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The effect of passive plates on vertical displacement control in the EAST tokamak is investigated by open loop

experiments and numerical simulations based on a rigid displacement model. The experiments and simulations indicate

that the vertical instability growth rate is reduced by a factor of about 2 in the presence of the passive plates, where

the adjacent segments are not connected to each other. The simulations also show that the vertical instability growth

rate is reduced by a factor of about 10 if all adjacent segments on each passive plate loop are connected to each other.

The operational window is greatly enlarged with the passive plates.
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1. Introduction

Future tokamaks such as ITER will have an elon-
gated cross section, because plasma elongation can im-
prove the ratio of tokamak performance-to-cost. How-
ever, these plasmas are inherently unstable against
vertical displacement. The loss of vertical position
control will lead to plasma moving into the vacuum
chamber, resulting in disruption and damage to the in-
vessel components. Good control of vertical instability
is necessary for reliable plasma operation.!’? Vertical
instability control normally contains two strongly cou-
pled parts: the active control and the passive control
systems.[3] The active control is realized by external
poloidal field (PF) coils, while passive control stems
from the stabilizing effect of the conducting structures
of the vacuum vessel or built-in vessel components. A
passive control system can impede fast vertical dis-
placements, while PF coils are used to control slow dis-
placement drift. Some of the discharges in tokamaks
are out of control because of vertical instability, which
is caused by the long response time of the active con-
trol system and partially due to relatively weak cou-
pling between plasma and active/passive structures.

The Experimental Advanced Superconducting

Tokamak (EAST) is a full superconducting tokamak
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with D-shaped cross-section plasma, which is similar
to ITER’s configuration. There are several reasons for
the control of vertical instability to be more difficult
on EAST than on a conventional tokamak. Strong
coupling between superconducting PF coils and the
shielding effects of the in-vessel wall make the response
time of the active control system relatively long; the
long distance between the PF coils and plasma, due
to the thick thermal shielding, relatively weakens their
coupling. ]

In 2010, a passive plate system was designed and
built in EAST to improve the control of vertical in-
stability. Compared with an active feedback control
system, a passive plate is less expensive and complex,
but more sensitive to fast vertical displacement. It
can reduce the growth rate of vertical instability and
lower the requirements for the response time of the
active feedback control system. Stabilization effects
of the vacuum vessel on vertical instability have been
discussed in Refs. [5] and [6]. In this paper, the stabi-
lization effect of passive plates on vertical instability
is studied by comparing the experimental observation
with the numerical simulation based on a rigid dis-
placement model,[>7-8 which has been validated and
used in the investigation of vacuum vessel effects on
vertical instability.[¥) We extend it by including the
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passive plate.

The rest of the present paper is organized as fol-
lows. The passive structure in EAST is introduced in
Section 2, and the open loop experiments with passive
plates are presented in Section 3. Some predictions of
the effect of passive plates on vertical instability based
on numerical simulations are discussed in Section 4.
Finally, the conclusion is drawn in Section 5.

2. Passive structure on EAST

EAST is designed to be up—down symmetric, as
shown in Fig. 1. It is equipped with a set of 14 super-
conducting PF coils around the vacuum vessel and a
pair of water-cooled copper coils inside the vacuum
vessel (IC). The positions of the two passive plate
loops are also shown in the figure.
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Fig. 1. Arrangement of the 14 PF coils (PF 1-14), active

feedback coils (IC1, IC2), and the passive plate loops on
the poloidal cross section of EAST.

Figure 2 shows the designed passive plate loops on
EAST.[' They are made of copper alloy. Each loop
has 8 segments with 30 mm in thickness and 350 mm
in width. The adjacent segments of each loop are con-
nected to each other by 8-mm thick copper alloy plates
except a gap for current bridge. A coaxial cable will
be used as a current bridge to connect the two loops to

form a saddle circle. The designed resistance of each
passive plate loop is 75.6 uf2. The passive plate in this
case is defined as case A.

upper loop
, support
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Fig. 2. Designed structure of the passive plate on EAST.

