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The study on the plasma position control of ITER EDA performed by Japan
Home Team during the sensitivity study in 1994 is summarized. The controllabilities
of plasmas in the Outline Design and elongated version are compared. The model
used to describe the motion of the plasma is a rigid model. The PD feedback con-
trol is applied with respect to the displacements of the plasma from the equilibrium.
Three types of fluctuations, which initiate the motion of the plasma, are examined,
namely a finite horizontal fluctuation field, a small horizontal fluctuation field such
that the motion of the plasma is governed by the passive structures and an abrupt
change of the poloidal beta £» and internal inductance £ ;. In the simulations of
finite horizontal fluctuation fields, controls depend on the strength of the fluctua- |
tions, for instance, 3-5V is needed for 5-10G of fluctuation fields in the Outline
Design. When the fluctuation field is small and the plasma displacement grows in
a characteristic time of the passive structures, a few volt of the control voltage is
enough to obtain good controllability. It is shown that the control when (85, £ )
changes simultaneously is demanding and a large conirol voltage is required to
maintain satisfactory control. Comparing the elongated version with the Outline
Design, the control voltage which is larger than the Outline Design by a factor of

2-3 is required to obtain the same controllability in the elongated version.

Keywords: ITER, EDA, Position Control, Control Voltage, PD Control

#1 On loan from Toshiba Corporation
* 2 Kanazawa Computer Service
*3 Atomic Energy General Services Corporation



JAERT—Tech 94—018

ITER—EDA 7° 5 X < OAIEHE

H R I BRE 50 rr ITER BASE=E
1N 11 =< == A AN 2
FaEr e MR T

(1994 £ 8 A 19 0%=HE)

ITER EDA BEMFICHWT, HAERERGTF — 20T 3 A vMERH v 12— =
VAEE EH D, EHEDNE SISO 7 X B I BT L, B icE W
feeF il FIXTORAREEELLAER S S A EFVTHE, 77 ATNEOFHEILD
FRIEH LT, HH - HaEEREEH 7 4 = Fw 7HIERIT - 70 77 X DNEDF
whoThaERE LT, BREOKEELRE 75 AvOESCEEL 5 VR E/NSIIK
SRR, RUTIXw A S_—FE (B, ) A v 5252 (1) OEHIE
{bo=@Es kit Ui, BEOKEEEFEEMA LY I al— Y a Y OBFE, SEEEE0%
HBHEO WX ICIRTET 2, 5 —10 #7 ZA0FEEEAMA B4, 3 — 5V OFBEEESLE
TH b, FONE KRR & » 73 X OEHHIEE BEE, TIACOELEREE
RESOBEYICHEES N3 BERCHRE SRERTRE L, #2v F OREIER T 25
WABENE, —F, (8. £) ERb-OEMEONICELLIEE, KESFNEEEET
2. EAEDE LEIENEERHERR L BE, BEMNEET s X< oflBTE, BEOHETE:
AR A DITEERE D 2 - 3BOFINEESHELL S,

BT RR - 7 311--01  FRBEIRE AR A F o0 801 — 1
*1 G0 EE Lo HmEE

%) BAFFTIIVEL—vHF -2

*3 WERTIHEES -2



JAER] —Tech 94—-018

H X
L 1F [SUDUT rreeeeremmeeons i 1
D BEHTTFEEOHEEE  vererrrerse st 3
91 TS ;(‘-y@ﬂ%f&:m@:&-?w{t .................................................................. 3
D0 EEIHAE RN A TRDTTERTL  eeeeeeeerese e 4
9_3 S5 LT ERATEDEALDERYL e 2
D d VI oo lmm YIHHE e 10
G HEEEHIOD T T IUAL  everereereea st 12
4. BIEOKTRRS ORIREE S 4 - 70 & ZOFH o 14
A—1 BEEFE T BIRTERE oo 15
4—2 KT DB DA S S ITH T BIRIEHE e 15
4—-3 BB A PHEE TS L DEH e 16
4—4 I Z’?%l]@]%ﬁﬁ@%{f{:‘b:ﬁ'd’%ﬁ{ﬁ'ﬁ ...................................................... 17
5 REMOBERTT 5 AvOEL EHHET HESOFH o 18
6, HOA T NN—% « T3 XTBRIMOE(LDEE FEEORE oo 19
TS L B eeeeerereessneerneesieeeei e s 20
FRA TR ceeeveeoueerne st L 29
[F B e 55



JAERI—Tech 94—-018

Contents
1 . Introd UCtiOH ................................................................................................ 1
2' The Method Of the Ana]ysis ........................................................................ 3
Z2—1 The Model of the Passive Structures Around the Plasma crorerreererenense 3
2—2 The Linearized Equations of the Motion of the Plasma crecrerorereririiennen 4
2—3 The Change of the Plasma Current Profile  recrecrrereerenininene... 8
2—4 The PDI Plasma Position Control and Simulation Parameters -t-reooeeerees 10
3. The Mocdel of the Passive Structure and the Evaluation of the
Plasma Stablhzat]on Effect ........................................................................ 12
4. The Simulation Study I (Simulations when Finite Horizontal
Disturbance Fields are AppIied) .................................................................. 14
4_1 The Dependence on the COHtI’Ol Voltage ................................................ 15
4—2 The Dependence on the Horizontal Fluctuation Field — orroererrremmeeererseenen 15
4—3 The Simulations of Plasmas with Different S  srrerererererrerveninamnin 16
4—4 The Dependence on the Condition to Initiate the Control  roreeeoreverereeeess 17

5. The Simulation Study I (Simulations when the Motion of the

Plasma is Governed by the Passive Structures) orrrrerssessssrnii ... 18

6. The Simulation Study H (Simulations when Sudden B85, £ Changes

OCCUI‘) ......................................................................................................... 19
7' Summary and THECUSSIONS  srrrerrrer s s rsasr v svri st asar st ssrassarssarrssrstanassyssasassnss 20
References ......................................................................................................... 22
Appendix ......................................................................................................... 56



JAERI—Tech 94—018

1. Introduction

According to the request of the International Thermonuclear
Experimental Reactor (ITER) Council, the sensitivity study was
undertaken by the Joint Central Team in collaboration with four
parties' Home Teams. The objectives of the sensitivity stugdy was
to determine the relative importance of different design
parameters in determining the over all ITER construction cost.
During the works, it was noticed that the vertical stabilities of
plasma was one of the critical issues for determining the
construction cost. As a part of the sensitivity study, therefore
the analysis on the plasma position control and the assessment of
the required power supply were carried out. This paper is the
summary of the plasma position control analysis performed by Japan
Home Team.

