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Abstract

Simulation studies of plasma shape identification and shape control for the proposed Korea superconducting
tokamak advanced research (KSTAR) are described. It is shown that the total number of magnetic measurements can
be effectively reduced by considering the patterns of magnetic flux and fields, generated by plasma, along a prescribed
measurement contour. The effect of eddy currents on shape identification is investigated in dynamic simulations. The
isoflux control scheme and a standard PID control law are adopted for the development of a model shape control
system. It is shown that appropriate weighting factors of poloidal field coils, incorporating the efficacy of each coil
to a shape control point, can significantly reduce the total feedback power required for a shape control action.
Finally, a shape control simulation using calculated flux errors, which correspond to a more realistic experimental
situation, is presented. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

For a successful operation of next generation
tokamaks, such as international thermonuclear
experimental reactor (ITER) or Korea supercon-
ducting tokamak advanced research (KSTAR)[1],
it is essential to develop a reliable and powerful
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42-8653619.
E-mail address: hgjhang@kstar kbsi.re.kr (H. Jhang).

plasma control system. In the present paper, we
report, as an effort to develop such a plasma
control system in KSTAR, the simulation studies
of a plasma shape control in the proposed
KSTAR device. The analysis of fast time scale
plasma position control system in KSTAR has
been reported in [2]. A shape control system is a
typical example of multi-input multi-output
(MIMO) control system. It can be decomposed
into three major components — magnetic mea-
surements, the interpretation of the magnetic
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measurements (or the evaluation of shape errors),
and the calculation of a series of feedback com-
mands to actuate power supplies of poloidal field
(PF) coils.

The typical magnetic measurements consist of
magnetic flux loops and field probes placed along
plasma facing components (PFCs) inside a toka-
mak vacuum vessel. Both the number and the
location of magnetic measurements are important
to obtain accurate shape information. Often, they
have been determined empirically based on expe-
riences. Here, we propose a simple method of

Table 1
The nominal plasma parameters of the Korea superconducting
tokamak advanced research (KSTAR) tokamak

Plasma current, I, (MA) 2
Major radius, R, (m) 1.8
Minor radius, a (m) 0.5
Elongation (k,) 2.0
Triangularity (J,) 0.8
Toroidal field, B, (T) 35
Reference configuration Double null
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Fig. 1. Axisymmetric structure model of KSTAR used in TSC
simulations. The passive structures include double-walled vac-
uum vessel and the passive plates, which are up—down sym-
metric and connected into saddle configuration. Two sets of
internal control coils are denoted by IVC (2.00, + 1.05) and
IRC (2.40, +0.60), respectively.

finding crucial locations of magnetic measure-
ments utilizing the patterns of magnetic flux and
fields, generated by plasma, along a measurement
contour. Here, the measurement contour is defined
as a contour along which the magnetic measure-
ments are to be placed. We found that the method
made it possible to effectively reduce the total
number of magnetic measurements.

The on-line evaluation of shape errors is crucial
for a real-time shape control system because the
shape errors can not be determined directly from
magnetic measurements. A variety of methods
possessing real-time computational capability
have been proposed for the purpose of shape
identification [3—11] and some of them are in
current operation in the present-day tokamaks,
such as JET [7], ASDEX-U [9], TCV [4], JT-60U
[8] and DIII-D [11]. In the present work, we adopt
the finite current element method [4], which is
routinely used in TCV [12] experiments, to iden-
tify plasma shapes.

After shape errors are computed, feedback
commands should be calculated to compensate
them. In the present work, we adopt the isoffux
method [11,13], in which some prescribed shape
control points are forced to have the same flux
value as a reference point. In order to economize
a shape controller, it is necessary to minimize a
total feedback power, yet yielding a good control
performance. This can be achieved by properly
incorporating the practical voltage limits of power
supplies and the different capabilities of PF coils
to control a specific shape control point. We will
show that simple but appropriate weighting of PF
coils reduces the total feedback power and current
required for a shape control action.

Major plasma parameters of KSTAR are
shown in Table 1 and an axisymmetric structure
model of KSTAR being used in simulations (ex-
ternal PF coils, double-walled vacuum vessel, pas-
sive plate, and internal control coils) is shown in
Fig. 1. The passive plate is 0.025-m thick, and
comprises a pair of up—down symmetric plates
electrically connected in a saddle configuration
with a single toroidal break. The effective resistiv-
ity of KSTAR passive plate, calculated by
SPARK code, has been found to be 4.36 x 108
Q m [2]. The double-walled vacuum vessel is made
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of stainless steel (resistivity, 180.0 x 10~=% Q m)
and assumed to be 0.02-m thick. As a simulation
tool, we use tokamak simulation code (TSC) [14]
throughout the paper.

The organization of present paper is as follows.
In Section 2, plasma shape identification simula-
tions are presented. First, the finite current ele-
ment method for plasma shape identification is
briefly described. Then, we identify some impor-
tant locations of magnetic measurements based on
the patterns of plasma-generated magnetic flux
and fields along a measurement contour defined in
KSTAR geometry. We construct reduced sets of
which the total number of magnetic measure-
ments is significantly reduced compared with that
of original sets. The static and dynamic shape
identification simulations are performed using the
original and reduced magnetic diagnostic sets.
The effect of eddy currents on plasma shape
identification is addressed in dynamic simulations.

