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A simulator has been developed to control the position and shape of plasmas. It consists of an equilibrium
solver and an “isoflux” controller. The equilibrium solver identifies an equilibrium under the specified poloidal
field (PF) coil current and incorporates the effect of eddy currents. The plasma position and shape are obtained
as a result of the equilibrium calculation by an introducing the imaginary magnetic field. The controller enables
the simulation of the control of the position and shape using the isoflux technique and optimizes the control logic
of the coil current in JT-60SA. It also controls the PF coil currents such that the poloidal flux remains equal at
all specified locations. The simulation of the control of the position and shape in response to prescribed changes
in the configuration, internal parameters, poloidal beta, and internal inductance is demonstrated. The transition

from a limiter to a divertor configuration is also simulated.
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1. Introduction

Control of the plasma position and shape is an im-
portant issue for JT-60SA [1,2], ITER, and DEMO, which
have a small number of coils. The precise control of the
plasma position is critical for avoiding damages to plasma
facing components, such as the first wall. Therefore, the
simulation of the control of the plasma position and shape
in JT-60SA is being studied to predict the controllability
of the ITER and DEMO [3, 4] plasmas. The results of
the plasma control studies for JT-60SA will contribute to a
control scheme and suitable operational regimes for ITER
and DEMO.

Several methods for controlling the plasma position
and shape have been applied in tokamak machines [5],
and the following two are used in the control system in
this study. The first method is the “isoflux” technique [6],
which controls the last closed flux surface. The isoflux
control scheme has been applied to the shape control sys-
tem of DIII-D [7] using the RTEFIT algorithm [8]. The
second method is the direct control of the plasma shape
parameters, which is used for JT-60U [9], ASDEX-U[10],
and JET[11].

In JT-60U, there are 43 separate copper poloidal field
(PF) coils connected in series as five independently pow-
ered PF coil sets. They provide the poloidal flux (F coil
set), the vertical field (VR coil set), the horizontal field (H
coil set), the divertor field (D coil set), and a field to con-
trol the plasma cross-sectional triangularity (VT coil set)
in the highly elongated mode. The JT-60U control sys-
tem operates by controlling five control parameters with
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the five coil sets. These controlled parameters include the
plasma current (/p), the radial plasma position (R), the ver-
tical plasma position (Z), the height of the X-point from
the divertor (Xp), and the triangularity (0), and they are
primarily controlled by the F, VR, H, D, and VT caoil sets,
respectively. The plasma current, position, and shape are
reproduced in real time using the Cauchy Condition Sur-
face (CCS) method [12] and are directly utilized for feed-
back control.

The JT-60SA device is capable of confining break-
even-equivalent class high-temperature plasmas lasting for
a duration longer than the time scales characterizing key
plasma processes. To do so, superconducting toroidal and
PF coils are used for plasma control. Advanced control
logic is necessary, because the magnetic field for plasma
control cannot be produced solely by each superconducting
coil in JT-60SA. Thus, the isoflux technique is employed
for the control of the position and shape of the plasma in
JT-60SA. The isoflux technique is described in detail in
Sec.2.2.

In JT-60SA, there are 10 PF coils and 2 fast plasma
position control coils (FPPCCs). The PF coils and FP-
PCCs are superconducting and in-vessel copper coils, re-
spectively. The PF coils consist of central solenoid (CS)
modules and equilibrium field (EF) coils. Because of the
rapid changes in the plasma position and shape, an inte-
grated control method using both the PF coils and FPPCCs
is necessary. In addition, because the Since JT-60SA plas-
mas are placed close to the stabilizing wall for higher sta-
bility, accurate position control is necessary to prevent the
plasma from touching the wall. The eddy currents induced
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at the conducting elements, which consist of the vacuum
vessel (VV) and the stabilization plate (SP), make a cer-
tain contribution to the equilibrium, and thus to the coil
current distribution also, particularly during the ramp-up
and down phases. The feedback controller controls the last
closed flux surface in reference to the plasma position and
shape reproduced in real time by the CCS method. There-
fore, the simulation of the control of the plasma position
and shape is necessary to optimize the control logic of the
coil current.