The plasma position control is related to various aspects of
the fusion reactor design{l-3]. First of all, it is important to
maintain the discharge in a suitable condition, which is required
by the scenario of the discharge. The position control provides
an important requirement to determine the facility of the power
supply system. The demand on the position control also has a
determining impact on the structures surrounding the plasma, such
as the blanket and vacuum vessel. The characteristic time of the
plasma without passive structures is the Alfven time, which is an
order of micro second. However due to the eddy current induced in
the passive structures, the characteristic time of the motion of
the plasma is reduced to that determined by the passive structures
and the active control of the plasma beccmes possible. Thus, the
concept of the plasma control provides a restriction on the design
of the blanket and the vacuum vessel and the materials to build
them. Another important issue is the Control loss(AC loss). Due
to the magnetic field of the plasma control, the eddy currents are
induced in the conductors and the other structures. Since the
superconducting magnets are considered in the ITER design, this AC
loss has a serious impact on the cryogenic system of ITER. In
this way, the plasma position control has intimate relations to
the designs and costs of the other components.

ITER has two goals to be achieved. One of them is to

-1 -
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demonstrate the controclled ignition of the duration for more than
1000 seconds. The other is the extended burn of the plasma with
steady state as an ultimate goal. 1In the sensitivity study, the
possibility of reducing the major plasma parameters was assessed.
However, the objectives of ITER must have been maintained. The
reduction the size of the fusion reactor keeping the plasma
performance is possible by increasing the plasma elongation. A
simple estimate taking account the empirical scaling law of the
plasma energy confinement shows that about 10% increase of the
plasma elongation allows the reduction of the major radius by
0.4m. It is well-known that the increase of the elongation
deteriorates the plasma vertical stability and may increase the
cost for the power supply facilities. Therefore, the plasma
position control occupied an important position in assessment of
the sensitivity study.

This paper is a detailed summary of the plasma position
control carried out by Japan ITER Home Team during the period of
the sensitivity study in 1994. For the comprehensive summary of
the plasma control in the sensitivity study, confer the document
for the sixth meeting of the Technical Advisory Committee entitled
'Findings of the ITER sensitivity study'[3].

In next section, the analysis of the eddy current in the
passive structures and the formulation to describe the motion of
the plasma are given. In section 3, we show our model of the
passive structure around the plasma. In section 4, we present the
results of the plasma control simulations when finite horizental
disturbance fields are applied to the plasma. Section 5
summarizes the simulations when the disturbance field is small and
the motion of the plasma is governed by the passive structures.
Section 6 is used to show the simulations of the plasma motion
when sudden changes of the poloidal beta(ﬁ%) and the internal
inductance(4;) occurs. The summary and discussions are given in
section 7. The models of the plasma and passive structures used
in the following analysis are the Outline Design and the elongated
plasma, the Case (E), considered in the sensitivity study of ITER
EPA. In Appendix, the derivation of the contribution due to the

change of the plasma current profile is described.
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2. The method of the analysis

2-1. The model of the passive structures around the plasma

The eddy current in the passive structures around the plasma
plays an important role in controlling the plasma. The precise
modeling of the blanket and the vacuum vessel is required. 1In our
analysis, the finite element model was used. Among the methods to
reproduce the effect of the passive structures, the finite element
model is considered to be theé most faithful to the design as long
as the model is made properly.

Fig.l is the finite element model used for the analysis of
the eddy current. From inside, the elements are the first
wall (FW), the back plate(BP), the inner wall of the vacuum
vessel (V.V.) and the outer wall of the vacuum vessel. The 144-
times discrete rotational symmetry in toroidal direction is
assumed. The thickness of the wall is determined by the one-turn
resistivity. In the analysis the thickness of the wall is assumed
to be small compared with the skin effect and the current flow
perpendicular to the surface is neglected. Therefore, the eddy
current is assumed to flow in the surface of the wall. In order
to formulate the eddy current, the current potential V, is defined
on each mesh point, where the index o stands for the mesh point.

Then the eddy current is given by
j = Vvxi (1)

where the vector 7 is a normal unit vector of the surface.
For example, the circuit equations of the coils and the eddy

currents are given in terms of the current potential,

3,3 M 1)+ 0T, M5V, )+ 1=,
O3 ML 1,)+ 03, Ml Vy |+ SpRe 5 Vy =0

ha y

where MY and RY are inductance matrix and the resistance matrix
when the current potential is used. On the right hand side of the
first equation, V, is the voltage applied externally to the i-th

_3_
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coil. There exists a matrix E such that MY and R' are

diagonalized simultaneocusly,
E'“M'-E=D,, , E-R-E=1 . (3)

Using E and changing the base by V,=(E-X),, Egs.(2) are written

as

ai(ZiMiJ If)+a:(EﬁGi,,ﬂ Xﬁ )+T]‘. [ = v,

! (4)
,(2,Ga I,)+0,(Du X, )+ Xa =0
where the matrix G is defined by
—_ Fvaid
G;.,ﬂ =2 M;, Ea,,s ’ (5)

where the Greek index of ¢ is used to indicate the eigen mode of
the eddy current. Similarly we define the plasma-eddy mode
coupling by G;p . In the same manner, the plasma-eddy couplings
are used to derive the circuit equation and the equation of motion

of the plasma.