In Section 3, we discuss the problem of the
control of a plasma shape in KSTAR. The effi-
cacy of each PF coil on a particular shape control
point is assessed and an appropriate weighting
factor for each PF coil is evaluated. Then, the
shape control simulations utilizing the evaluated
PF coil weighting factors are performed and the
results are compared with those obtained by using
a standard constant PF coil weighting factor.
Also, the shape control simulations using evalu-
ated shape errors, which correspond to more real-
istic experimental situations, are performed. The
impact of eddy currents on shape control perfor-
mance is discussed.

Finally, a summary and some discussions are
given in Section 4.

2. Plasma shape identification
2.1. Shape identification algorithm

As mentioned in Section 1, we employ the finite
current element method [4] for the purpose of
plasma shape identification. The current element
method is used in TCV [12] experiments. In this
approach, a plasma current is modeled by a set of
grid of points inside the plasma. As shown in Fig.

2, we set up a rectangular grid of points inside the
plasma and allow a pyramid-shaped current den-
sity to exist at each node by giving the bilinear
basis function of the form [4],

_J; _R=R| Z-2,
F"_{l_ AR (' Az |

where R; (Z;) is the horizontal (vertical) coordi-
nate of the jth node, and AR (AZ) is the horizon-
tal (vertical) width of a current element.

Each current element is defined by the current
density at the node. The nodal current densities
are determined by fitting the external magnetic
measurements. We assume that the magnetic mea-
surements consist of magnetic flux loops, field
probes, and Rogowskii coils to measure the total
plasma current and eddy currents in passive
plates. It is also assumed that the measurements
of PF coil currents are available as well as the
magnetic measurements. Then, the nodal current
densities are calculated by minimizing the cost
function,

Np /[ N, _ 2
e= Y| 2 Gy(R,Z; R, Z)J,— lﬂ?mma)
1

i=1\j=

Nn
+o23 73 ()

Jj=1
Here, N,, (N,) is a total number of external
measurements (current density nodes), J; is jth
nodal current density, yPlasma = total __yPF__
Y9 where /i°%! is a measured value of flux (or
fields), wFF is a flux value due to the external PF
coils, and ¢4 is the flux contribution from eddy
currents at the ith measurement location, o is a
small regularization parameter, and
EU-(R,-, Z; R, Z;) is the average Green function
between the ith measurement location and the jth

node,

_ Z/+AZ R/-+AR
Gij = J‘ J‘ Gij(Ria Z; st ZJ){l

i — Az JR;— AR
_R=RAJ, 1Z2=2
AR 1 Az dRdZ.

Eq. (1) can be solved by the standard singular
value decomposition analysis with a constraint on
the total plasma current,

J J(R, Z)dRAZ =1,
S
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Fig. 2. The configurations of magnetic flux loops ( x ), and
field probes (+ ) for the proposed magnetic diagnostic set # 1
(a) and #2 (b). Also shown are the plasma current density
nodes (+, inside the plasma boundary) used in the simula-
tions of plasma shape identification. All the magnetic measure-
ments of set # 1 are located along the inside of inner vacuum
vessel while four probes moved behind the outer divertor plate
from the vacuum vessel for the set # 2. Fifty-two magnetic
flux loops and 78 probes are used in both sets. We present
only the upper portion of the magnetic measurements and the
current density nodes for an up—down symmetric double null
configuration. The bilinear basis function at the jth node to
calculate a plasma current density is also shown.

where I is the measured total plasma current, and
J(R, Z) is the calculated plasma current density at
an arbitrary point inside the plasma,

J(R, Z)=J,F,

It is remarked that the eddy currents in passive
plates should be reconstructed if the measurement
of eddy currents is not available.

We use 14 nodes for up—down symmetric plas-
mas while 24 nodes for up—down asymmetric
ones. The number and the location of nodes are

fixed in all the simulations presented in this paper.
In fact, one of the advantages of the finite current
element method compared with the filament
method [3] is that the location of current density
nodes do not have to be changed during an entire
discharge, as discussed in [4].

After nodal current densities are computed, the
fluxes at some points on PFCs and limiters are
calculated. Then, the X-point, giving rise to
|V¢/| = 0, is searched in a specified divertor region
and the flux at the X-point is computed using the
calculated nodal current densities. From the cal-
culated flux values at the limiter points and the
X-point, we conclude whether plasma is limited or
diverted and determine an edge flux, Y.qe.. A
plasma boundary is determined by finding the
points giving rise 10 ¥ = Yeqge-

2.2. Reduction of magnetic measurements

Both the number and the location of magnetic
measurements are important to extract accurate
shape information. In this subsection, we propose
a possible method to identify some crucial mea-
surement positions for the reconstruction of
plasma shapes and apply it to KSTAR magnetic
diagnostic in order to effectively reduce the total
number of magnetic measurements.