Because of the large eddy currents in the VV in JT-
60SA, it is necessary for the control logic to incorporate
the effect of shielding of the magnetic field. Thus, a posi-
tion and shape control simulator that incorporates the ef-
fect of eddy currents was developed for the exploration of
techniques to control the plasma position and shape. Pro-
portional (P)—integral (I)—derivative (D) feedback control
based on the isoflux technique is used in the control simu-
lator. With this new system, it is possible to simulate the
control of the position and shape using the isoflux tech-
nique and optimize the control logic of the coil current in
JT-60SA. In the future, the control simulator will be used
in combination with the CCS method.

In Sec.2, an outline of the control simulator is pro-
vided. In Sec. 3, the control of the position and shape is
been simulated in response to prescribed changes in the
configuration and plasma internal parameters. A summary
is described in Sec. 4.

2. Outline of the Control Simulator

The simulator consists of an equilibrium calculation
component and a controller component. The plasma equi-
librium for a given set of coil currents is obtained from the
equilibrium calculation component. The set of coil cur-
rents is modified to adjust the plasma position and shape
for the next time step in the controller component. By iter-
ating these procedures, the feedback control of the plasma
position and shape is simulated by controlling the coil cur-
rent. The control logic of the coil current is also optimized
using the simulator.

2.1 Equilibrium calculation component
Figure 1 shows the calculation flow. In a usual equi-
librium code (e.g., TOSCA) [13], the plasma position and
shape are given, and the coil current is adjusted to obtain
the equilibrium for a given position and shape. TOSCA
is a free-boundary equilibrium analysis code that is suit-
able for designing tokamak experiments. In this code, the
Grad—-Shafranov equation for tokamak plasmas is solved.
On the other hand, in the equilibrium calculation compo-
nent of the simulator, the plasma position and shape are ob-
tained as a result of an equilibrium calculation. However,
the control simulator is developed, for which an imaginary
magnetic field was introduced, on the basis of the TOSCA
code. The plasma position is assumed, and the equilibrium
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Fig. 1 Calculation flow of the control simulator. It consists of
an equilibrium calculation component and the controller
component. By iterating these procedures, the feedback
control of the plasma position and shape is simulated by
controlling the coil current.

is calculated by adjusting the imaginary field, which was
defined as a uniform field using the following equations;

I,
wy = Holedl (R? = RyY),
ay
1
Wy = MRVZ, (1
ay
then,
10 Holed
By = — (W + W) = Kot
z R(?R( v + ) .
10 Holcaz Ry
Br = - (Wy + Py) = HOe2 BV 2
R RGZ( v H) o R )

where Py and Py are the vertical and horizontal poloidal
fluxes, respectively; Bg and By are the horizontal and verti-
cal magnetic fields, respectively; Iy and I are the imag-
inary magnetic field currents in the vertical and horizontal
directions, respectively; ay and Ry are the minor and ma-
jor radii of the vacuum chamber, respectively; and R and Z
are the horizontal and vertical locations, respectively. The
reference position is defined as the geometric center of a
magnetic surface passing through the fixed points. The
four fixed points (A-D) were placed at a distance from the
reference position. The distances from the reference posi-
tion to the horizontal and vertical fixed points were defined
as ay/2 and k-avy /2, respectively. Here, k is the elongation
of the outermost flux surface. If the distances approach
zero, the reference position corresponds to the magnetic
axis. The direction of the plasma current is defined in
a counterclockwise direction as viewed from above. The
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Fig. 2 Locations of the reference position, fixed points, PF coils,
in-vessel coils, and toroidal conducting elements in JT-
60SA. Four fixed points (A-D) were established at a dis-
tance from the reference position. The PF coils consist of
4 CS modules and 6 EF coils.

directions of the coil and eddy currents are defined in a
manner similar to the plasma current. The poloidal flux in
the plasma is described as the decreasing function of the
minor radius. Figure 2 shows the locations of the refer-
ence position, fixed points, PF coils, in-vessel coils, and
toroidal conducting elements in JT-60SA. The VV and SP
are modeled as 71 and 27 toroidal conducting elements,
respectively. The primary function of the SP is to increase
the ideal beta limit and improve the plasma positional sta-
bility.

