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1. Introduction

Advanced tokamaks with negative cen-
tral shear can achieve significantly improved
energy confinement. However, to achieve
both high bootstrap current fraction and
sufficient [, high normalized beta, in excess
of the free boundary limit [1, 2] is required,
unless the cross section is very elongated or
the aspect ratio is very low. Stabilization
by nearby, ideally conducting walls can raise
the beta limit for external modes. However,
with a finitely conducting wall, resistive wall
modes (RWM) generally become unstable
on the time-scale over which eddy currents
in the wall decay. Non-axisymmetric RWM’s
can be stabilized by rotation, but this re-
quires uncomfortably high rotation veloci-
ties. A more promising approach is active
feedback. Experiments on feedback stabi-
lization of high-beta RWM are in progress
on the DIII-D tokamak [3], and theoreti-
cal analyses have been carried out recently
4, 5, 6, 7].

In this paper, we present results on feed-
back stabilization from toroidal stability cal-
culations. We also discuss controller de-
sign and compare the performance and ro-
bustness of optimal controllers with differ-
ent structures [7].

2. Toroidal calculations

We have added sensor and feedback coils
to the toroidal MHD stability code MARS
[5, 6]. The geometry of the feedback system
is shown in Fig. 1. The number of coils
in the toroidal direction is assumed large
enough so that the feedback current can be
described as a single n surface current. We
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Figure 1: Geometry of feedback control.

consider one single toroidal array of active
and sensor coils, located in the outboard
mid-plane.

The minor radii of the active coil, the
resistive wall, and the sensor loop are de-
noted by rs,7,, and r, respectively. The
poloidal width of the active coil is measured
by a@ = Ax/m (the fraction of half the cir-
cumference, subtended by the active coil).
In Fig. 1 the sensor loop detects the poloidal
component of the magnetic field. We call
this scheme bg-sensor feedback. The MARS
code can also simulate b,-sensor feedback,
where the sensor loop detects the radial com-
ponent of the magnetic field.

The MARS code can model proportional
current control, or a more realistic feedback
model, where the controller produces a volt-
age across the active coil. The transfer func-
tion of the plasma-wall system for current
control is denoted by P;(s). In addition, a
transfer function Ps(s) is calculated, repre-
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Bode Diagrams
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Figure 2: Bode plots of typical open loop
transfer functions Py (s) and P{(s) for b,
and by sensors. The same equilibrium and
feedback configuration are used as in Fig. 2.

senting a normalized, “loaded” self-inductance

of the feedback coil. Typically, these trans-
fer functions are rather simple and can be
approximated by low order rational func-
tions, or Padé approximations, derived from
a small number of MARS runs [5]. The re-
sulting process transfer function for voltage
control is [6]

Pl(S)

Gls) = 1+ s7Py(s)’

(1)

where 7 is the ratio of control system re-
sponse time to the resistive wall time.

Figure 2 shows the transfer functions P (s)

and P! (s) for b,- and bg-sensor feedback re-
spectively. The calculations were made for a
JET-like advanced equilibrium with ¢, =
1.6, g, = 3.4, normalized current Iy = 1.71,
low inductance [; = 0.61, and normalized
beta By =~ 4.7. The pressure is far above the
no-wall limit of By ~ 2.9, and the marginal
position for an ideal wall is r, = 1.3a. We
chose to place the resistive wall at r,, =
1.2a. We place active coils of width a = 0.5
at 7y = 1.3a, and small sensor coils in the
outboard mid-plane, just inside the wall.

It is easy to understand that the poloidal
sensor gives a larger response and smaller
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Figure 3: Magnitude of the critical gain
| K| versus the active coil width for the b,-
sensor (dashed lines) and by-sensor (solid
lines) feedback schemes.

phase lag at high frequency, wr, > 1, where
the wall acts almost like a perfect conduc-
tor. The Bode plot also draws attention
to the more important difference between
the poloidal and radial sensors at low fre-
quency. This can be understood by noting
that at low frequency, the plasma-induced
radial field [that opposes the feedback field,
since arg(P;) ~ —180°] is reduced by the
direct radial field of the feedback coil. No
such reduction takes place for the poloidal
sensors. This exemplifies a rather general
rule, that direct effects of the actuator sys-
tem on the sensor degrade control.

Figure 3 shows how the ”critical gain”
| K| (i-e., minimum |K| for complete sta-
bilization) depends on the poloidal width
of the active coil, assuming current control
7 = 0. The gain K is defined as the ratio of
the opposing radial field, at the sensor posi-
tion, generated by the active coil, to the total
field measured by the sensor (whatever the
orientation of the sensor). Figure 3 com-
pares b,-sensor feedback (dashed lines) us-
ing sensors rather close to the plasma (ry =
1.225a, 7" = 1.05a) and by-sensor feedback
(solid lines) with all the coils further away
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(ry = 1.3a,7% = 1.1875a). The critical pro-
portional gain for arg(K) = 0° and 30° and
both types of sensor is shown.