Presently, the current bridge is not connected and
the adjacent segments of each loop are not connected
to each other directly. However, all the segments are
connected to vacuum vessel via the supporting struc-
tures to form loops. The estimated resistance of each
loop is 1 m§2 ~ 3 mS2. The passive plate in this case
is defined as case B. The case without passive plates
is case C for comparison.

3. Open loop experiments in

comparison with simulations

3.1. Experimental set-up

The open loop experiments are carried out in case
B to detect the growth rate of vertical instability. As
shown in Fig. 3, the proportional-integral-differential
(PID) feedback gains for vertical position are set to
be zero at 4 s; thereafter the IC current is switched
off (Fig. 3(b)) and plasma control system releases the
control for vertical position. The plasma vertical po-
sition drifts exponentially from its initial equilibrium
position starting at about 4.03 s, as shown in Fig. 3(c).

The linear vertical instability growth rate is cal-
culated by fitting the experimental data with z =
20 + Ae?*=%)  where z is the plasma central posi-
tion, zq is the origin plasma central position, ~ is the
instability growth rate, t is experimental time, and %,
is the inital time when plasma starts to be displaced
vertically. Only a small time window about 15 ms
(about 2 times the instability growth time) is used as
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the shadow area in Fig. 3 in fitting to assure the ap-
plicability of rigid displacement model with a small
deformation of plasma configuration.
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Fig. 3. (colour online) The time evolution of plasma cur-
rent (a), active feedback current (b), plasma central po-
sition (c), elongation (d), internal inductance l; (e), and
poloidal plasma beta 8y (f) in shot 36795 on EAST.

3.2. Theoretical model

The rigid displacement model® is employed in
the simulation. It is assumed in this model that
the plasma current shifts rigidly with neither re-
distribution nor surface currents during the vertical
displacement of the plasma column. Further assump-
tions are also made: negligible inertia, axisymmet-
ric displacements, negligible horizontal-direction dis-
placement, and constant total plasma current. In
tokamak plasma experiments, these assumptions are
valid in the case of small displacement.

The model can be described by the following cir-

cuit equation:3:7-8l

aq/}sp
0z

where L is the mutual inductance matrix between

LgsIs + Ryl + z =V, (1)

mesh currents of the passive structure and PF coils,
R is the resistance matrix of the conductor struc-
ture, Iy and V5 are vectors of current and voltage of
the conductor structure, respectively, s, is the flux
at the conductor structure due to plasma current pro-
file, & is the time derivative of x, and the subscript s
and p refer to the passive structure and the plasma.
With negligible inertia, we obtain

L:SIS + Rssls =V, (2)

where

Ovsp 02
0z 0l

L:s = LSS -

is the modified inductance matrix of the passive struc-
ture and PF coils including the effect of the plasma
currents.

The growth rate of vertical instability can be writ-

ten as

v = max{eig(—Rg'LL)}, (3)

where —L*R~! is the state matrix of Eq. (2).
The stability margin (ms) is defined as

m, = max{eig(— L3 L3} (4)

The my is related to the passive structure and indepen-
dent of resistance. Stability margin is approximately
the ratio of the unstable growth time to the wall pene-
tration time, mg ~ 74 /Ty. The stability margin can be
used for describing the distance from the ideal stabil-
ity limit occurring at mg = 0, which means that flux
in the conductor structure is zero, conductor struc-
ture has no effect on plasma vertical displacement,

(3:8] For effec-

and plasma column is displaced freely.
tive vertical control, tokamak must operate above a
minimum stability margin, and active feedback sys-
tem response time must be less than instability growth

time 7= 1/7.

3.3. Comparison between experiments
and simulations

The passive plate resistance in case B is estimated
in the range of 1 mQ-3 mQ. L} is calculated from the
equilibrium configuration by EFIT.'Y The predicted
instability growth rate is evaluated from Eq. (3).

The comparison between the observed growth
rates and the predicted ones is shown in Fig. 4. The
model predicted vertical instability growth rates ac-
cord well with the observed ones within the uncer-
tainties in the resistance of the passive plate.

Compared with the results in case C without the
passive plate, the vertical instability growth rates in
case B are reduced by a factor of about 2, although

the plasma parameters are similar in these two cases.
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Fig. 4. Observed growth rate versus model predicted
growth rate. The open circle represents the results with
the passive plate resistance being 2 m€ (case B), where
the horizontal error bars denote uncertainties in resistance,
and vertical error bars refer to experimental fitting errors.