2-2. The linearized equations of the motion of the plasma

In describing the motion of the plasma, we use the rigid
model, in which we assume that the shape of the plasma does not
change during the its motion. In order to investigate the effect
of the change in the internal inductance of the plasma, the
formulation is presented in section 2-3. Unless it is mentioned,
- we assume that the plasma current profile is fixed during time
evolution.

In deriving the equation of the motion of the plasma, we
assume the toroidally symmetric motion of the plasma and we
simulate the vertical(?) and horizontal (R) motion of the plasma.
The equations of motion of the plasma in Z and R directions are

given byl[4,5]



JAERI—Tech 94—018

M,Z, =~ [drdz2aRi,, By,

.1 8R 1 . ;8
Mp RF = —2-;10 ]ﬁ {ln(-—;—f-J+ ﬂp +E(£i —3)}+jdrd22nR lp(r_z) Bz{m)

14

where dots on the left hand side mean the time derivatives and the
first term on the right hand side in the second equation is the
expansion force of the plasma. ﬁp is the poloidal beta and £ is

the internal inductance of the plasma defined by

il _ jdrdz Bf

B,=—~ ¢,

T t 7
B 241, 0

2n2
na,B,

where P is the volume averaged plasma pressure and B, is an
average poloidal field in the separatrix. B,B; in Eg. (6) are
magnetic fields applied to the plasma externally.

Let us consider the case in which the plasma current profile
and the shape is fixed. Expanding the equaticn of motion in
Egs. (6) with respect to the small shifts of the plasma position
(6Z,6R), we obtain linearized equations (cf. Appendix)

L 5 oM, 3G, 5
M, 6Zf1,=2nB,,n6Z~2nB k R+ZFZP—II.+ZJ‘: : X, —27R,B,,

oz

M, S8R/l =-27B,,k8Z +ay SR+[-27R,B,, — 1B, 1,]a,/1, ,  (8)

1 coil M ; tdd)'aG '
+5u01p5ﬁp+2—§éli+2 8Rp X, +27R B,

k P

where a, is defined by

I _
a22=2ﬂBva(1_n_i)_Eo—P+l 27#01Pﬁ!’ (9)

A,} 4R, 2R,
A, =—«47r.RF,B‘,¢,/,u0 IP

The index ¥y is y=5/3. B,, and B,, are vertical and horizontal
disturbance fields. The adiabatic compression/decompression and
the conservation of the toroidal flux in the plasma are assumed in
Egs. (8). The quantities n, k are indices which are the measures
of the vertical stability and the coupling between the vertical

__5_
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and horizontal motion respectively

1 dB,, .
n=-— jdrdzri (r.1) (r.2)
1B, Pl 9
, (10)
P— [drdzri P
~ I,B, ) 9z

and B, is the vertical field applied to the plasma

B, , : (11)

plr.z)

1 .
B, E——jdrdzt
/
P
In deriving Egs. (8), the vertical and horizontal balances in the

equilibrium are used

Jdrdz ri s Brioy =0
(12}

1 8R 1
S Ho I {h{ . PJ+;3P+E(E,—3)}+2EIPRPBM =0

P

The circuit equatiocns of the plasma, coills and eddy modes are
given by ‘

coil eddy

(L, 1,)+ 2,0,(M,, 1)+ 2.0(G 0 X))+, 1, =0

coil eddy

L o)+, (M ARSI (M,.J IJ.)+28‘(G‘..G X )+ L=V, (13)
J

pd i
a

codd

3,(GCp 1)+ 2,0(Gia 1)+ Dad\( Xa) + X, =0

where index p stands for the plasma. Assuming that the eddy eigen
mode X, is the first-order small quantity and expanding the plasma
current and coil currents into the equilibrium values and the
shifts from them

Ip—>1p+61P, I, =1 +6] ,

the linearized equations of Egs. (13} become
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~(2aR, + 1, B,)0R, +1,L,(31,/1,)

I coil . eddy .
‘ +Zl" MP"'((S[-"/IP)-!— ZIP GP-“(XG/IP)+ np‘rp(alp/lp) =0
’ i a

M, : M, : f l
( 32: I“’)azp +_(a—R:1PJ5Rp+[PM.B.I'(6[P/IP)+1P Lf(a'r‘/[!’)

coil

edd;
+21PM,.J(5fj/IP)+ilpGE'Q(XB/IP)-i-n‘.IP((SI,./IP)=V,. .14
i o

9G,. Vos [9G,a, \os :
( = Ip}szp +(—a-}§'.—IPJ5RP +1,G,,(81,/1,)
P [4

coil

+ZI‘° Ga'j(ajj/lp) +1,D, (X“/]P) + IP(XH/IP) =0

In deriving Eq. (14), the'assumptions of the adiabatic motion of
the plasma and the conservation of the toroidal flux are used.
Neglecting the mass term of the plasma in Egs. (8) and taking
derivatives of them, we obtain the first order differential

equations with respect to time.
It is convenient to write down the equations in a matrix

form. ©Let us define a vector Y by

Then the sum of the equation of motion and the circuit equation is

expressed as

AY+RY=B , | (15)

where A is a matrix defined by
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2nB,, —-2nB k 0O - IpaZMp.i Ipach,c,
—2n B,k a,, @y, Ipc'?RMp.,. IPQRGP',,
0 @4 L, - IM, - 1,G, .
A= _IPBZMP_,. Ipc?RMP.‘. .M, .M, o LG,
: : : : . 0
[paZGp.a IPQRGP'G 1.G,. - 1G, - 1.D,
(16)
a3 = —(211' R+l ﬁp)
The diagonal matrix R and the vector B are given by
Rdmg=r( O’Oslpnp’ [pn’lp )
(17)

, : .1 :
B= ( ZTERPBdR,_ZERPBdZ _Etuolpaﬁp’0""V£"'v"'0"'j

In Egs. (14) and (17), V, is a voltage used to the plasma position
control. Egs.{15)-(17) are the equations tc be solved. For the

numerical computation, we used the 6~th order Fehlberg methed.