Two magnetic diagnostic sets have been pro-
posed in the design process of KSTAR and they
are shown in Fig. 2. The set # 1 is composed of
52 flux loops and 78 (B,, B,) probe pairs located
along a inner vacuum vessel, and the set #?2 is
the same as the set # 1, except for the fact that
four probe pairs have been moved behind outer
divertor plates from the nearby vacuum vessel.
The two configurations cover an entire space
available where the magnetic measurements can
be placed. Then, the optimization process can be
regarded as climinating some excess magnetic
measurements  starting from the proposed
configurations.

A possible approach to determine crucial mea-
surements is to exclude each measurement in turn
and to perform many reconstruction simulations
to rank the importance of each measurement. An
obvious shortcoming of this trial-and-error type
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approach is that it requires a time-consuming
iteration procedure to rank each measurement
according to its importance to the shape recon-
struction. Furthermore, it will be difficult to rea-
son out why some selected measurements are
superior to the eliminated ones although we
choose some crucial measurements from the itera-
tion procedure.

Our approach is to trace the patterns of mag-
netic flux and fields, generated by plasma, along a
measurement contour. Here, the measurement con-
tour is defined as a contour along which the
magnetic measurements are assumed to be placed.
The basic idea is that the magnetic flux and field
patterns, generated by a reconstructed plasma
current distribution, along the measurement con-
tour should follow the exact ones as closely as
possible in order to obtain an accurate shape
identification from the magnetic measurements. In
this sense, the patterns of plasma-generated mag-
netic flux and fields along the measurement con-
tour provide important information about which
locations are important for a proper interpretation
of magnetic diagnostic signals. We remark that
this approach to determine important locations
becomes more accurate as a measurement contour
gets closer to a plasma boundary. In the present
paper, the measurement contour is adjusted to the
path along which the magnetic measurements of
the set # 1 are placed.

Fig. 3 shows the patterns of plasma-generated
magnetic flux (¥P*m3) and fields (BR*™* and
Brlasmay along the measurement contour produced
by standard low [f =0.2% (S5 =0.3), /,(3)=1.0,
I,=2.0MA, k=2.0,0=0.8, B,=3.5T] and high
[ =4.0% (By=3.5),1(3)=08,1,=20 MA, k=
2.0, 6=0.8, B,=3.5 T] KSTAR plasmas. The
poloidal angle (X-axis) in Fig. 3 is defined by,
0=(fds/§ds, where [§ds is the poloidal
path length of a point P in the measurement
contour, and §ds is the total poloidal path length
of the measurement contour. It is obvious from
Fig. 3 that both the plasmas exhibit similar pat-
terns.

The most relevant locations of magnetic mea-
surements can be found by the consideration of
Fig. 3. The horizontal magnetic field (B%*™*) and

the poloidal flux (yP%™%) show nonlinear wiggly
structures while the vertical magnetic field
(Blasmay represents nearly linear dependence. The
approximately linear dependence of BE*™* along
the measurement contour implies that the varia-
tion in BY*™? js ynimportant to choose important
measurement locations. It is sufficient to place the
probes along the measurement contour with ap-
proximately equal spacing to follow the exact
pattern of BE*ma  However, the reconstructed
patterns of BR#ma and yPlasma wil] fail to follow
the exact ones if we place the measurements in
equal spacing, which will eventually result in the
errors in a shape identification process. Thus, the
important measurement locations should be deter-
mined by following the patterns of BRasma
and,yP'*™ emphasizing the position around the
local minimum and/or maximum values of i Plasma
and BR*ma_ Tt is evident from Fig. 3 that the most
important measurement locations lies in the range
100 < 0 < 140°, which corresponds to the region in
the vicinity of X-point.

In order to effectively eliminate some excess
magnetic measurements from the original set, we
have established the following iteration process.
First, we retain magnetic measurements located
near humps in yPam2 and BRas™a patterns, espe-
cially in the range of 100 < # < 140°. Second, we
eliminate as many measurements as possible in the
linear region of the flux and field patterns, yet
following exact patterns of yPiasma and BRasma
Third, we perform shape identification simulations
using both the reduced and the original set, and
compare the results. If the two results are not
comparable, we return to the second stage and put
some more measurements. The process is iterated
until the two results are almost identical. Usually,
only two or three more iterations are required to
obtain an effectively reduced set.

In this way, we determined two reduced mag-
netic diagnostic sets (RS1 and RS2) corresponding
to the two original sets (# 1 and #2). Fig. 4
shows the reduced sets, which are composed of 28
loops and 40 probes. The shape identification
accuracy utilizing the reduced sets is comparable
to that using the original sets, as will be shown in
the subsequent subsection.
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2.3. Simulations of plasma shape identification

2.3.1. Static simulations

After determining a shape identification al-
gorithm and magnetic diagnostic sets, we perform
static simulations for the reference plasma equi-
libria in KSTAR. Here, we consider three repre-

merically calculated values of magnetic flux and
fields at each measurement location are used to
simulate the measurement data. A maximum ran-
dom measurement error, originating from a mea-
surement process, is fixed to be 2% for magnetic
flux and field measurements and 1% for a plasma
current measurement,

sentative equilibria for KSTAR plasmas; high

Blhn=3.5, 13)=0.8], low B[fy=03, [(3)=
1.0], and a reversed shear plasma. As usual, nu-