For both schemes, the optimal «, that
minimizes the critical gain, is about 0.55,
but poloidal sensors give a much larger range
of coil widths where the stabilization is pos-
sible. The b,-sensor also requires higher gain
than a by-sensor. We conclude that a by-

sensor is vastly superior to a b,-sensor for
RWM stabilization.

3. Controller design

For the design of robust controllers, we
considered a set of equilibria with ITER-
FEAT geometry, with parameters given in
Table 1. The no-wall limit of By is 2.55 for
Qmin = 3.5, and 2.39 for ¢, = 2.2.

EQ ¢mn On Iy Jos

1 35 3.05 133 0.87

2 35 371 1.39 1.00

3 2.2 3.90 2.03 0.74

4 2.2 495 2.11 0.90
Table 1: Four ITER-FEAT equilibria.

We studied two types of feedback coil
winding, broad strips and thin wires, which
give different self-inductance P(s). In the
case of broad strips, P,(s) is computed nu-
merically. In the thin-wire limit, Py(s) is

values often used are Jg = 1.7, and Jr =
1.3. The “control activity” connected with
measurement noise is quantified by J,
max, |K(jw)/[1+ L(jw)]|- A low-frequency
measure Jr = 1/K(0) is defined to mea-
sure the load disturbance compensation.
We designed controllers by minimizing
Jrr, with the constraints Jg < 2.0, Jr < 2.5
and J, < 8. Robustness was achieved by
considering all the four equilibria in Table
1. The optimization was performed for var-
ious 7 values, and the maximum 7 values
achieved are shown in Tables 2 and 3.
Several types of controllers were consid-
ered, including proportional K,(s) = k,,
PD controllers with additional derivative ac-
tion Kpp(s) = k(1 + Tys)/(1 + sTa/n) and
Ho controllers. There are a few different
approaches to obtain an optimal H,, con-
troller, and we implemented the so-called
Hoo loop shaping design technique [8], with
a weight function W(s). The weight func-
tion W (s) can be chosen to be Kp or Kpp,
we then obtain Hp or Hepp controller.
This type of controllers will, in some sense,
have optimal robustness (stability margins).

Ctrl. Ju JLF T Td n
Kp 28 0.71 0.5

Kpp 80 041 26 0.29 2.6
Hoor 80 096 3.5

Hoopp 8.0 130 4.0 3.6 6.8

dominated by the frequency independent con-  Tgple 2: Results for equilibrium 4 and G4

tribution from the near field, therefore, P (s)
= 1. The corresponding process transfer
functions (1) are denoted by G1(s) and G(s),
for broad strips and thin wires, respectively.
The goal of the control design is to find a
controller K (s), such that the system, with
the closed loop transfer function L(s) =
K (s)G(s) satisfies certain performance cri-
teria for all the equilibria. The first perfor-
mance criterion is the stability margin Jg =
max, [1/[1 + L(jw)]|, which must be small
enough. The second stability margin Jr =
max,, |L(jw)/[1 + L(jw)]| restricts the over-
shoot of the system time response. Default

(broad strips).

Ctrl. Ju JLF T Td n
Kp 1.8 1.1 0.09

Kpp 80 1.2 096 0.75 9.5
Heorp 80 1.0 0.85

Horp 80 1.3 094 099 2.0

Table 3: Results for equilibrium 4 and Go
(thin wires).

From the tables we note that broad con-
ductors (G1) can handle about 3 times longer
response time than thin wires (G5). This,
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plus the lower inductive voltage produced
by broad strips, makes them clearly supe-
rior to thin wires for RWM control. Next,
the trade off between 7 and the degree of
freedom in the P and PD controllers can be
noted. By using three tuning parameters,
instead of one, 7 can be increased signifi-
cantly. The PD controller reaches 7 within
20-30% of the H., controllers.

As might be expected, the limitation in
7 comes from the fourth equilibrium with
the highest pressure (more than twice the
no-wall limit). An important conclusion is
that a controller that works at a certain
pressure is well behaved also at lower pres-
sure, with the same 7 value. Therefore, con-
trollers do not have to be modified dynami-
cally. Somewhat surprisingly, the controller
optimized for the fourth equilibrium cannot
handle longer response times for the other
equilibria with lower pressure.

However, if we disregard the high-pressure
equilibrium, the controller may be reopti-
mized for longer response times. We opti-
mized controllers for the third equilibrium,
which exceeds the no-wall beta limit by 63%.
For the three first equilibria, the optimal PD
controller satisfies the performance criteria
for 7 up to 5.4 (broad strips) and 2.1 (thin
wires). For the Hopp controller, the limits
to 7 are 10.3 and 2.4, respectively.

4. Summary

We have formulated and studied the con-
trol problem for non-axisymmetric resistive
wall modes in tokamaks. The open-loop
transfer function for the plasma-wall sys-
tem is constructed from toroidal stability
calculations. Poloidal sensors were found to
be clearly better than radial sensors. With
poloidal sensors placed just inside the wall
and feedback coils outside, robust RWM con-
trol can be implemented and work well, for
reasonable time constants, even far above
the no-wall beta limit. In the future, we
plan to analyze tokamaks with double walls,

as proposed for ITER-FEAT, to see under
what circumstances a feedback system with
the sensors between the two walls will work.
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