2-3. The change of the plasma current profile

In the formulation in section 2-3, the plasma current profile
is assumed to be fixed. However, in experiments it is known that
the changes of the plasma current profile occur during MHD
activities[6]. 1In this section, the equation Eg. (15) is modified
so that the effect of the change of the plasma current profile is
taken into account in the linearized approximation.

The change of the plasma current density is written by

lp—)lp+6lp

We use the internal inductance defined in Eg. (7) to express the

change of the plasma current profile. In this sense, we

— 8 —
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concentrate on the change of the plasma current profile such that
it is expressed by the global gquantity £ . Assuming that the
quantities associated with the change of the current profile are
first order small guantities, the modification is obtained
straight forwardly. The modification appears only in the vector B

in Egs. (15) and (17),

27R B, - 9, F, 61,
2R B, ~ Uy 1, (8B, +54,/2) [2- 3, F, B2,
~(0,L,1, 43 1,0, M, )51,

B= 5 _ , (18)
V,—a,M,.1,54,

-3,G, .1, 52,

where ¢, denotes the derivative with respect to the plasma
internal inductance and !j appearing in the third line of Eq;(lB)
is the coil current at the equilibrium. The quantities, d,F; and
d,F; are forces due to the equilibrium fields defined by

1 2&

‘.FZ Emé‘g Idra’z r51P (r,7) R(r.z)
1 éﬂ ’ 7
az.-FR =57 6 ja’rdz roi ot Z(r'z]

14

where B,,B, are magnetic fields in equilibrium. In deriving the
derivatives with respect to £, , we use two plasma configuration
with different plasma internal inductances and take the difference
of them. The derivation of Egs.(18) and (1%) is described in
Appendix.

It is not cbvious how the fluctuatlons appear during
experiments. Therefore we have to perform the parametric survey
with respect the disturbance parameters. Such parameter survey

was carried out and the results are summarized in sections 6.
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2-4. The PDI plasma position control and simulation parameters

The PDI feedback control with respect to the displacements of
the plasma positions is employed. Let us denote the vertical and
horizontal position of the plasma from the equilibrium by 8Z and
6R , then the voltage applied to a coil for the feedback control

is given by

Vop = Gz‘,,{az +G,p % +Gy, [ dzaz} + GR',,{SR +Gyp % + GR‘,L' dtc?R} ,

(20)

where subindexes P, D, I means proportional, differential and

integral, respectively. f, is the time when the control is

active. In analysis of this paper, we use the differential and

proportional controls and integral contrels are not used.

In order to simulate the control system, we introduce
following parameters.

(1) Sampling time: Every sampling time, the result of plasma
position measurement is used to compute the feedback control
voltage according to Eqg. (20). The standard value we use in the
analysis is 1 msec.

(2) Delay time of the diagnostics: It is assumed that there is a
certain time delay to get the results of the plasma position in
the diagnostic system. The standard value in the analysis is 1
msec.

(3} The condition of starting the control: Let us introduce Zo s
R, such that the position control becomes active when [6Z]
exceeds Zoor]5R|exceeds R, . The standard values of Z,, R, are
1 cm.

{4) The minimum recognizable fluctuation: The minimum
fluctuations of the plasma position which is recognizable by
the diagnestics are introduced. These values are basic in the
feedback contrel. Although it is rather optimistic, we use

10%cm in simulations.

In the analysis, we assume that the motion of the plasma is

initiated by the fluctuations. We consider three types of the
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fluctuations, the horizontal field, the change of the poloidal
beta value and the internal inductance of the plasma. For
simulations, we have to give the time evolution of these
fluctuations. Therefore, we introduce time constants 7 and define

the time evolutions. For example, the horizontal field

fluctuation is given by

By 4 (£)= By 4o[1—exp(—1/7)]
(21)

Those of the poloidal beta and the plasma internal inductance are

given similarly.

As measures of the plasma controllability, we introduce two
quantities, the settling time and overshooting for the vertical
and horizontal motion. The settling time and overshooting of the

vertical motion are defined by

1 Z)/1820 (22)

Tonz = L:dt|6Z| ﬂZol . Overshooting, = (I5Z

where Z,is the vertical fluctuation to start control and f is the
time the control becomes active. The settling time has a meaning

equivalent to the decay time of the fluctuation when the

overshooting is small.
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3. The model of the passive structure and the evaluation
of the plasma stabilization effect.

As we have mentioned in section 2, we use the finite element
method to analyze the eddy currents on the passive structure
around the plasma. FIG. 1 shows the mesh model used for our
analysis in the case of the outline design of ITER EDA. The model
consists of the vacuum vessel(V.V.)}, the back plate of the
blanket (B.P.) and the first wall of the blanket (F.W.). 1In our
model, the vacuum vessel has a double-wall structure. The one-

turn resistivity of each components are:

Vacuum Vessel : 26 pQ
Back Plate : 16 pQ
First wall : 100 p&2

The model for the case(E) is basically the same as that in FIG.1,

except small modifications of the size.
In order to evaluate the plasma stabilization effect of the

passive structures, we perform the Laplace énalysis of the
linearized equation. The ¥ —Laplace component of the shell

stabilization index, By is defined by

iy =52 (4%) B ()

~ TME.'+T?i6i,' G, _ a,M,i'
M:[ YJG‘,,,- ] (I+yDa)(Sa.ﬂ}’ AZ._gz Pg

Z’ Gp,a

The above equation includes effects of eddy currents on the
passive structures and passive coils. Then, the condition of the

stabilization is given by
n4—wﬂ>0 | '
where n is the index defined in Eg. {10).