Vi =Yr(1+0.02r),
I,= IpE(l +0.01r),

B, = Bg(1+0.02r),
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Fig. 3. Poloidal variation of plasma-generated (a) magnetic flux (1yP'*™%); (b) radial (B%*™?), and (c) vertical (BE*™%) magnetic
fields for standard low [f = 0.03, /,(3) = 1.0] and high [#, = 3.5, /;,(3) = 0.8] beta equilibria in KSTAR. Here, the poloidal angle is
defined by the poloidal path length of a measurement position divided by a total poloidal path length of a measurement contour.
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Fig. 4. The configurations of reduced magnetic diagnostic sets,
(a) RS1 and (b) RS2. The reduced sets are found by consider-
ing the patterns of magnetic flux and fields along a measure-
ment contour. RS1 corresponds to set # 1 and RS2 to set
# 2. Twenty-eight flux loops and 40 magnetic probes are used
in both the sets.

where ¥, (B;) is an actual value to be used in
simulations, ¥z (B;z) is an exact numerical value
at the ith flux (field) measurement position calcu-
lated by TSC, and r is the uniform random num-
ber within [—1,1]. In order to obtain a

statistically reliable result, a shape reconstruction
is repeated over 100 times using different random
numbers.

Fig. 5 shows the poloidal variations of shape
identification error for (a) a high £, (b) a low f
and (c¢) a reversed shear plasma using different
magnetic diagnostic sets (# 1, #2, RSl and
RS2). Here, the shape identification error, de-
noted by A, is defined by,

A= \/(Rexact - Izrcnt)2 + (Zexact - Zrcnt)2

= J(AR) + (AZ)?

where R, .. (Zexaer) 18 an exact value of the hori-
zontal (vertical) position of a last closed flux
surface calculated by TSC and R, (Z,.,,) 1s that
obtained from the reconstruction of a plasma
shape. A shape error shown in Fig. 5 represents
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B,=0.3 : 1(3)=1.0

o
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o
o

0.4
0.2
(b) —
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=2
s
E
=

0 30 60 90 120 150 180
Poloidal Angle (degree)

Fig. 5. Poloidal variation of an average error in shape identifi-
cation for (a) low S[f,y=0.3, [;(3) = 1.0] (b) high p[f,=3.5,
1,(3)=10.8] and (c) reversed shear plasmas in KSTAR. A 2%
maximum random error for the measurements of magnetic
flux and fields, and a maximum 1% error for the measurement
of a plasma current have been included. A shape error is
averaged over 100 different random simulations.
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Fig. 6. Comparison between the reconstructed and the exact
values of (a) Ry+a; (b) Ry—a, and (c) R, which is the R
coordinate of the nearest point to passive plate, in a dynamic
shape identification simulation corresponding to a ELM-like
oscillation.

an averaged value over 100 different random
simulations.

It is manifested from Fig. 5 that the finite
current element method provides an accurate de-
termination of plasma shapes and is insensitive to
the plasma parameters, such as S, /; and profile
shape. The reduced sets, RS1 and RS2, show a
similar degree of accuracy compared with that of
original sets, # 1 and # 2, which confirms the
effectiveness of the optimization method in the
previous section. The four probe pairs behind the
divertor plates turn out to be important to im-
prove the shape identification accuracy on the
outboard side, as is shown in Fig. 5.

2.3.2. Dynamic simulations
The dynamic plasma shape identification simu-
lations are important to confirm that a proposed

method can accurately predict the various shapes
in real experiments. Another purpose of the dy-
namic simulations is to establish the importance
of the measurement of eddy currents on shape
identification. The finite current element al-
gorithm can incorporate the effect of eddy cur-
rents if the eddy currents are directly measured.
Neglecting the eddy currents will result in an error
in diagnostic interpretation, leading to the miscal-
culation of a plasma shape.

In the present work, we perform dynamic simu-
lations for two representative cases — a plasma
in fast radial motion and a plasma undergoing
fast vertical movement. It is remarked that each
simulation presented in this subsection has been
repeated using four different magnetic diagnostic
sets (# 1, #2, RS1 and RS2) although we will
present only the results obtained by using set # 1.
Also, we assume that the currents in PF and IC
coils are known in the following simulations.

