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Control of the plasma configuration in ITER is investigated.
Multivariable noninteracting control method is proposed as one of the
possible control algorithms for the plasma shape control. The relation
between the control variables and the polcidal magnetic field coil
currents is essential for investigating a feedback matrix gain, and
is estimated for an ITER plasma. Control of the heorizontal position
of a plasma is investigated at the early buildup.phase just after the
breakdown. Poloidal field coil power supplies of Z20kV and the
installation cof invessel coils are recommended to obtain the vertical

magnetic field required for the plasma current rampup rate of 1MA/s.
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1. Plasma Shape Control

1.1 Control Variables

In ITER, two control loops are designed for the plasma shape controll). Slow
control loop will be performed by superconductor PF (Poloidal magnetic Field) coils with
the characteristic frequency of < ~0.3Hz to control the plasma current and the plasma
shape. Fast control loop will be performed by normal conductor invessel coils with the
characteristic frequency of 5~10Hz to control the vertical plasma position to stabilize the
positional instability due to the highly elongated plasma of x=~2.0. In this paper slow
control loop is discussed mainly, in which Ip, Royt Rin, Zp> Ry and Z,, are selected as
the control variables. Definition of them are presented in Fig.1. Plasma current I, must be
controlled to be the required value according 1o the operational scenario. Rgyg and Ryp are
the horizontal locations of the outside and inside outermost plasma surface at the same
vertical height with the plasma current axis. Each of Rey and Ry, determines the clearance
between the plasma outermost surface and the first wall, that should be the reasonable value

to get the divertor performance and to decrease the erosion of the first wall caused by the
charge exchange. Furthermore, Rgyy should be controlled to get the nice coupling between

a plasma and a launcher of LHW. R, should be controlled to get a clearance of > ~10cm in

order to avoid the touch of a plasma to the first wall in a inward horizontal shift caused by a
minor disruption. Control of Zp, is necessary to equalize the heat load onto two divertor

plates, that are settled at the top and bottom of the first wall. Low frequency component of
the invessel coil current Iy, that will be used for the fast control of Zp, should be decreased

to get the control margin of Zp. Thus the minimization of D.C. in [j, is also the control
objective of the slow control loop of Zy. Ry and Zy, are the horizontal and vertical location
of a null point, that should be controlled to guide the separatrix lines onto the divertor plate.
TTER has a double null divertor configuration. Thus locations of two null points should be
controlled. Swing of the separatrix lines on the divertor plate is also required to decrease
the heat flux effectively. These requirements on the slow control loop are summarized in
Table 1.

1.2 Noninteracting Control Method

6(+2) control variables should be controlled by ITER hybrid poloidal coil system
consist of 14 coils. Then the control system inevitably becomes a multivariable one. In JT-
60, the application of the noninteracting control method was investigated to swing the
separatrix line on the divertor plate with keeping the configuration of a bulk plasmaz), and
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was found out to be the powerful control method. Thus this control algorithm is re-

examined for the control of the plasma current and the plasma shape in ITER.

Basic equations, that are necessary to investigate a feedback matrix gain of the

noninteracting control method is presented as follows.
1)Circuit equation of a plasma current Ip,.
Lpip+M§)CI+T] plp=0 (1

Where 1 is a vector of PF coil currents, My, is a vector of the mutual inductance between

a plasma current and PF coil currents, and Mp is the resistivity of a plasma current.

2)Circuit equation of PF coil currents L.

Mi+Mpcl,+(OMpe/ox)Ix+RI=E )

Where E is the control voltages of PF coil power supplies, and R is a diagonal matrix of
the resistivity of PF coils. When the proportional control with the compensation of the

resistivity drop is adopted, E becomes,

E = RI + RG,I,(x70-x) + RG (1.1 3)

Where x is the vector of control variables ( Royuts Rins Zp, Ry, and Zy), and xref is the
reference values of them. Ipref is the reference value of the plasma current. Gy is a matrix

gain of the plasma shape, and Gp is a diagonal matrix gain of the plasma current..

3)The relation between the displacements of control variables ox from the equilibrium state

and that of PF coil currents 81 as,

SI=Alpdx (4)

Where following relations are assumed.