FiG.2 is the result of the vertical stabilization effects of
the passive structures for the Outline Design (FIG.2-1) and the
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Case (E) (FIG.2-2). The numbers in these figures are the
quantities obtained by the equilibrium analysis. The horizontal
dotted line in figures indicates the value of n-index. The growth

rate of the outline design and the Case(E) are:

Qutline Design : 1.2 (1/sec)
Case (E) : 3.0 {1/sec)

The elongation of the case(E) is bigger than that of the outline
design. As a result, the growth rate of the case(E) is bigger
than the outline design,

For the fast motion of the plasma, the poloidal field(PF)
coils play roles of the passive structures. Therefore, the effect
of PF coils to the plasma stabilization effect is also evaluated.
In the outline design, the analysis including the PF coils gives
the growth rate about 1 (1/sec). Thus we can estimate that about
20% of improvement is expected when the passive effect of the PF

coils are taken into account.



JAERI—Tech 94—-018

4. The simulation study I
(Simulations when finite horizontal disturbance fields are applied

)

The plasma shows various behaviors depending on fluctuations
applied to the plasma. This section is a summary of the
simulation study investigating the cases when horizontal
fluctuation fields are applied. The origins of such fluctuations
in reality are an accident of the coils and the sudden change of
the plasma current profile so that the plasma feels an effective
horizontal field. ITER EDA has 7 PF coils. Among them, we use
outer PF coils for control. FIG.3 show the positions of the PF
coils and other‘structures for the outline design. In this
section, we show results using PF2, 3, 5, 7 for the control.
However, we checked the control using all 6 outer coils and feound
only small differences.

For comparison between different elongations, we use the
outline design(OD) and the elongated plasma, the case(E),
considered in the sensitivity study. The main parameters of these

plasmas are summarized in table 1.

Qutline Design Case (E)
Major radius (m) 8.1 7.5
Minor radius (m) 3.0 2.78
Toroidal field (T) 5.72 5.2
Plasma current (MA) 24 23.3
Elongation (95%) 1.55 1.7
Polcidal beta 0.7 0.7
Internal inductance 0.9 0.9

TABLE 1, Major parameters of the Outline Design and
Case (E) of ITER EDA,

The case(E) has the same number of PF coils and their positions

are determined according to its radial build. We use the same

numbering as the outline design to denote the PF coils of case(E).
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4-1. The dependence on the control voltage

The contrel simulations of OD and E plasmas for different
voltage limits of PF ceils are summarized in FIG.4. The
horizontal fluctuation field is 5G with time constant 1 msec and
the control is initiated by detecting lcm of vertical fluctuation
(Z,=lcm). PF coils #2, 3, 5, 7 in FIG.3 are used for the
control. FIG.4-1 shows the settling time of the vertical motion
and FIG.4-2 is the overshooting. In these simulations, the same
gains of the PD feedback control in Eq.(20) are assigned to the PF
coils except the signs of the proportional gains. We define the
optimum control by those which give the minimum settling times.
The results in FIG.4 are obtained by the control gains which
minimize the settling times.

As representative simulations, FIG.5 shows the time evolution
of the plasma control of the outline design when the control
voltage limit is 3V. FIG.5-1 is the vertical and horizontal
fluctuations and FIG.5-2 is the plasma current fluctuation
normalized by the plasma current in the equilibrium. FIGs.5-3 to
5~6 are the voltages and currents of PF coils. The voltages and
currents in these figures are in one-turn and we shall stress that
there are equilibrium currents of PF coils which are not added in
figures. FIG.6 is the simulation of case(E) when the horizontal
fluctuation field is 5G and the voltage limit is 5V. The results
in FIGs.5 and 6 are moderate simulations in the sense that the
voltage applied to PF coils are not changing rapidly in time.
However, for controls of small voltage limits, the applied
voltages and consequent coil currents become bumpy and they are

not adequate for the contrel.

4-2. The dependence on the horizontal fluctuation field

The behaviors of the plasma depend on the fluctuations
applied to the plasma. In this section, we observe the motion of
plasma when the horizontal fluctuation fields is applied to the
plasma. If the fluctuation field is small such that the effect of
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the fluctuation field to the motion of the plasma is neglected,
the motion of the plasma is governed by the characteristics of the
passive structures around the plasma. Detailed study of such
cases are discussed in section 5. In section 4-2, we summarize
dependences on the horizontal fields when the fluctuation field is
finite.

FIG.7 is the summary of the simulations as the horizontal
fluctuation field is changed. The plasma is the outline design in
table 1 and Z,=lcm. The voltage limits of PF coils used for the
control are 7V and 5V. The control gains are coptimized at each
point. FIG.7-1 shows the settling time and FIG.7-2 the
overshooting of the vertical motion. There is a tendency that the
control becomes worse rapidly as the increase of the fluctuation
field. FIG.8 is the time evolution of the vertical and horizontal
motion of the plasma for the fluctuation field 5G(¥IG.8-1) and
20G(FIG.8-2) when the control voltages are limited under 5V.