The imaginary magnetic field current is adjusted such
that the total poloidal flux remains equal at the fixed points
in the horizontal and vertical directions. The imaginary
magnetic field currents that are necessary for the total
poloidal flux to be equal at points A and B are given by

Z(A) + Pv(A) = P(B) + Pv(B), 3)

and those necessary for the total poloidal flux to be equal
at points C and D are given by

7(C) + Pu(C) = ¥(D) + Pu(D). “)
The poloidal flux ¥ is defined as
Y= Wp+¥’c+¥l]§, (5)

where ¥p, Pc, and g are the poloidal flux produced by
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Fig.3 Waveforms of the equilibrium calculation using “Itera-
tion 1 and “Iteration 2”; (a) the root mean square (RMS)
of the eddy current, (b) the necessary imaginary mag-
netic field current in the horizontal and vertical directions,
(c) the internal inductance, and (d) the poloidal beta. The
horizontal axis indicates the iteration counts of the equi-
librium calculation.

the plasma, coil, and eddy currents, respectively. Thus, it
is possible to calculate the poloidal flux using the Green
function in the control simulator.

With Eq. (1) we have

_2ay - (¥(B) - ¥(A))
Ho - (Rp* — Ra?)

_ay - (¥(D) - ¥(0))
Mo (Zp—Zc)

where Ra and Rp are the horizontal positions of A and B,
respectively; and Z¢ and Zp are the vertical positions of
C and D, respectively. Figure 3 shows the waveforms of
the equilibrium calculation using “Iteration 1” and “Iter-
ation 2” in Fig. 1. The horizontal axis indicates the iter-
ation counts of “Iteration 1” and “Iteration 2”. “Iteration
17 and “Iteration 2” calculate the necessary correction of
the imaginary magnetic field current and plasma internal
parameters, respectively. In the equilibrium calculation,
the necessary imaginary field currents are calculated from
Eq. (6) until the eddy current is converged conditionally
as shown in Fig.3(a). The eddy current induced in the
conducting elements around the plasma is calculated us-
ing the voltage induced by the change in the poloidal flux
and is calculated for the equilibrium calculation, as shown
in Fig. 3 (b). The eddy current is driven by the change in
the imaginary magnetic field currents during these itera-
tions. If both Egs. (3) and (4) are satisfied by the imaginary

I =

>

(6)

Lo
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field, the plasma internal parameters (internal inductance
and poloidal beta) are also fixed to the given values by ad-
justing the plasma pressure and current profile as shown in
Figs.3 (c) and 3 (d).

The plasma position is adjusted to minimize the imag-
inary magnetic field, and then the equilibrium realized for
a given set of coil currents is obtained. The relationship
between the displacement of the reference position and the
change in the magnetic field current is used to adjust the
plasma position. The relationship can be presented as

dIctll _ dRref
( dIctlZ ) B F( eref ) (7)
The matrix F is defined as
Olcai Ol

OR 0z
F= , 8
Ol Ol ®
OR 0Z

where dl.q; and dl . are the changes in the imaginary
magnetic field current in the vertical and horizontal direc-
tions, respectively, and dR..¢ and dZ.¢ are the displacement
of the horizontal and vertical reference positions to be cor-
rected, respectively. The matrix F consists of the partial
differential coefficient that indicates the perturbation of the
imaginary magnetic field current per unit displacement in
the horizontal and vertical directions. It is obtained by cal-
culating three different equilibrium solutions with the nec-
essary imaginary magnetic field currents for different ref-
erence positions moved in the horizontal and vertical di-
rections. Then, Eq. (7) can be rewritten as

dRref -1 ( dI(:tll )
=F , 9
( eref ) df ctl2 ( )

where F~! is the inverse of matrix F. By substituting the
imaginary magnetic field current into the right-hand side
of Eq. (9), we obtain the necessary correction for the ref-
erence position. Figure 4 shows the waveforms of the
equilibrium calculation using “Iteration 3” in Fig. 1. The
horizontal axis indicates the iteration count of “Iteration
3”. “Iteration 3” calculates the necessary correction of the
plasma position. Here Ryt and Z.s are the horizontal and
vertical reference positions, respectively. The controlled
plasma Ip = 5.5 MA, the internal inductance /; = 0.75, and
the poloidal beta Sp = 0.74 with the divertor configuration.
The necessary Iy and Iy are approximately 14 kA and
4 kA at the desired initial reference positions Rs = 3.0m
and Z.r = 0.0 m, respectively. Then, the plasma position
was adjusted on the basis of the necessary correction of the
horizontal and vertical reference positions calculated from
Eq. (9). After repeating this procedure three times, the dis-
placement of the reference positions was less than the con-
vergence condition (dRr and dZ.s < 10~* m). The neces-
sary I.q; and I y» approximately became 0.4 mA and 7 mA
at the reference positions Ry = 3.07 m and Z.s = 0.03 m,
respectively. Thus, the plasma position and shape for a
given set of coil currents were obtained because the imag-
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Fig. 4 Waveforms of the equilibrium calculation using “Itera-
tion 3”; (a) the horizontal and vertical reference positions,
(b) the displacement of the horizontal and vertical refer-
ence positions, and (c) the imaginary magnetic field cur-
rent. The horizontal axis indicates the iteration counts for
adjusting the reference position.