The first simulation is to reconstruct plasma
shapes when a high f plasma undergoes an edge
localized mode (ELM)-like oscillation, which in-
volves 20% f drop every 100 ms in the recovery of
its internal energy between the cycle. The radial
control coil (IRC in Fig. 1) acts to restore the
outermost flux surface (R,+a) to its original
position. In this simulation, we assume that the
measurement of eddy currents is not available.
Fig. 6 shows the comparisons of the time histories
of (a) the outermost flux surface (R, + a), (b) the
innermost flux surface (R—a), and (¢) the R
coordinate of the passive plate point (R,), which
is defined as the nearest plasma boundary point to
the passive plate, between exact (calculated by
TSC) values and reconstructed ones. Also, Fig. 7a
and b show the comparisons of the time histories
of R and Z coordinates of a X-point (R, Z,),
between the exact values and the reconstructed
ones, and Fig. 7c represents a total up—down
symmetric eddy current and the current in radial
control coil (IRC) during the simulation. We can
ascertain from Figs. 6 and 7, that the critical
shape points are identified quite accurately. The
passive plate point (R,) gives rise to the maximum
shape error of about 1 cm. A maximum up—down
symmetric eddy current is found to be about 20
kA (1% of the total plasma current), as shown in
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Fig. 7c. The total eddy current is not so large
because the passive plates are electrically con-
nected in a saddle configuration with a resistive
connector to the vacuum vessel. A large gap
resistance (total 300 or 600 uQ for each plate)
prevents the up—down symmetric current from
flowing in each plate. We have observed that a
up—down symmetric eddy current up to 20 kA,
caused by either the radial displacement of a
plasma column or the change in plasma
current, does not affect the overall shape identifi-
cation accuracy. The error in shape identification
becomes large as a total eddy current exceeds 20
kA.

In order to investigate the effect of eddy cur-
rents, the previous simulation has been repeated
on the assumption that the eddy currents in pas-
sive plates are measured. Fig. 8§ shows the com-

Current (kA)

Time (sec)

Fig. 7. (a) Comparison of the reconstructed and the exact
values of R coordinate, and (b) Z coordinate of a X-point
during the simulation in Fig. 6. Also shown are (c) the current
in radial control coil (IRC), and a total up—down symmetric
eddy current during the simulation.

parisons of the errors of (a) Ry, + a; (b) R, — a; (c)
R,, and (d) R,, between with and without know-
ing the eddy currents in passive plates. Two gen-
eral conclusions can be drawn from Fig. 8. First,
the eddy current effect is transient on a shape
control time scale. It depends primarily on the
L/R time of nearby conducting structures. The
transient errors in shape identification, however,
can lead to initial oscillations of PF coil currents
and voltages when the shape identification process
is combined into a shape controller, as will be
shown in the next section. Second, the eddy cur-
rent effect in shape identification is different from
point to point. The error in R, — a i3 maximum
about 3 ms, which is the order of L/R time of the
vacuum vessel, while that of R, is maximized
around 10 ms, which is the order of L/R time of
a passive plate with equivalent total resistance of
600 Q. A relatively large error in R, is originated
from the larger eddy currents in the passive plate
compared with the eddy currents in the vacuum
vessel, and relatively small error in R, + a is due
to the large distance of R, + a from nearby pas-
sive structures.

In real experiments, the KSTAR plasma with a
highly elongated shape is expected to undergo a
high frequency vertical fluctuation. Because the
PF coils in KSTAR are made of superconductors,
they can not respond to such a fast time scale to
stabilize the unstable vertical plasma motion.
Thus, a plasma position control system should be
decoupled from a shape control system. In such a
case, the identification of a time averaged plasma
shape would be meaningful for the purpose of a
shape control. The second simulation is to recon-
struct a time averaged plasma shape when a
plasma undergoes a high frequency vertical fluctu-
ation. We assume that the frequency bandwidth
of all the relevant magnetic measurements (flux
loops, field probes, and Rogowskii coils) is 10
kHz and a shape reconstruction is performed
every 10 ms. The time-averaged diagnostic data,

s L [TorATfye(r) + yfovn(e)
"

Ty 2
_ 1 (To+aAT
I,=— I (H)dt
P AT o (1)
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Fig. 8. Errors in shape identification with and without knowing eddy currents for the dynamic simulation in Figs. 6 and 7. The

errors in (a) Ry + a; (b) Ry —a; (c) R, and (d) X-point are shown, respectively.

_ 1 To + AT
° ATLO

where AT is the duration of a shape reconstruc-
tion (10 ms), Y¥P(z) (Y 4°*(¢)) is the ith magnetic
flux or field measurement above (below) the mid-
plane, I(¢) is a plasma current at time 7, and ()
is time-varying coil currents (both PF and IC
coils), are used for the purpose of a time-averaged
shape identification. Note that we use up—down
averaged flux and field measurements to cancel
out the vertically fluctuating part of signals for an
up—down symmetric double null configuration.

i(¢)dt

~.

Fig. 9a and b show the time histories of mag-
netic axis and currents in vertical control coils
(IVC), respectively, during the simulation. Fig. 10
represents a comparison between an exact plasma

boundary at =0 and the reconstructed plasma

boundaries at =50 and 100 ms. The recon-

structed plasma boundaries are determined by
finding 22 boundary points along a poloidal direc-
tion. The accuracy of time-averaged shape iden-
tification is excellent, as can be seen in Fig. 10. It
is these reconstructed plasma shapes in Fig. 10
that one can expect to obtain in real experiments.
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The up—down asymmetric eddy currents caused by
a vertical plasma movement do not deteriorate the
accuracy of the time-averaged plasma shape iden-

) [ [ n!\\l\ I

0.2
A \

0.02 0.06 0.14 0.18

0.10
Time (sec)

(kA)

Coil Current

{
o

0.02 0.06 0.10 0.14 0.18
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Fig. 9. Time histories of (a) magnetic axis (Z,,,,), and (b) the

currents in vertical control coil (IVC) for the simulation of

time-averaged shape identification in a vertically fluctuating

plasma.
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Fig. 10. Comparison of time-averaged shapes at # = 50 and 100
ms with an original shape at 1=0 ms. A plasma shape is
identified every 10 ms using time-averaged measurement sig-
nals and coil currents. A reconstructed shape is determined by
finding 22 points along a plasma boundary.

tification in so far as the vertical movement is small
(nominal flat-top plasma free of disruptions).