4-3. The simulations of plasmas with different ﬁp

It is known that the vertical peosition control becomes more
difficult as the poloidal beta decreases and the internal
inductance increases. The value of the poloidal beta at the flat
top is 0.7. FIGs.9 and 10 are comparisons of the simulations in
the cases poloidal beta 0.1 and 0.7. for the outline design(FIG.9)
and case(E) (FI1G.10). There is not big difference between the
simulations of the plasma with the small poloidal beta and the
normal plasma. This is due to the small value of the horizontal
fluctuvation field used for the simulation. The difference between
the a small polocidal beta and the normal poloidal beta becomes

clear when the fluctuation field is large.
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4-4, The dependence on the condition to initiate the control

In the previous sections, the feedback control is initiated
by detecting icm of the plasma displacement. However, this
condition depends on the design of the passive structures and the
diagnostics. Therefore it 1s appropriate to understand the
dependence of the plasma control on the condition to initiate the
feedback control. In order to estimate this dependence, the
simulations which apply constant control voltages when the
displacement Z, is detected are carried out and dependence on Z;
is investigated. FIG.1ll is the time evolutions of the vertical
displacements for the outline design plasma and éB,=5G. FIG.1l1-1
shows the results for Z;=lcm and FIG.11-2 Z,=10cm. The feedback
control is not used for these simulations. Thus the vdltages in
FIGs. imply those which push back the plasma in the positive-Z
direction. FIGs.l1l1l show that at least 0.65V i1s need to push the
plasma back to positive-2Z for Z;=1lcm and 2.7V for Z,=10cm. There
fore, about a factor of 4 increase of the control voltage is
expected when the feedback control is initiated by detecting 1l0cm
displacement compared with the one by detecting lcm displacement.

FIG.12 is the results of the same analysis for the case(E).
Since the elongation of Case (E) plasma is larger than the outline
design plasma, the vertical position control is more severe.
FIG.12 shows that more than a factor of 5 increase of the control
voltage is needed when 10cm plasma displacement is used to start

control compared with that of lcm.
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5. The simulation study II
(Simulations when the motion of the plasma is governed by the

passive structures)

As we have discussed in section 4-2, the motion of the plasma
depends on the disturbance applied to the plasma. When the
disturbance is small, the motion of the plasma is governed by
passive structures around the plasma, namely the blanket and
vacuum vessel. Then the characteristic time of the motion of the
plasma is determined by the growth rate of the passive structures
shown in FIG.2.

Similar analysis as those in FIGs.1l1l and 12 have been carried
out for smaller horizontal disturbance fields, i.e.éB,20.1G in
stead of 5G. The results are summarized in FIGs.13-1 and 13-2 for
the outline design and case(E). The vertical axis in FIG.13 is
the voltage of the control coils when the overshooting equals to
1. We found that when the horizontal fluctuation field is about
0.2G the plasma vertical displacement grows with the growth rate
obtained by FIG.2. Therefore, when the horizontal fluctuation is
0.2G or smaller than that, the plasma motion is governed by the
characteristics of the passive structures. The fluctuation field
is used just to initiate the motiocon of the plasma and does not
affect the evolution.

The PD feedback controls are simulated by applying the
horizontal fluctuation field 0.2G. The dependences of the
settling time and the overshooting of the vertical motion on the
applied voltages are summarized in FIG.14. Because of the higher
elongation, larger control voltages are required for the control
of the case(E) plasma. The plasma position controls become
severer rapidly as the decrease of the voltage limit used for
control. It seems that there exists limits of controllable
voltages at about 0.4V for the outline design and 1.5V for the
case(E). FIG.15 shows the time evolutions of the plasma control
of the outline design when the voltage limit of coils are 0.5V.
FIG.15-1 is the vertical and horizontal fluctuations and FIG.15-2
is the plasma current fluctuation normalized by the plasma current
in the equilibrium. FIGs.15-3 to 15-6 are the voltages and
currents of PF coils. Similarly, FIG.16 is the time evolution of
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the plasma control for the case(E) when 2V is allowed.

6. The simulation study IILT
(Simulations when sudden f,, {; changes occur)

During discharges of the fusion experiments, the fluctuations
of the poloidal beta and internal inductance occur because of MHD
activities. 1In the analysis of the sensitivity study, it is
considered that at least the motion of the plasma due to 0.2 drop
of the poloidal beta should be controlled. In the linearized
formulation, the effects of ﬁp,fichanges are formulated in
sections 2-2 and 2-3. In section 2-3, the change of the internal
inductance is assumed to be due to the variation of the plasma
current profile. Since there are possibilities of both increasing
and decreasing the internal inductance, we perform the parametric
survey of the motion of the plasma with respect to the change of
the internal inductance.

FIG.17 is the motion of the plasma when -0.2 drop of the
poloidal beta and the increase of the internal inductance (peeking
of the plasma current profile) occurs. FIG.17-1 is the vertical
motion and FIG.17-2 is the horizontal motion. In these
simulations, no feedback control is used. The time variation of
6B,,6L; are given similarly to Eq.(21). Their time constants used
in FIG.17 are 1 msec for the poloidal and 10 msec for the internal
inductance. FIG.17 shows that the vertical displacement increases
as an increase of the internal inductance. This is because the
plasma feels an effective negative horizontal field due to the
peeking of the plasma current profile. The horizontal motion is
understood as a consequence of the Shafranov term in Eqg. (6).
FIG.18 is the simulation when the drop of the internal inductance
happens.

FIG.19 shows the dependences of the plasma motion on the time
constant of the increase of the internal inductance. The internal
inductance is increase by 0.1 and the change of the pcloidal beta
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the plasma control for the case(E) when 2V is allowed.

6. The simulation study IIT
(Simulations when sudden ﬁg,fichanges ocecur)

During discharges of the fusion experiments, the fluctuations
of the poloidal beta and internal inductance occur because of MHD
activities. In the analysis of the sensitivity study, it is
considered that at least the motion of the plasma due to 0.2 drop
of the poloidal beta should be controlled. In the linearized
formulation, the effects of f,, {, changes are formulated in
sections 2-2 and 2-3. 1In section 2-3, the change of the internal
inductance is assumed to be due to the variation of the plasma
current profile. Since there are possibilities of both increasing
and decreasing the internal inductance, we perform the parametric
survey of the motion of the plasma with respect to the change of
the internal inductance.