I=Ig+8I (5)
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X=X()+0X (&)

I( and xq are the equilibrium states of x and 1. The relation of ¢q.(4) is essential to get a

matrix feedback gain as described later. The state equation of x can be presented as,

x=B(I/Ip)+ C )]
Where B and C are constant matrices. The relation of eq.(7) can be obtained statistically
from the database of the equilibrium c;ondil:ions3). Then matrix A can be investigated as,

A=B-1 (8)

Firstly the feedback control gain of Ip is estimated from equations of (1)~(3) with the

assumption of x=xT¢f, The displacement of a plasma current is considered as,
Ip=Ip0+81p )

Where dl,/dt is zero, but dlp/dt is not zero. The control speed of I, is much faster than

the decay time of a plasma current. Thus the resistive drop of a plasma current can be
ignored in the time scale of the control. Then the relation between SIP and &I becomes,

8l,= - Ly IMpct 81 (10)

This equation means that the voltsecond is supplied by MpCISI. Thus 31 is the required
currents to obtain SIP without changing x (the plasma shape). Plasma equilibrium code can
be used to get the different coil currents sets of Iy and I, that makes the same plasma

configuration. When d® is the difference in the influx of voltsecond supplied by these PFF
coil currents, the relation of SIp and 81 becomes,

8l= (Lp/d®)(I1-1)8Ip=Ap31, S an

From the equation of (10} or (11), Ap can be investigated. Then the state equation of Ip

becomes,

(MAp+Mp)8I=RG (I Ip) (12)
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If we select the control frequency fp of a plasma current, the feedback gain Gp multiplied

by R becomes,

RGp=(MAy+Mpo)2 (13)

Secondly the matrix gain of the plasma shape can be derived from equations of (1)~(3) with
the assumption of Ip=IpTef. Then the state equation of 3x can be obtained as that of a

plasma current,

(MA +9M,,/0x)1 ;8% =RGp(xf°f—x) (14)

Where matrix Ay can be obtained by the usage of the code to analyze the equilibrium

plasma configuration. Each control variable is displaced with keeping the other ones fixed

and with the same plasma current and the influx of voltsecond. To get the unique solution
of Ay, some restrictions on the coil currents is requircdl), because the number of control

variables is smaller than that of coils. When Ax is displacement of one control variable, and
Al is the displacement of coil currents, the required 8l for Ipdx is,

I = ( Al /(IpAx)) Ipﬁx (15)
This relation can be obtained for each control variables. Then Ay can be estimated as,

When we select a diagonal matrix fx as the characteristic frequency of control variables, the

matrix gain multiplied by a diagonal matrix of resistivity R becomes,

Then we define new control variables of 8X and matrix Mp and A for getting the

combined formulation of the plasma current and the plasma shape.

86X = (Ipdx, 8lp) (18)
M), = (6Mpc/ox, Mpc) (19)
A =(Ax, ApY) 20
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f=(fx. fp) 21)

Where ApVY in €q.(20) is a vector format modified from a diagonal matrix of Ap.

Then the feedback gain of the plasma current and the plasma shape G becomes,
RG=(MA+Mp)2nf 22)

Each element of Mp is <~20% of MA, so Mp can be ignored in the first
approximation. In ITER, only two elements of MpC (PF6 and PF7) are ~50% of MA, and

the other elements are below 20%. RG is easily calculated from matrix A. Thus
quantitative estimation on the required voltage of the coil power supply can be possible by
eq.(22) with the selection of the control frequencies. RG is a matrix of n x m. Where n is
the number of PF coils and m is that of control variables. An example of matrix A is
presented in Table 2. Each magnetic field pattern produced by PF coil currents for each
control variable, that is same with each vector of matrix A of Table 2, is presented in
Fig.2. The determination procedure of matrix A decides the applicability ofit. If A is
obtained from large database as eq.(7), rather wide range of plasma shape can be controlled
by one matrix gain. If A is obtained from eq.(16), the range of the applicability is limited in
small plasma parameters and the estimation of matrix A is required for small changes in
plasma parameter. However it may be possible to calculate matrix A in a real time owing to
the very slow control frequency. ,

The effect of eddy currents, that flow in the machine components (e.g. vacuum
vessel, cryostat), is not included explicitly in the investigation of a matrix gain presented
above, because the feedback control frequency is usually selected to be lower than the
characteristic frequency of eddy currents. If it is selected to be too high, it becomes
unstable owing to the time delay caused by the shielding effect of eddy currents. Thus the
optimum control frequency should be investigated by a simulation code, that includes the
effect of eddy currents.

This noninteracting control algorithm is planned to be applied to JT-60U. Thus the
experimental experiences in JT-60U will contribute largely to the design of ITER plasma

control system.

2. Control of the Horizontal Plasma Position

In ITER, plasma current is planned to be raised with de/dtleA/s just after the

break down as presented in Fig.3. During this phase, plasma touches the inboard side of
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f=(fx fp) @D

Where APV in eq.(20) is a vector format modified from a diagonal matrix of Ap.