3. Shape control simulations
3.1. Shape control algorithm

A shape control system is a typical example of
the multi-input multi-output (MIMO) control sys-
tem which uses PF coil power supplies as actuators
to correct shape errors. A shape control algorithm
consists of the calculation of shape errors and the
generation of a series of power supply commands
to compensate the shape errors. A linear optimal
controller algorithm has been applied to the design
study of ITER shape control system [15,16], and a
linear orthogonal shape control system, utilizing
pre-calculated power supply commands giving rise
to unit displacement of shape errors, has been
adopted for Alcator C-Mod [17].

In the present work, we consider a standard PID
feedback control system, and adopt the isoflux
control scheme [11,13], which makes some pre-
scribed shape control points have a same flux value
with a reference point. In a nominal diverted
plasma, the natural choice of a reference is an
X-point. We choose four shape control points on
a plasma boundary in a nominal state — the
outermost flux surface (R, + a, 0), the innermost
flux surface (R, — a, 0), the passive plate point (R,
Z,) and the outer strike point (R, Z). The plasma
shape identification method described in the previ-
ous section is used to calculate flux errors. Here, a
flux error is defined as a difference between the flux
at the X-point and the flux value at a shape control
point.

The generation of actuation signals is the core
part of the design of a shape controller. The
feedback currents are calculated by minimizing

N, / N, 2 Ne
6= f(z G,,Ag-A%) +Y %A, @)
i=1\;_ j=1
where N, (N,) is the total number of critical shape
control points (PF coils), G, is the Green function
relating the poloidal flux at the ith shape control
point to the unit current at the jth PF coil, A/, is

the feedback current for the jth PF coil, Ay, is the
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Fig. 11. (a) Green functions between four different shape control
points and seven PF coils in KSTAR. (b) The average coil
weighting factor, /7, in Eq. (3) is shown as a function of PF coil
number. The PF coil numbering is identical to that of Fig. 1.

flux difference between a shape control point and
a X-point, and «; represents a weighting factor for
the jth PF coil.

Each PF coil has a different influence on each
shape control point. The Green function G, re-
veals this different impact. Fig. 11a shows the
Green function between the seven KSTAR PF
coils and the four shape control points. It is
obvious that PF6 and PF7 are the most effective
because they are located on the outboard side.
The calculation of feedback signals using Eq. (2)
with constant «; incorporates the efficacy of each
PF coil to correct a flux error because it is based
on the Green function formalism.

Practical power supplies, however, have their
own voltage limits. The effectiveness of a shape
control action would be degraded if a voltage of a
power supply is saturated. For instance, PF6 and
PF7 would reach their voltage limits quickly com-
pared with other PF coils. For a more effective
control action, it is required that the voltage
saturation should be avoided or the duration of

voltage saturation should be minimized. In order
to avoid voltage saturation, we need a compensa-
tion factor and this can be achieved by systemati-
cally determining the «; in Eq. (2). In order to
determine o;, we define a normalized Green
function,

.G,
G, =—2,
"G,
Then, an average influence factor is given by
MG,
=Y 3
7= L5, ©

The f, is defined for each PF coil and Fig. 11b
shows f, as a function of PF coil number. Note
that we do not use an absolute influence factor,

zll‘v:p (G;/Gp)

h=—x

because it is desirable to treat all the shape con-
trol points with equal importance. The relative
average weighting given in Eq. (3) places an equal
importance to each shape control point.

With this PF coil weighting factor, a standard
PID feedback control system can be designed by
the feedback law,

G- Al =g Ay + g,JM de
AV =giAl
where G’ is the generalized Green function matrix

with PF coil weighting factors,

[ Gyn G Gy Gu Gis G Gur
Gn G Ga Gay Gas Go Go
G3l G32 G33 G34 G35 036 G37
GA] G42 G43 G44 G45 G46 G47

o 0 0 0 0 0 0
G=|0 o 0 0 0 0 0
0 0 a3 O o 0 0
0 0 0 oo O 0 O
0 0 0 0 a O O
0 0 0 0 0 o O

| 0 0 O 0 0 0 o7
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EI(E V) is the feedback current (voltage) vector,

AL AV,
AL AV,
Al AV,
Al={ AL |, Av=|av|,
Al AVy
Al AV
Al ] L AV |

&ﬁ is the flux error vector,
Ath
Aty
Ay
Adpy

o)
<
I

o O o o o o ©

where Ay, denotes the flux difference between a
flux at the desired plasma shape control point and
a X-point flux, g, (g,) is a proportional (integral)
gain and g} is a proportional gain in the voltage
level. In the next subsection, the results of shape
control simulations using different coil weighting
factors, namely, the constant weighting with con-
stant o; and the Green function weighting (GW)
with o; = f,, will be compared.