FIG.17 is the motion of the plasma when -0.2 drop of the
poloidal beta and the increase of the internal inductance (peeking
of the plasma current profile) occurs. FIG.17-1 is the vertical
motion and FIG.17-2 is the horizontal motion. In these
simulations, no feedback control is used. The time variation of
8f,,0¢, are given similarly to Eq.(21). Their time constants used
in FIG.17 are 1 msec for the poloidal and 10 msec for the internal
inductance. FIG.17 shows that the vertical displacement increases
as an increase of the internal inductance. This is because the
plasma feels an effective negative horizontal field due to the
peeking of the plasma current profile. The horizontal motion is
understood as a consequence of the Shafranov term in Eq. (6).
FIG.18 is the simulation when the drop of the internal inductance
happens.

FIG.19 shows the dependences of the plasma motion on the time
constant of the increase of the internal inductance. The internal
inductance is increase by 0.1 and the change of the poloidal beta
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is fixed to 5ﬁp=-{llib’=lnmec. Similarly, FIG.20 is the results
when drops of the internal inductance occur. The initial motion
is determined by the fluctuation with a smaller time constant, but
a larger fluctuation governs the motion of the plasma in a long
time scale. As one sees in FIGs.17-20, the change of the internal
inductance poses more serious demands. Especially when the
vertical and horizontal motion interacts each other to worsen the
plasma fluctuations, the plasma control becomes severe,

The cutline design plasmé has no instability in the
horizontal motion. Therefore, the priority must be payed to
control the vertical motion first and the horizontal position is
shifted appropriately afterward. FIG.21 is an example of PD
control when 10% drops cf the poloidal beta and internal
inductance occur simultanecusly in 10 msec. The control voltages
are limited under 10V. All PF coils are used to control the
plasma, although CS ccil is not effective to the vertical control.

The vertical and horizontal gains are:
Z: G,,=10,G;,=7%1000, R: Gp,=03G,,=3500 ,

where the signs of the proportional gains depend on the position
of the coils. Because of k-index in Eqg. (6), the vertical and
horizontal motions couple each other and this effect makes the
control more difficult in the case of FIG.21. The detailed study
on the controls when the changes of both the poloidal beta and

internal inductance appear simultaneously should be done in the

future work.

7. Summary and discussion

In this paper, the analysis of the plasma position control
using the model described in section 2 is presented. Let us
summarize the results. The requirement of the control system
depends on the perturbations of the plasma which the system have
to stabilize. About 3-5V of control voltage provides a
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is fixed to Eﬁp=—4111¢’=lnwec. Similarly, FIG.20 is the resulits
when drops of the internal inductance occur. The initial motion
is determined by the fluctuation with a smaller time constant, but
a larger fluctuation governs the motion of the plasma in a long
time scale. As one sées in FIGs.17-20, the change of the internal
inductance poses more serious demands. Especially when the
vertical and horizontal motion interacts each other to worsen the
plasma fluctuations, the plasma control becomes severe.

The cutline design plasmé has no instability in the
horizontal motion. Therefore, the priority must be payed to
control the vertical motion first and the horizontal position is
shifted appropriately afterward. FIG.21 is an example of PD
control when 10% drops cf the polecidal beta and internal
inductance occur simultanecusly in 10 msec. The control voltages
are limited under 10V. All PF coils are used to control the
plasma, although CS ceil is not effective to the vertical control.

The vertical and horizontal gains are:
Z: G,,=10,G,,=%1000, R: Gy,=03G,,=%2500 ,

where the signs of the proportional gains depend on the position
of the coils. Because of k-index in Eq. (6), the vertical and
horizontal motions couple each other and this effect makes the
control more difficult in the case of FIG.21. The detailed study
on the controls when the changes of both the poloidal beta and

internal inductance appear simultaneously should be done in the

future work.

7. Summary and discussion

In this paper, the analysis of the plasma position control
using the model described in section 2 is presented. Let us
summarize the results. The requirement of the control system
depends on the perturbations of the plasma which the system have
to stabilize. About 3-5V of control voltage provides a
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satisfactory controllability of ITER EDA plasma when disturbances
equivalent to 5-10G of the horizontal field are considered. For
the control of plasma moving in the characteristic time of the
passive structures, a few volt of the control voltage is enough.
The control of the plasma, when the changes of the poloidal beta
and internal inductance occur, is demanding especially in the case
that the vertical and horizontal motions interact to increase
their displacements each other. The study on such controls has
yet to be deone.

Our model assume that the shape of the plasma does not change
during the evolution. Such models are called as a rigid model due
to their assumption. The rigid model has an ability to simulate
the small motion of the plasma, however the approximation becomes
worse as the fluctuation grows. Therefore in order to simulate
plasmas in critical situations, for example the plasma moves very
close to the first wall, the model in which the change of the
plasma shape is taken into account should be used.

it is difficult to justify if the control system is robust
enough to stabilize the plasma against various kinds of
instabilities. As we have discussed in previous sections, the
requirement dn the control system differs according to
instabilities the system is subject to control. Thus, it is
important to determine to what extent the stabilization capacity
should be prepared. It is also important how to quantify the
controllability and compare the controls. For example, if one
compares the simulations of the outline design and case(E) with
the same settling time, one concludes that about a factor 2 of
voltage is needed to control the plasma of case(E) compared with
the outline design. However, if one compares simulation with the
same overshooting, the factor is about 3.