Then the feedback gain of the plasma current and the plasma shape G becomes,
RG=(MA+MP)21rf (22)

Each element of Mp is <~20% of MA, so Mp can be ignored in the first
approximation. In ITER, only two elements of Mpc (PF6 and PF7) are ~50% of MA, and

the other elements are below 20%. RG is easily calculated from matrix A. Thus
quantitative estimation on the required voltage of the coil power supply can be possible by
eq.(22) with the selection of the control frequencies. RG is a matrix of n x m. Where n is
the number of PF coils and m is that of control variables. An example of matrix A is
presented in Table 2. Each magnetic field pattern produced by PF coil currents for each
control variable, that is same with each vector of matrix A of Table 2, is presented in
Fig.2. The determination procedure of matrix A decides the applicability of it. If A is
obtained from large database as eq.(7), rather wide range of plasma shape can be controlled
by one matrix gain. If A is obtained from eq.(16), the range of the applicability is limited in
small plasma parameters and the estimation of matrix A is required for small changes in
plasma parameter. However it may be possible to calculate matrix A in a real time owing to
the very slow control frequency. .

The effect of eddy currents, that flow in the machine components (e.g. vacuum
vessel, cryostat), is not included explicitly in the investigation of a matrix gain presented
above, because the feedback control frequency is usually selected to be lower than the
characteristic frequency of eddy currents. If it is selected to be too high, it becomes
unstable owing to the time delay caused by the shielding effect of eddy currents. Thus the
optimum control frequency should be investigated by a simulation code, that includes the
effect of eddy currents.

This noninteracting control algorithm is planned to be applied to JT-60U. Thus the
experimental experiences in JT-60U will contribute largely to the design of ITER plasma

control system.

2. Control of the Horizontal Plasma Position

In ITER, plasma current is planned to be raised with de/dt=1MA/s just after the

break down as presented in Fig.3. During this phase, plasma touches the inboard side of
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the first wall in the reference scenario™). For getting the stable current rampup, plasma
horizontal position should be controlled to be almost the same value to maintain the power
density of the joule heating. However there are limits on the rampup rate of vertical
magnetic field B, inside the vacuum vessel.

2.1 PF Coil Voltage

Voltage of PF coils at the early rampup phase just after the plasma initiation should be

controlled as,
E-= MAp(dtbldt) +MA(dB,/dt) + Mp(de/dt) (23)

First term of eq.(23) is the supply of the magnetic flux to raise the plasma current. Ap isa
coil current vector to produce 1 voltsecond at r=4.5m. d®/dt=-15.6V is required in ITER.
The second term is the buildup of the vertical magnetic field. Ay is a coil current vector to

produce 1 Gauss at R=4.5m and Z=0.0m. Shafranov magnetic field of -300Gauss is
required at t=0.5 s to get 0.5MA with Rp=4.5m, ap=0.8m, Zp=0m, Bp=0.01, 5=0.79.
Then dB,/dt=-600Gauss/s is required. The third term comes from the coupling with a
plasma current. The resistivity drop of RI is small and is neglected in eq.(23). Table 3
presents the comparison of the coil voltages obtained from the above estimation with the

reference ones. Good agreement is obtained between them.

2.2 Restrictions on B, Rampup

Restrictions on coil voltages at the early rampup phase can be summarized as follows.

1) B, produced by oneturn voltage
When oneturn voltage is supplied, error field of B, is produced by eddy currents that

flows in the vacuum vessel and the cryostat. 235Gauss (at 4.5m ) is produced at t=0.5 s
with the oneturn voltage of 15.6V4). Then the required dB,/dt is {-300 (Shafranov) -

235 (Component) } /0.5s = -1070 Gauss/s.

2) Shielding effect of the eddy currents against the B, penetration .
The shielding effect of eddy currents against the penetration of the vertical magnetic
field generated by PF coils or invessel coils are investigated by a simulation code with

the linear rampup of coil current as presented in Fig.4(a) and (b). Time evolution of the
percentage of B, produced inside of the vacuum vessel compared to By generated by
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coils is investigated as presented in Fig.4(c). Only about 30% penetration is obtained at
t=0.1 s.

3) Limit on coil voltage
Maximum rampup rate of By is limited to be 2000Gauss/s due to the available coil

voltage of 20kV from the design of PF coils without inciuding the shielding effect of
eddy currents. Then dB,/dt in the vacuum vessel (R=4.5m) is reduced by the shielding

effect of eddy currents as follows,

% of penetration dB,/dt

=0.1s 31% -620Gauss/s
t=0.2s 41% -820Gauss/s
t=0.3s 47% -940Gauss/s
t=0.4s 51% -1040Gauss/s
t=0.5s 55% -1100Gauss/s

Thus the required B, of -1070Gauss/s is obtained at t=0.5s.