The star points represent the results without passive plates
(case C) in Ref. [5].

4. Open loop numerical simula-

tions

4.1. L/R time constants of the conduct
structure

Figures 5 and 6 show the features of eddy currents
in the conducting structure in EAST. The L/R time
constants of the first 10 modes are presented in Fig. 5.
The first up—down antisymmetric L/R mode has a
dominant stabilization effect on vertical displacement
control. Mode 1 is for case A, and mode 2 for cases
B and C. The normalized current distributions of the
first up—down antisymmetric L/R mode for cases A,
B, and C are shown in Fig. 6. The time constant for
vertical displacement control are 92.2 ms in case A,
13.1 ms in case B, and 12.2 ms in case C.
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Fig. 5. Variation of the L/R time constant of each con-
duct structure eddy current mode (the first 10 modes, or-
dered by decreasing L/R time constant) with conducting
structure mode number, where the positive and negative
denote the up—down symmetric and up—down antisymmet-
ric modes, respectively.

case A

Z/m

Fig. 6. Normalized current distribution of the first up—
down anti-symmetric L/R eigenmode.

4.2. Predictions of stabilization benefits
of passive plates on vertical instabil-
ity

The used equilibrium configurations are gener-
ated from EFIT code based on EAST designed param-
eters. The plasma current and triangularity are fixed
at I, =1 MA, 0 =~ 0.5, and other effective parameters

Bp, K, li are scanned. The stability margin and verti-

cal growth rate are evaluated from Egs. (3) and (4).

The simulation results are presented in Figs. 7, 8, and

9.

It is seen in Figs. 7-9 that the vertical instability

growth rates incline with s and I; increasing and £,
decreasing for all three cases.
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Fig. 7. Dependences of the stability margin (left) and vertical instability growth rate (right) on B, with x = 1.93 £ 0.02,
l; =0.945 + 0.04, A = 3.95 + 0.02.
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Fig. 8. Dependences of stability margin (top) and vertical instability growth rate (bottom) on l; with x = 1.93 4 0.02,
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Fig. 9. Dependences of stability margin (top) and vertical instability growth rate (bottom) on l; with 8, = 0.43 £ 0.02,
A =3.95+0.02, and k = 1.6 (left), K = 1.75 (middle), and x = 1.9 (right).

It is also clearly shown that the passive plate can
benefit the stabilization of vertical displacements. The
vertical instability growth rates are reduced by a fac-
tor of about 10 in case A and by a factor of about
2 in case B, compared with those in case C without
passive plates.

Stability margin is the same in cases A and B
due to its independence of the resistance of passive
plates, and much larger than that in case C without
passive plates. The stabilization effect of the passive
plate becomes stronger for larger plasma parameters
(K, Bp, i), which implies that the operational window
is enlarged by using passive plates.

5. Conclusion

The simulation results demonstrate that the sta-
bilization is strengthened greatly in case A with the
designed passive plates (as shown in Fig. 2), because
its first up—down antisymmetric L/R time constant
is much larger than that in case C without a passive
plates (shown in Fig. 5), and the eddy currents in
passive plates are closer to plasma. The much larger
eddy current distribution (shown in Fig. 6) enhances
the passive plate stabilization effect, which reduces
vertical instability growth rates by a factor of about
10 compared with those in case A.

The passive plate in case B with the present de-
sign (as shown in Fig. 2) cannot change conduct struc-
ture eddy current decay time much (shown in Fig. 5),
but eddy currents in passive plates (shown in Fig. 6)
strengthen the coupling between plasma and the struc-
ture, which reduces vertical instability growth rates by
a factor of about 2 compared with that in case B.

In summary, it is clearly seen from the comparison
between experimental results and simulation ones that
the passive plate in EAST can benefit the stabilization
of vertical displacements, by increasing stability mar-
gin and reducing the vertical instability growth rate.
Through passive plates and the same active feedback
coils, the operational window is enlarged in tokamak.

EAST has achieved 1-MA stable plasma discharges

with present passive plates (case B).[1%
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