3.2. Shape control simulations

In this subsection, we apply the shape control
system described in the previous subsection to a
shape control simulation. As a model disturbance,
we choose a high f plasma [f, = 5.0, /,(3) =0.8]
with the nominal KSTAR plasma parameters,
given in Table 1, undergoing 20% permanent f
drop at 1 = 10 ms. The fast radial position control
system utilizing IRC, and the shape control sys-
tem using seven PF coils are turned on at =10
ms. Two separate control simulations using differ-

ent coil weighting method (constant «; and o, = E)
are performed and compared. At the moment, we
do not employ the shape identification algorithm
to calculate flux errors because our main interest
here is the comparison of the shape control per-
formance between the two different coil weighting
methods. The same values of g,, g, and g} are
used throughout the simulations. The constant
coil weighting factor « is adjusted to be, « =ﬁ/Np
in order that the comparison between the two coil
weighting methods is more accurate.

Figs. 12 and 13 show the errors in the four
shape control points during simulations. The per-
formance of a shape control system could be
measured by such quantities as the maximum
deviations from desired values and the saturated
levels of shape errors. In this sense, it can be
deduced from Fig. 12 that the constant and the
GW coil weighting methods give rise to quite a
similar shape control performance, although the
feedback currents in PF coils are different.

Figs. 14 and 15 represent the time histories of
the currents and voltages of PF4 and PF7, respec-
tively, during the simulations. For simplicity, we
present only the results for PF4 and PF7 as
typical examples of PF coil behavior during a
shape control action. The voltage limits of all the
PF coils are fixed to be 30 V. Figs. 14a and 15a
clearly show the difference between the two differ-
ent coil weighting methods. In case of the con-
stant coil weighting method, the feedback current
in PF4 is minimized because of small impact of
PF4 on shape control points while the burden on
PF7 is large, resulting in the long duration of the
voltage saturation in PF7. Using the GW coil
weighting method, however, the role of PF4 is
strengthened and the burden on PF6 and PF7 is
ameliorated, resulting in the reduction of the du-
ration of the voltage saturation in PF6 and PF7.
The shortened duration of the voltage saturation
in PF6 and PF7 produce a benefit of the decrease
of a total feedback current and power while yields
a similar shape control performance with the con-
stant coil weighting method, as discussed shortly.

Fig. 16 represents the comparison of instanta-
neous total absolute power, |P, | = Z®,|V; 1], for
two coil weighting methods during simulations.
The peak absolute power for constant weighting
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is 113 MW while that of GW coil weighting is 91
MW. It is manifested from Fig. 16 that the GW
coil weighting method can significantly reduce the
required maximum feedback power. The maxi-
mum power difference is about 60 MW at ¢ ~ 0.1
s. Fig. 17 shows the total feedback current re-
quired for a shape control action during simula-
tions. The feedback current reaches its maximum
value at ¢ ~ 60 ms for the constant coil weighting
case. The maximum feedback current for the GW
coil weighting case is reduced to about 38% com-
pared with that of the constant coil weighting due
to the mitigation of burden on PF6 and PF7. The
saturated values of the total feedback current for

24T, (a) T

2.0 T

AR;+a) (cm)

0.4 L N N N

0.0}

-1.6

AR,) (cm)
5

AR_ (cm)
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both the coil weighting cases are approximately
the same. We can conclude that the GW coil
weighting strategy is beneficial because it controls
shape errors with a reduced total feedback current
and power within voltage limits of power supplies.

Until now, we have assumed that flux errors are
given exactly by TSC. In real experiments, how-
ever, the flux errors should be calculated by
adopting a real-time shape identification method.
In order to assess the performance of a shape
control system in real experiments, we perform
shape control simulations using calculated flux
errors. The same method given in Section 2 is
utilized to calculate flux errors. The calculation of

0.3F . (¢) 1

&
w

(d)
0.6 1

0.3H

00 01 02 03 04 05

Time (sec)

Fig. 12. Errors in (a) Ry + a; (b) R, — a; (c) passive plate point; and (d) outer strike point during a simulation with a 20% permanent
drop in the plasma stored energy. We assume that the flux errors are given exactly by TSC.
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Fig. 13. Errors in (a) Ry + a; (b) R, — a; (c) passive plate point; and (d) outer strike point during a simulation with a 20% permanent
drop in the plasma stored energy. The flux errors are calculated by employing the current element method. Here, the magnetic

diagnostic set # | has been used.

flux errors and feedback currents are realized
every 5 ms. Figs. 13, 14b, 15b and 17b represent
the time histories of shape errors, coil currents
and voltages of PF4 and PF7, and total feedback
currents, respectively. In these simulations, the
GW coil weighting factor is used and other condi-
tions are exactly the same as those of the previous
simulations using exact flux errors.