inary magnetic field current was eliminated.

2.2 Controller component

The isoflux technique is employed for the control of
the position and shape in JT-60SA. A set of locations that
defines the desired plasma separatrix is specified as the
control points. The PF coil currents are adjusted to main-
tain an equal poloidal flux at the X or limiter point. The
small difference between the flux at the control points and
its reference value is defined as 6¥. The relationship be-
tween the changes in the coil currents I and 6¥ can be
represented as 61 = M~'6W. The M~! is the control ma-
trix that is the generalized inverse of the Green function M
calculated using the singular value decomposition method.
The Green function M represents the poloidal flux at each
control point per unit current.

For the PF coils, the P-1 feedback control is used in the
relationship between 6I and 6¥W. The controller modifies
the PF coil currents according to the following equation,

It + Af)

= I(zo) + MPF1|:GSP{6‘PS(t)} + Gsrf o¥s(n)de

4]

+ Gpld¥x (D} + Gt f {d‘l’x(t)}df]- (10)

fo

The 6%¥s and d¥Wx are defined as
0
Px (1) — Pe1(D)
oWs(1) = . ,

Px (@) — Ppa(?)
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Px(@—1) - ¥x(1)

0
d¥x(n) = ) ; (1)

0

where dWs is the n vector of the difference between the
reference flux value and the flux at the control point, and
n is the number of control points; the first control point
is an X or limiter point, and the flux there is used as the
reference value, and the 1st row 0%Ws is zero; Wx is the
n vector of the flux, where the first element is the flux at
the first control point, and the elements from the 2nd to the
(n+ 1)th rows are zero; fy and At are the initial time and the
control cycle, respectively. I is the m vector of the PF coil
currents; Mpp~! is the (mx (n+ 1)) control matrix, where m
is the number of PF coils; Gsp and Gg; are, respectively, the
control gain of the PI feedback controls that are necessary
to make the poloidal flux equal at all control points; and
Gxp and Gyj are, respectively, the control gains of the PI
feedback controls necessary to maintain the poloidal flux at
its initial value at the X point. The units of the parameters
are as follows: 6Ws and Wx are in webers, #y and At are
in seconds, I is in amperes, Gsp and Gxp are in 1, and Gy
and Gxj in 1/s.

The controller modifies the FPPCC currents with ref-
erence to the difference between the reference flux value
and the flux value at the two desired control points. These
points are chosen to control the two FPPCCs. The FPPCCs
are used for transient control, and their DC currents should
be zero over longer time scales. For the FPPCCs, the D
feedback control is used in the relationship between 61 and
o0¥. The controller modifies the two FPPCC currents ac-
cording to the following equation;

d
I(t + Af) = GppMgpc ™" 305, (12)

where, 6Ws is the two vectors for the difference between
the reference flux and the flux value at the desired two
control points; Ggp is the control gain of the D feedback
control (in s), and Mgpc~" is the (2 X 2) control matrix.

3. Simulation Results

The control of the position and shape has been sim-
ulated during the transition from the limiter to the diver-
tor configuration and during the heating phase in JT-60SA.
The following two examples are simulated as test cases,
and the control logic is not optimized. The control logic
will be optimized using the control simulator in the future.
The given reference values of the plasma parameters, ini-
tial coil currents and eddy currents, are necessary to simu-
late the control of the position and shape as follows:
(1) starting/ending time, calculation cycles, coil control cy-
cles, convergence conditions, initial reference positions;
(2) initial values of the plasma internal parameters, plasma
current profile parameters, coil currents, and eddy currents;
(3) waveforms of the reference values of the plasma inter-

nal parameters; and
(4) waveforms of the position and number of control points
and control gains.

