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1. Introduction For reversed field pinches (RFP’s) the control of MHD modes is a
very important issue. In RFX, encouraging results have been obtained by applying an
external m = 0 perturbation to induce rotation of the locked modes|1]. Here we analyze
the problem of linear feedback stabilisation of the nonresonant modes in a RFP, in the
presence of a resistive wall surrounding the plasma.

We generalize the calculations of Fitzpatrick and Yu [2], to include discrete coil
effects in the poloidal direction and treat a system of M, (poloidal)x N, (toroidal) coils
and sensors pairs. The stability and robustness is analyzed for different geometries of
the system (number and dimension of coils), and for different feedback signals (sensor
measurements of radial, poloidal and toroidal magnetic field perturbation).

We will first use a simple proportional current control scheme, in which the applied
current in the coils is proportional to the perturbation measured at the sensors. The
analysis of the stability of the feedback scheme is based on the Nyquist stability criterion
and requires knowledge of the transfer function between the current in the coils and the
magnetic field at the sensor to be known. In many cases the stabilisation is possible with
proportional gain K, only in some window K, yin < K, < K nqz- The lower and upper
limits depend on the geometry and on the type of sensor. Preliminary results from the
more realistic model of voltage control are also reported.

2. Plasma and feedback system. We consider a cylindrical plasma of radius a with
periodicity 27 R along the axis and aspect ratio R/a = 4. The plasma is surrounded by a
resistive wall with radius r,, = 1.1a and 7,, = 50ms is the decay time for an m = 1 shell
mode. The mode spectrum has been determined for an ideal plasma with zero pressure
and for two different equilibria, respectively low-© (F' = —0.2, © = 1.58) and high ©
(F = —0.88, © = 2.07). The study only regards the stabilisation of the unstable m =1
nonresonant modes, —6 <n < +3 and n = —7,+1 < n < +4 respectively.

A set of M, x N, equidistant feedback coils is placed at r; = 1.25a. The coils are
modeled as thin wires and a design parameter that has been considered is the coil angular
dimension Af x A¢. The sensors are located with similar angular distribution on the
resistive wall, centered on the geometrical axis of the coil, and can measure the perturbed
radial, poloidal or toroidal fields. Radial small sensors measure the radial local field while
radial wide sensors measure the average field on the angle subtended by the companion
coil. For the poloidal and toroidal sensors, we have considered measurements both on
the internal or external side of the wall.
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3. Current control. We analyze the independent control of each of the Fourier com-
ponents in the perturbation as superposition of signals from the different sensors. To
determine the transfer function for the magnetic field measured at the sensor by, due to
the current in the feedback coil I, we will use the same procedure as in [3, 4].

The electromagnetic model involves the A’ values at the resistive wall (for a plasma
in absence of feedback) and standard matching conditions at the resistive wall r = r,
and feedback coil radius r = ;.

For each Fourier component the magnetic field at the sensor b;,, can be related to
the currents in the coil by introducing the surface current density VJy x 7:
where b/ is the magnetic field at the coils surface r = r;, produced by only the currents
in the coil. We observe that the finite number of sensors and coils give rise to so called
sideband effects [2, 4]. The Fourier decomposition of the measured signal can not decou-
ple the information of modes with mode numbers separated by multiples of the number
of coils M, and N,.. Similarly, each single current harmonic in the coils generates an
infinite number of harmonics with mode numbers separated by multiples of the number
of coils. The final transfer function for the (m,n) Fourier component, normalized to be
adimensional is

Ta by, s
Pl,mn =77 = Z Z Sm’n’Mm'n'Cm’n’Fm’n’
0 Imn m/'=m+IM., n’=n+pN,

where S and F’ are shape factors for the sensors and the coils and the summation includes
all the sidebands of the mode (m,n). In the following we will neglect the indexes (m,n)
in the notation. The characteristic equation for the system is 1 + K(s)P;(s) = 0, where
K (s) is the gain of the controller. The system is stable if all the roots of the characteristic
equation lie in the negative half-plane. The Nyquist stability criterion implies that when
there is one unstable RWM for the chosen (m,n), the system is stable if the plot of the
transfer function P (jw) with —oco < w < 0o encircles counterclockwise the point (—1,0)
in the complex plane. In general this will happen only for a limited range of values for
the gain.

To avoid more than one unstable pole in Pj(s), the control system must not couple
two unstable modes through the sideband effect. This imposes a lower limit in the
number of coils. For the two equilibria we have examined with rather different ©, it is
necessary to have M, > 3 and N, > 11 to avoid the coupling of two nonresonant mode.
We also require that the system should not couple the mode we are trying to stabilise
to any of the (resistive) internally resonant modes, the dynamo modes. This is achieved
if M, =4 and N, = 24.

Overlapping the coils can slightly decrease the required gain for the stabilisation but
it is not considered a practical solution. The best solution in terms of minimum gain
is therefore with coils covering completely the wall surface without overlapping. All the
types of sensor can in principle be used if the gain is chosen appropriately. Fig.1 shows
Nyquist plots of P;(iw) with 0 < w < oo for all the different types of sensors and the
most unstable mode, m = 1,n = —6. For this case the stabilisation with a radial wide
sensor (rw) requires the highest gain. Particular care must be taken in choosing the gain
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for the external poloidal and toroidal sensors (p+ and t+). The gain is limited both
from below and above. In the following we will not consider these sensors.

