictions ( I m a x = 300 kA);

and the second region with only voltage restriction case ( I m a x = ")•

One can see, that for reference plasma parameters maximum

permissible displacement is restricted by the value of maximum permissible

control coil current. However for deteriorated plasma parameters the maximum

permissible displacement is restricted by the power supply voltage (1.5kV) also.

For the twin loop concept d = 1.7 and A = 3 cm, the maximum permissible

initial displacement is approximately 10 cm.

4. CONCLUSIONS

Previous investigations have shown that twin loops provide a stability

margin significantly higher than that of saddle loops. Passive \ ertical stabilization

in ITER is achieved within the ITER guidelines using twin loops and vacuum

vessel structure. The plasma facing wall of the twin loops is located along the

magnetic surface, which has 15 cm outward shift from the separatix at the

equatorial plane. A poloidal length of 310 cm for the plasma facing wall of the

twin loops is required to achieve the required stability margin. In addition, the

electrical gaps between all adjacent plates of twin-loops can be increased up to 3

cm in comparison with 1 cm for the saddle-loops. The distance between upper

and lower loops must be limited to 3.4 m. For this structure the stability margin

for rigid plasma vertical displacement is estimated as m > 1 for reference

plasma parameters (1; = 0.65, B = 0.6): and m > 0.5 for the deteriorated

plasma (lj = 0.9, fi = 0, and 15 cm inward shift as compared with the reference

case).
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Detailed and simple models are in good agreement. The growth time of

plasma vertical instability for 20 | lQ vacuum vessel toroidal resistance is about

30 ms for the worst case.

A simple analytical modei has been developed to characterize ihe

response properties of the active control problems. For the ITER device with a

one turn coil located at R = 700 cm, Z = ± 500 cm, inductance L c o n = 250 \iH,

resistance R < < 5 mQ, power supply voltage U = 1.5 kV and a maximum

permissible current Im o v = 300 kA, the analysis indicates a plasma vertical shift

of approximately 10 cm can be controlled.
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