The initial values of the plasma internal parameters,
plasma current profile parameters, coil currents, and eddy
currents are given in the TOSCA code.

3.1 Plasma shape transition

The control of the position and shape has been sim-
ulated during the transition from a limiter to a divertor
configurations. The controlled plasma parameters are as
follows: plasma current Ip = 587 kA, internal inductance
l; = 0.84, and poloidal beta gp = 0.10. It is impossi-
ble to simultaneously control both the plasma shape and
plasma current. The plasma current, internal inductance
and poloidal beta are fixed to the initial value during the
transition from the limiter to the divertor configuration, and
the plasma current profile is adjusted to fix the poloidal
beta and internal inductance to the given values. In the fu-
ture, the control simulator will incorporate the Ip control
logic. All the equilibrium calculation cycles and control
cycles of the PF coils and FPPCCs are 20 ms. The values
of control gains are shown in Table 1. Figures 5 and 6 show
the simulation results during the transition from a limiter to
a divertor configuration. The six initial input control points
(PO-P5) served as the references for the position and shape.
Point PO is the limiter point. The number of input control
points was increased from 6 to 9 (including the X point)
at t = 7.02s as shown in Fig.5. The controller modified
the CS and EF currents to adjust the flux at the control
points and FPPCC currents with reference to the flux at P1
and P2. Points P1 and P2 were considered appropriate for
the horizontal and vertical controls, respectively. The dis-
placement d between the separatrix and a control point can
be presented as

¥p — ¥,
a= =
[V

where Pp is the flux at a control point and ¥ is the flux
of the X point. A displacement in the positive direction
indicates that the separatrix is outside the control point.
The units of the parameters are as follows: d is in meters,
and ¥p and Yy are in webers.

The transition from a limiter to a divertor configura-
tion was made in two steps: (1) an increase of the elon-
gation, and (2) formation of the X point. The coil voltage
was evaluated by summing the time derivative of the fluxes
produced by all the coils, conducting elements, and plasma

(13)

Table 1 Value of control gains.

Gp[1] G{[1/s] Gp[s]
Control Point(CS and EF) 05 1.0 -
X point(CS and EF) 0.1 08 -
FPPCC - - 0.005

1405137-5



Plasma and Fusion Research: Regular Articles

Volume 7, 1405137 (2012)

Z (m)

3
3 (C) ——&— Raxis | —&— Zaxis 0.1

Eoosfbe—n o o Zaxi o 9
o /@/ﬁ\ Raxis Zaxis X
X 29 \E‘\\E — 01 &
@ T E)
2.85 -0.2
1.8 (d) | ——o&— Elongation ‘ :ElfTriangularity ‘0.34 »
c ; =
2 16 i ? /los2 B
=} 5
< L A @
ccn " . c
o 1.4 e Elongation-riangutarity] 0-3 )
W2 7, | —— . 028 £
E 0.1 (e) :
;é; 0 m —EH:;
€ 0.1 %gﬁ“/‘* 2 | —<—p3
o —&—P4
$-0.2 A
2.0.3
-2
EB s (f)
—o—P5
é 0 2 || —=—pe
" —o—p7
8 005 " aw [ e
ﬂ ==
g -0.1
a 2 3 4 5 6

T 3
Time[s] t=7.02s

T

e
a

W

Simulation results during the transition from the limiter to
the divertor configuration. (a) Equilibrium configuration
(blue solid lines) with 6 initial control points. (b) Equilib-
rium configuration (red solid lines) with 9 control points
at t = 8.6s. Waveforms of (c) the horizontal and verti-
cal positions of the magnetic axis, (d) the elongation and
triangularity of the last closed flux surface, (e) the dis-
placement between the separatrix and the control points
(P1-P4) and (f) the displacement between the separatrix
and the control points (P5-P8).

at each coil. Figure 7 shows the contour of the eddy cur-
rent profile, which was induced in the conducting elements
around the plasma.