4) Horizontal plasma shift
For getting the stable plasma current rampup, small plasma minor radius is required
in order to get high power density of the joule heating. However a plasma shifts to the
outside ~1.0m just after the plasma initiation owing to the insufficient B, as presented in

Fig.5.

2.3 Possible solutions
Possible solutions to get the required By is as follows,

1)De-block of PE6 coil into two coils
1.3x-2000Gauss/s can be generated by this de-blocking of PF6, because coil

voltages of PF4 and PF7 are already 15kV and can be raised from 15kV to 20kV
(20kv/15kV=~1.3). Then -800Gauss/s can be added at R=4.5m, t=0.1 s, and the
outward plasma shift can be decreased to be 0.3~0.6m.

2)Invessel coils
Invessel coils installed at R=9.1m and Z=£2.6m produces 45Gauss at R=4.5m

with 30kAT, njpdex of that is about 0.0. With 1kV power supply, control speed of -
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3600Gauss/s can be obtained at t=0.1s. Thus coil current of 100kAT increases the
controllability of B, with producing 150Gauss.

A Decrease of plasma current rampup

If the plasma current rampup rate can be lowered as <1.0MA/s, it can decrease the
oneturn voltage and rampup rate of B;. Then it can drop the requirement on the maximum
coil voltage of PF coils. Thus the systematic study to decrease the current rampup rate is
required. Additional heatiﬂg may be the useful method to get the stable current rampup.

Furthermore, feedback control or feedforward control of vertical magnetic field is
useful to get the stable plasma initiation and current rampup. For this purpose, the second
term of left hand side of eq.(23) should be modified as MAy (alp). Where o is the

constant,
3. Conclusions

Plasma control related to the plasma configuration in ITER is investigated.

In the plasma shape control, multivariable noninteracting control method is proposed
as one of the possible control algorithms with the derivation of a matrix gain of that. The
relation between the control variables and the poloidal magnetic field coil currents is
essential to obtain the matrix gain, and is estimated for an ITER plasma. This control
algorithm is planned to be examined in JT-60U, that will contribute to the design of the
ITER control system.

Control of the horizontal plasma position is investigated at the early buildup phase
just after the breakdown. Plasma current rampup speed of 1.0MA/s requires fast buildup
of B,. Thus 20kV power supply of PF coils and installation of invessel coils with 30-
100KAT are required. Thus experiments to get the stable ramp-up with <1.0MA/s should

be examined to ease these requirements.



JAERI-M 921-049

3600Gauss/s can be obtained at t=0.1s. Thus coil current of 100kAT increases the
controllability of B with producing 150Gauss.

4)Decrease of plasma current rampup

If the plasma current rampup rate can be lowered as <1.0MA/s, it can decrease the
oneturn voltage and rampup rate of B,. Then it can drop the requirement on the maximum
coil voltage of PF coils. Thus the systematic study to decrease the current rampup rate is
required. Additional heating may be the useful method to get the stable current rampup.

Furthermore, feedback control or feedforward control of vertical magnetic field is
useful to get the stable plasma initiation and current rampup. For this purpose, the second
term of left hand side of eq.(23) should be modified as MAy ((xIp). Where o is the

constant.
3. Conclusions

Plasma control related to the plasma configuration in ITER is investigated.

In the plasma shape control, multivariable noninteracting control method is proposed
as one of the possible control algorithms with the derivation of a matrix gain of that. The
relation between the control variables and the poloidal magnetic field coil currents 13
essential to obtain the matrix gain, and is estimated for an ITER plasma. This control
algorithm is planned to be examined in JT-60U, that will contribute to the design of the
ITER control system:.

Control of the horizontal plasma position is investigated at the early buildup phase
just after the breakdown. Plasma current rampup speed of 1.0MA/s requires fast buildup
of B,. Thus 20kV power supply of PF coils and installation of invessel coils with 30-
100KAT are required. Thus experiments to get the stable ramp-up with <1.0MA/s should

be examined to ease these requirements.
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Table 1  Requirements on Control Variables in the slow control loop

Control Required Control Issue Ref. Time

Variables Range Issue

Rout F2cm CX erosion 1) ~1s
RF coupling 2)

Rin tZem . CX erosion 1) ~1s
disruption survivability 3)

Zp +(0.5-1)cm divertor heat load(~20%) 4) ~1s

Ry, Z)U *2cm divertor heat load location 5) ~1s

(RX’ ZX)L

Ip +).IMA plasma performance 6) ~1s

1)Large clearance of ~15cm between the separatrix and the first wall is required to decrease
the CX erosion.