Among the simulations discussed above, the controls of plasma
when the changes of the poloidal beta and internal inductance
occur give the severest requirement on the contreol capacity. This
is because of the coupling between the vertical and horizontal
motion, which is characteristic to the up-down asymmetric plasma.
The detailed study is now under way. The preliminary results show
that a large control voltages are needed to control about 10%

drops of the poloidal beta and internal inductance.
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Fig. 1 The model of passive structure around the plasma
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Fig. 7 The dependence on the horizontal fluctuation field
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.Fig. 9 Simulation results of the Qutline Design for different 8»
(Plasma = Outline Design, éB. =5G, Z, = lcm)
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Fig. 10 Simulation results of the Case (E) for different 8o
(Plasma = Case (E), 6B. =5G, Z, = lcm)



R R N e e )

JAERI—Tech 94—018

0102 T 1 7 { L T I T 1 1 T T
* i (Overshooting = 1)
15V

T T T T T

‘ 0.00
0gVv

-0.02

-0.04

-0.C6

Vertical Displacement (M)

0.65V

-0.08 \
i 0.6V ]

: Applied Voltage = 0. \

0 0.5 1 1.5 2 25 3 3.5 4
TIME (sec)

Fig. 11-1 Start control when the plasma moves lem (Zo =1 cm)

3.6

:r\ (Overshgooting = \}/

-0.10 -

T T T

Y21 I SO A , / —

-0.30 R

LI S

O.OE—-—'rx.A‘...-](..'r.,,‘. 7

-0.50 |

Vertical Displacement (M)

TN

-0.60 £ ]
; Applied v 1

-0.70 L 1 i i 1 L L A 1 1 ' A J_ 1 L A i L L 1 1 L L i 1
3 4 5 6 7
TIME {sec}

(]
—
[

Fig. 11-2 Start control when the plasma moves 10 cm (Z, =10 cm)
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(Plasma=Qutline Design, Constant voltages are applied by detecting Z =1cm)
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h) Br =0.2G, Zc=1cm. PF coils #2, 3, 5, 7 are used
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Plasma & VV: Qutline design plasma. 100p0 FW

Fluctuation: & B =-0.2, t,=1msec& 1 =10msec.
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g. 17-1 The vertical motion for the increse of the internal inductance

Plasma & VV: Qutline design plasma. 100uQ FW

Fiuctuation: 8{39:-0.2,tﬁ=1msec& T, =10 m sec.
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Plasma & VV: Qutline design plasma. 1000 FW
Fluctuation: & Bp =-0.2, Ty = tmsec& t, =10msec.
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Fig. 18-1 The vertical motion for the drop of the internal inductance

Plasma & VV: Qutline design plasma. 100pQ FW
Fluctuation: & Bp =-0.2, T, = 1msec & T, = 10 m sec.

0.00 —— —— . i | .
-0.05
g 1
5010 g e
E [ H H
=] i H :
g I . : 51, =00
2 i : ¢ 1
(¢ H ; ]
T 015 e NN e =51, =-0.05,.]
5 51 =-0.1-—]
S —51 =-0.15_]
T : i : . ]
0.20 s e 51 =025
ops L oo i
0 0.02 0.04 0.06 0.08 0.1

TIME (sec)

Fig. 18-2 The horizontal motion for the drop of the internal inductance
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- Plasma & VV: Qutline design plasma. 100u) FW
Fluctuation: & ﬁp =-0.2, Ty = Tmsec& 8l =+0.1.
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Fig. 19-1 The time constant of & £ vs. the vertical motion for § £, increase.

Plasma & VV: Qutline design plasma. 100uQ FW

Fluctuation: & [Sp =-0.2, Ty = imsec& &1 =+0.1.
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Plasma & VV: Qutline design plasma. 100uQ FW

Fluctuation: &P =-02,t,=1msec& &I =-0.1.
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Fig. 20-1 The time constant of & £ vs. the vertical motion for & £ ; drop.

Plasma & VV: Qutline design plasma. 100uQ FW

Fluctuation: & p =-02, 7 =1msec& &l =-0.1.
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Fig. 20-2 The time constant of & £: vs. the horizontal motion for & £ drop.
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§.PE-02  6-0£-02  ?.0E-02  M.OE-G2  5.DC-07

4.0€-07

3.0€-02

PLASMA CURRENT FLUCTURTION/1P

T.0E-07

1.0E-02

D0.0E-DO

.CE-20 1-CE-00 2.0g-00 i1.02-00 4.02-00 5.0€-00 4§.00-00 T1.3€.0) 2.38-00 9-3E-20 {-0E-0l [T 1) 1.28-01

TEME (SEC)
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Fig. 21 Similation of the position control when 10 % drops of & 8., & £, occur
(Plasma = Outline Design, t g, = 10msec, 7y, = l0msec, Zo = 1 cm,
limit voltage = 10V)
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AEEendix

In this section, Egs.(18) and (19) are derived. The
contributions of the change in the plasma current profile to the
linearized equation is derived from Eqg.(6). When the plasma

current density changes as
i,—i,+01i, ;

the equation of the vertical motion of plasma in Eq. (6) becomes

M,Z,=- [dRdZ2n R (i + 8iyr.z)) Bace.z

Because the vertical force on the plasma is balanced in the
equilibrium, Eq.(12), only the contribution from di, remains.
Since we assume that 6i, and (6Z,6R)} are first order quantities,
combinations between them do not appear in the linear
approximaticn.

The horizontal equation is derived similarly. The dependence
on the internal inductance appears explicitly in the Shafranov
term. The contribution from vertical field appears from the term

JdeZ 2z R (ip(R.Z) + 6ip(R.Z)) Bz (R.Z)

Since the unperturbed term balances with the Shafranov term in the
equilibrium, only the first order term with respect to 5;
contributes. In order to express the change of plasma current
profile by the internal inductance, we define (B,in,aziFR) by

Eq. (19), where 6¢, is the change of the internal inductance when
the plasma current profiles is modified by 55.

The modifications to the circuit egquation Eq. (13) appear in
the plasma self-inductance and plasma-{(coil,eddy mocde) couplings.
These contributions appear in the third element and below in
Eg.(18). In our formulation, we use the change of the internal
inductance in stead of using plasma current density 5%. In this
sense, we disregard the effects to the equation of motion which

are not expressed in terms of the internal inductance.