Points P2-P5 were moved in a vertical direction from
t = 3.0 to 5.0s to increase the elongation. As a result,
the elongation was increased from approximately 1.23 to
1.48 as the plasma shape changed (the last closed flux sur-
face) to follow the control points as shown in Fig.5 (d).
The EF2 and EF5 currents decreased (in the negative di-
rection) to increase the elongation, as shown in Fig. 6 (b).
Meanwhile, the EF1 current decreased (in the positive di-
rection) to complement the change in the flux produced by
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Fig. 6 Simulation results during the transition from the limiter
to the divertor configuration. Waveforms of (a) the CS1—
CS4 coil currents, (b) EF1, EF2, EF5, and EF6 currents,
(c) the EF3 and EF4 currents, (d) the FPPCC1 and FP-
PCC2 currents, (e) the CS1-CS4 voltages, (f) the EF1-
EF6 voltages, and (g) the FPPCC1 and FPPCC2 voltages.

the EF2. As can be shown in Fig.7, negative eddy cur-
rents were induced in the upper and lower outboards of the
VV from ¢ = 3 to 5 because of changes in the magnetic
field produced by the EF2 and EF5 currents. Three points
(P6, P7, and P8) were then added to form the X point at
t = 7.02s. Points P6 and P7 were the strike points, while
point P8 was moved in the vertical direction. In addition,
points P2 and P4 were moved in the horizontal direction
to increase the triangularity. The EF3 and 4 currents then
decreased (in the positive direction) to form the X point.
Then, positive eddy currents were induced in the top and
bottom of the VV after t = 7.02 s because of changes in the
magnetic field produced by the EF3 and EF4 currents. The
divertor configuration was achieved with the formation of
the X point at t = 8.6s. Therefore, transition from a lim-
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Fig. 7 Contour of the eddy current profile. The conductor num-
ber corresponds to the upper outboard VV (#1-#20), in-
board VV (#21-#51), lower outboard VV (#52—#71), and
SP (#72-#98). Control points P2-P5 were moved in a
vertical direction from ¢ = 3 to 55 to increase the elonga-
tion. The P8 control point was moved in a vertical direc-
tion to form of the X point beginning at # = 7.02s.

iter to a divertor configuration was possible by changing
the number and positions of the control points. The capa-
bility for the early formation of a divertor configuration is
preferable.

3.2 Plasma internal parameter changes

Control of the position and shape was also simu-
lated during the heating phase, in which an attempt was
made to maintain a constant position and shape of the
plasma, while the poloidal beta and internal inductance
were changed. Normally, the plasma position changes in
response to changes in the poloidal beta and internal in-
ductance. The changes in the poloidal beta and internal
inductance occur not only at the start/end of the heating
phase, but also during certain MHD activities and the re-
sulting collapse, during the ramp—up and down phases of
the Ip, at sudden L/H or H/L transitions, during ITB for-
mation among others. The parameters of the controlled
plasma in the simulation were as follows: Ip = 5.5MA,
initial internal inductance /; = 0.84, and initial poloidal
beta Bp = 0.50. All the equilibrium calculation cycles
and the control cycles of the PF coils and FPPCCs were
20 ms. Figures 8 and 9 show the simulation results during
the heating phase, in which an attempt was made to main-
tain a fixed position and shape of the plasma, while the
poloidal beta and internal inductance were changed. Six
input control points (P1-P6) served as the references for
the position and shape. Figure 10 shows the contour of the
eddy current profile, that was induced in the conducting
elements around the plasma.

The plasma position and shape were fixed at the re-
quired values according to the operational scenario. As
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Fig. 8 Simulation results during the heating phase, in which an
attempt was made to fix the plasma position and shape,
while the poloidal beta and internal inductance were
changing. (a) Equilibrium configuration (blue solid lines)
with 7 initial control points. (b) Equilibrium configura-
tion (red solid lines) with 7 control points at r = 21.6s.
Waveforms of (c) the poloidal beta and internal induc-
tance, (d) the horizontal and vertical positions of the mag-
netic axis, (e) the displacement between the separatrix
and the control points (P1-P4), and (f) the displacement
between the separatrix and the strike points (P5, P6).

shown in Fig. 8 (c), the poloidal beta increased exponen-
tially from approximately 0.5 to 0.75 with a time con-
stant of 1s, which corresponds to the energy confinement
time. Meanwhile, the internal inductance decreased lin-
early from approximately 0.85 to 0.75 with time. The in-
ternal parameters were converged at each time step.