2) ng of 0.5~4.5x1018/m3 is necessary for the coupling of LHW(5~6GHz)

3)>~10cm is necessary to avoid the contact of plasma to the inner side of vacuum wall at a
disruption.

4)In the double nuli conditicn, the allowable Z;, displacement depends on the profile of the
radial power flow outside the separatrix line. Short decay length of 0.5cm is expected.
Thus power fluctuation of 20~30% on the divertor plate may be produced by ~3mm
separation of separatrix at the midplane. This requires the very precise control of Zp, with
~3mm.

5)To keep the separatrix line on the divertor plate (£2¢m displacement of null point moves
the striking point at most £8cm on the divertor plate)..

6)Soft-landing at the emergency shut-down is ~-400kA/s



JAERI-M 91—-049

Zp+cIin

-2.
-3,
-5.
5.
-1.
-3.
. 36QE+Q]

Wid—ntnrn

300E+A1
300E+81
S3aE+A1
220E+@1
190E+@1
J6OE+D1

. J0QE+A1
. JORE+@1
. 330E+Q1
. 220E+Q1
. 19GE+@1
. 36BE+91
. 3eaE+al

Reference

Voltages at 1=0.1-0.6s[kV]
-5.015
-6.132
-9.481
-9.114
-§.964
-9.849
-6.250

[,1e) BN P

Ip

. A5 3E4Q08
. 4533E+00
. 533E+00
. 353E+20
. 86QE-B1
. 480E-92
. TORE-Q3

same
with
above

Table2 Matrix of A (kAT)
Controlled plasma is in the SOFT phase {Ip=22MA, Rp/ap=6.0/2. 15m,
Bp/1i=0.6/0.65).Unit of Royts Rin» Zp, Rp and Zp, is [cm], and that of I
and Ijy is [kA].
Rout Rin Rn Zn
1 -7.-159E+@1 2.47SE+@! 2.80RE+Q1 -4. 390E+00
20 -7.159E+@1 2.47SE+@1 2.B0QE+Q1 -4.530E+00
3U  3.477E+Q2 -4.6@84E+Q1 -2.@1BE+02 -1.530E+00
4y 5.193E+@1 2.178E+@! -9.20QE+Q@ -7.776E+@1
5U -1.287E+@2 5.673E+@L 1.412E+@2 -1.485E+92
6 1. 664E+@2 ~1.266E+@2 4. 490E+Q0 1. AS1E+@2
70 ~1.03%E+@2 9. 119E+@1 -1.0@40E+Q! ~-7.929E+@!
iL
2L ) :
o same  with above
5L
6L
7L
Table 3 Voltages of PF coils (kV)
Comparison of the PF coil voltages estimated from eq.(23) and the
reference ones in the early rampup phase
MAp MAy Mp
(do/dY) (dBz®q/d1) (dip/dl) TOTAL
PF1 -5.691 -0.033 0.705 -5.019
PF2 -5.682 -0.917 0.437  -6.162
PF3 -5.613 -3.851 0.232  -9.233
PF4 -4,993 -4.063 0.126  -8.930
PF5 -7.673 -1.803 0.203  -9.273
PF6 -3.905 -5.803 0.772 -8.941
PF7 -2.373 -4.956 0.655 -6.674
lp e—g- n> n)
p
N
7Y R
Rin Rout

Fig.1

Control variables in the [TER plasma shape control.
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(2R; 5, (MRout €)Zp, (DR, (€)Zp, (O, (g)Reference plasma
configuration. Plasma parameters of (g) is same with that of Table 2.
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Fig.3 General view of the plasma initiation and current rampup with 1MA/S.

(a)plasma current, (b)loop voltage, (c)B, generated by eddy currents and

PF coi

Is, (d)voltage of PF6 coil (-10kV is the reference design value

without including the eddy current effect), (e)comparison of the required
B, and produced B,.
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Fig.4 Shielding effect of eddy currents against the penetration of B,

Penetration of of the vertical field with the linear rampup generated by (a)PF
coils and (b)invessel coils installed at R=9.1m, Z=+2.6m. (c)percentage of
the penetrated B, compared with the generated By .
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Required B, and produced B.
Plasma shifts largely to the outside at t=~0.1 s owing to the shortage of B,.
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