In order to investigate the consequences of
neglecting the eddy currents, two separate simula-
tions are performed and compared — with and
without knowing the eddy currents in passive
plates. As shown in Figs. 13, 14b, 15b and 17b,

the ignorance of eddy currents results in oscilla-
tions of shape errors, and coil currents and
voltages in the early phase of a shape control
action due to the inaccuracy of shape error esti-
mation in early time, as discussed in Section 2.3.2.
The oscillation levels of the shape errors and
actuator signals are tolerable in this case due to
the small up—down symmetric total eddy current
(see Section 2.3.2). However, it should be pointed
out that a failure of a shape control action would
be possible if the total eddy current exceeds some
threshold value. Thus, we must take the eddy
currents into account in the calculation of flux
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errors either by measuring or reconstructing the
eddy currents. In KSTAR, the direct measure-
ment of eddy currents in passive plates is under
consideration as one of the baseline magnetic
measurements. The initial oscillations are greatly
reduced by incorporating the eddy currents, as
can be seen in Figs. 13, 14b, 15b and 17b. The
final saturated values of the shape errors, coil
currents, and the voltages are similar to those of
the previous simulations using exact flux errors,
which indicates the high level of accuracy of the
shape identification method.

4. Summary and conclusions

In the present work, a comprehensive simula-
tion study for designing a model shape controller
has been described and applied to the design of a
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Fig. 14. Time histories of the current and voltage of PF4
during the shape control simulation using (a) the exact flux
errors given by TSC, and (b) the calculated flux errors.
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Fig. 15. Time histories of the current and voltage of PF7
during the shape control simulation using (a) the exact flux
errors given by TSC, and (b) the calculated flux errors. Note
that the measurement of eddy currents reduces initial oscilla-
tions of the currents and voltages of PF coils.

shape controller for the proposed KSTAR toka-
mak. It includes the determination of magnetic
diagnostic sets, static and dynamic shape identifi-
cation, and shape control. The basic simulation
tool adopted in the study is TSC. The interaction
between the plasma and surrounding conducting
structures (passive and active coils) can be accu-
rately modeled by using the dynamic capability of
TSC.

It has been shown that the total number of
magnetic measurements can be effectively reduced
by evaluating magnetic fluxes and fields along a
measurement contour. The proposed reduced sets
satisfy design requirements both in static and
dynamic cases. In fact, they showed similar shape
identification accuracy compared with that of
originally proposed sets. The optimization
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method proposed in this paper would be useful in
determining an optimum magnetic diagnostic set
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Fig. 16. Total absolute feedback power for the constant and
GW coil weighting schemes during the shape control simula-
tion in Fig. 12. Note that the GW coil weighting can greatly
reduce the total feedback power required for a shape control
action.
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Fig. 17. Total feedback currents required for a shape control
action using (a) the exact flux errors given by TSC, and (b) the
calculated flux errors.

for the next generation tokamaks, such as ITER.

The finite current density element method,
which is currently used in TCV, has been em-
ployed in the present study. It has been shown
that the method accurately identified the plasma
shapes both in static simulations with a maximum
2% random measurement error and in dynamic
simulations with and without knowing eddy cur-
rents. A similar study was also carried out by
using the filament method [3], which uses some
filaments located along a contour inside a plasma
to represent a plasma current. The major advan-
tage of the finite current element method is that
the location of current density nodes does not
have to be changed in time, as indicated by origi-
nal authors [4]. The overall accuracy of both the
methods was quite similar although it depended
on the number and the location of the current
filaments (and/or current density nodes).

The effect of eddy currents on shape identifica-
tion has been investigated from dynamic simula-
tions. The errors in shape identification are
transient and different from point to point due to
the difference of L/R times of nearby passive
conducting structures. A total up—down symmet-
ric eddy current up to 20 kA does not greatly
affect the shape identification accuracy. However,
it has also been shown that the errors in shape
identification due to the neglected eddy currents
can lead to oscillation of actuator signals (PF coil
currents and voltages) when the shape identifica-
tion process is combined into a shape controller.
The up—down asymmetric eddy currents caused
by a vertical movement of a plasma can be can-
celled out by averaging the flux and field measure-
ments hence, does not affect the accuracy of a
time averaged shape identification.

It has been shown that it is important to incor-
porate appropriate weighting factors of PF coils
to maximize the shape control capability while
minimizing a total feedback power, in the pres-
ence of the practical voltage limits in power sup-
plies. A simple method of evaluation of a PF coil
weighting factor based on the Green function
between PF coils and shape control points has
been proposed and tested. The proposed PF coil
weighting method has been applied to the simula-
tion of a response to drop in the plasma stored
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energy. It has been shown that the total feedback
current and power required for a shape control
action can be greatly reduced compared with that
of a standard isoflux control scheme using a con-
stant coil weighting factor.

The shape control simulations using calculated
flux errors have been performed to investigate the
performance of a proposed shape controller in
real experimental situations. It has been pointed
out that neglecting the eddy currents can result in
the initial oscillation of actuator signals, which
should be avoided for a successful and stable
shape control action. Thus, the incorporation of
eddy currents in passive conducting structures is
important for the stable operation of a shape
control system in tokamaks. In the present work,
we assumed that the measurement of passive plate
eddy currents is available. If it is not the case, the
eddy currents should be reconstructed by treating
them as nodes of the unknown current matrix.

Finally, we remark that the methods and results
of the present work will be useful for currently
operating tokamaks as well as the design of the
next generation tokamaks.
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