The major radius of the magnetic axis initially in-
creased from approximately 3.10 to 3.14 m owing to an
increase in the poloidal beta as shown in Fig.8(d). The
displacement between the separatrix and P1 increased by
up to approximately 0.02m at t = 16.3 s (Fig. 8 (e)), while
the EF1 and EF6 currents slowly increased (in the negative
direction) (Fig.9 (b)), and thus moving the outer plasma
surface inward to the control point (P1). The FPPCCs sup-
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Fig. 9 Simulation results during the heating phase, in which an
attempt was made to fix the plasma position and shape,
while the poloidal beta and internal inductance were
changing. Waveforms of (a) the CS1-CS4 coil currents,
(b) the EF1, EF2, EF5 and EF6 currents, (c) the EF3
and EF4 currents, (d) the FPPCC1 and FPPCC?2 currents,
(e) the CS1-CS4 voltages, (f) the EF1-EF6 voltages, and
(g) the FPPCC1 and FPPCC2 voltages.

ported the rapid change in the plasma position and shape,
as can be seen in Fig.9(d). Positive eddy currents were
induced in the outboard of the VV because of changes
in the magnetic field produced by the EF1 and EF6 cur-
rents. It is important to note that the coil voltages must
be limited within the power supply capacities, as shown in
Fig.9. The limits of EF1 and EF6 currents were —20kA,
and +10kA, respectively, while the limit of EF1 and EF6
voltages was +1 kV. Therefore, the EF1 and EF6 currents
and voltages were within the limits of the current and volt-
age. It should be noted that these limits create limitations
for the heating/Bp waveform. The separatrix and the con-
trol points approached each other until the displacement
between them was 1 mm at + = 24.1s. Thus, it was pos-
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Fig. 10 Contour of the eddy current profile. The conductor num-
ber corresponds to the upper outboard VV (#1-#20), in-
board VV (#21-#51), lower outboard VV (#52—#71) and
SP (#72—#98). The poloidal beta and the internal induc-
tance were changed beginning at t = 15.6s.

sible to control the position and shape in response to the
prescribed changes in the poloidal beta and internal induc-
tance, within the limits of the coil current and voltage.

4. Summary

A position and shape control simulator that incorpo-
rates the effect of eddy currents was developed for the ex-
ploration of techniques to control the plasma position and
shape. It is possible to simulate the control of the posi-
tion and shape using the isoflux technique and optimize the
control logic in JT-60SA. The results of the plasma con-
trol studies for JT-60SA will contribute to a control scheme
and suitable operation regimes for ITER and DEMO. The
simulator consists of an equilibrium calculation compo-
nent and a controller component. The coil current set is
modified to adjust the plasma position and shape at the
next time step in the controller component. The plasma
position and shape were obtained as a result of equilibrium
calculations by introducing an imaginary magnetic field.
In addition, PF coil currents were adjusted to maintain the
same poloidal flux at the X and limiter points in the con-
troller component. Furthermore, the PF coils and FPPCCs
use the PID feedback controls in the relationship between
ol and ¢'.

The simulation of the control of the position and shape
was achieved for the transition from a limiter to a divertor
configuration, in which the number and positions of the
control points were controlled. The capability for the early
formation of a divertor configuration is preferable. The
transition from a limiter to a divertor configuration was
made in two steps by first increasing the elongation and
then forming the X point. The eddy currents were induced
in the VV because of changes in the magnetic field pro-
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duced by the EF coils. Thus, the transition from a limiter
to a divertor configuration was possible by changing in the
number and positions of the control points.

Position and shape control was also simulated during
the heating phase, in which an attempt was made to main-
tain a fixed position and shape of the plasma, while the
poloidal beta and internal inductance were changed. It was
found that it is important to limit the coil voltages within
the power supply capacities. The major radius of the mag-
netic axis increased initially because of an increase in the
poloidal beta, and the EF1 and EF6 currents slowly in-
creased (in the negative direction), and thus moving the
outer plasma surface inward to the control point (P1).
Therefore, it was possible to maintain a constant control
the position and shape in response to prescribed changes in
the poloidal beta and internal inductance, within the limits
of the coil current and voltage.

In the future, the control simulator will incorporate a
coil voltage control scheme and the Ip control logic, an up-
date that will eliminate the mismatch between the flux con-
sumption and the /p. Currently, the control points are man-
ually adjusted to control the plasma position and shape.

The new system will incorporate a control interface that
will automatically adjust the control points based on the
described internal parameters. The internal parameters will
also be checked and the values will be controlled to avoid
vertical displacement events due to the controller. This op-
timum controller will be developed using the control sim-
ulator.
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