We have studied the critical gain as function of the toroidal width of the coil Ad¢y,
when the poloidal amplitude of the coils has been fixed, Af; = 90°. We find that for
small radial and toroidal sensors, the gain is limited also from above for some modes.

Fig.2 shows the limiting curves for the critical .

gain as function of A¢; for both equilibria. The osl

lower and upper limit curves are built by consider- oo

ing the most stringent condition imposed by all the sl N o

unstable modes. The lower limit for the gain is gen- 7 |

erally set by the most unstable mode. For non over- S N

lapping coils (A¢ < 15°) the poloidal and toroidal S

sensors can operate within a larger range of values for 2 S /‘,
the coil width than the radial sensors. Furthermore, 25 I
poloidal sensors have the advantage of not present- e ST T T T T o s

ing an upper limit K., to the gain for any of the HEie

coil widths. But in practice the toroidal sensors are
preferred due to the more favourable signal /noise ra- loop transfer function for radial
tio in an RFP. In general there exists a window in sensors, small (dotted) and wide
coil width where each of the sensors can stabilise all (dashed), internal and esternal

Figure 1: Nyquist plots of open

the modes if the gain is chosen appropriately. poloidal (solid) and toroidal (dash-
dotted) sensors.
5. Voltage control. We have also consid- 2 b

ered a more realistic control system, in which
the voltage measured at the sensor is fed back
to the system and controls the voltage applied >
to the coil, Vy(s) = —K(s)V;. The controller
K can also have a derivative and an integral
action: 0

Ki STd +1
K(S) = (Kp + ?> W(S), W(S) = m 10
The parameters in the controller have been op- 6
timized in order to stabilise the system with o,
the lowest applied voltage and by satisfying re- 2
quirements on the stability and robustness of 0

the control.

We combine the electromagnetic models in
[3, 4] to determine the loaded self inductance Eigure 2: Minimum ( solid line) and maz-
Llpaded of the feedback coils taking into account MU (dashed line) gain K necessary to
currents induced in the plasma-wall system. The stabilise all the modes, as function of the
standard self-inductance L(} is known from mea- torotdal width ,Of tﬁe coils, for .(a) 7_"adml
surements. small, (b) mc'lzal u'ﬂde, (¢) poloidal inter-

The transfer function Py(s) can be intro- nal, (d) toroidal internal sensors. Bold

i ) lines refer to the equilibrium © = 1.58 and
duc.ed by' defining the total flux linked to the . . . o — 907
active coil as

Pr(s) = LP*0 = (LG + LI = Py(s) L3I
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where [ is the current in the coil. If the distance between the feedback coils and the wall
is increased then P, — 1.

0
The total transfer function will finally be i
determined by considering the voltage across =
the feedback coil 10 J
Vi(s) = s¢s(s) + Bl = —K(s)Vi(s) (1) .
where R is the coil resistance and the voltage ~ 4l
at the sensor is Vi(s) = sths(s) = sPi(s) LY. -15, v : v )
With 7; = L}/R; the characteristic time of 0.4
the coil, the total voltage-to-voltage transfer B ool
function becomes w”
P(s) = 7_fSPl(S) K 05 time1/rw o 2

1+ Tp8P(s)

and the characteristic equation of the closed Figure 3: Time evolution of the feedback

loop system is 1 + K (s)P(s) = 0. As in [3] we Uolt.age V¢, current I.f in the coil and mag-

assume that the controller is switched on when <% ﬁ eld P erturbatz'on Bs at the SENSOTs:
. The time is normalised to the wall time.

the sensor signal exceeds a chosen threshold

value by and a reasonable value in RFX would be about 0.3mT.

In RFX, 7¢/7, = 0.1 implies that the voltage is mainly resistive in the active coil.
This makes it possible to use a simple integral controller, K; # 0, K, = 0 and W = 0.
Note that in this situation, the role of K; and K, could be exchanged if instead of the
sensor voltage we had used a magnetic field measurement. Fig.3 shows the time evolution
of feedback voltage, current and magnetic perturbation for the poloidal sensor case. The
mode considered here is the most unstable (m = 1,n = —6) for the low-© equilibrium.
The peak value of the voltage, V.. = 10V, can be reduced if the requirement on the
settling time (the duration of the transient) is less stringent. The minimum peak voltage
for this case is about 5 Volts (with twice the settling time) and is limited by a constraint
on the stability of the controller. We have adopted a standard control criterion that
should guarantee sufficient stability. The shortest distance from the loop K (jw)P(jw)
to the instability point (-1,0) is here lower bounded by 0.5.

The controller optimization is in progress for all the different sensors. More complex
controller could for instance enlarge the operational window in A¢; for toroidal sensors.
Further work will be made to apply the theory to the RFX control system.
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