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Abstract
Active feedback stabilization of the vertical instability is studied for highly elongated
tokamak plasmas (2 < K < 3), and evaluated in particular for the TCV configuration.
It is shown that the feedback can strongly affect the form of the eigenfunction for these
highly elongated equilibria, and this can have detrimental effects on the ability of the
feedback system to properly detect and stabilize the plasma. A calculation of the vertical
displacement that uses poloidal flux measurements, poloidal magneticfieldmeasurements,
and corrections for the vessel eddy currents and active feedback currents was found to
be effective even in the cases with the worst deformations of the eigenfunction. We also
examine how these deformations affect differently shaped equilibria, and it is seen that
the magnitude of the deformation of the eigenfunction is a strong function of the plasma
elongation.
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1.

Introduction
Elongation and shaping of the plasma cross section has long been understood to be a way

to achieve improved beta limits and confinement in tokamaks [1,2]. Experimental results
have shown that obtainable beta values can be significantly increased by the optimization of
plasma shape [3]. However, highly shaped tokamaks are plagued by a dangerous vertical,
or axisymmetric, instability. Therefore, the feedback stabilization of this instability in
tokamaks has been the object of considerable study [4-8].
It has been shown [7,8] that elongated plasmas being stabilized against the vertical
instability by feedback will have egenfunctions that are modified to minimize the energy of
the system of the plasma and feedback together. These modifications in the eigenrunction
are such that the effectiveness of the feedback system is reduced. In the case of passive
feedback by a set of conductors [8] it was seen that the eigenfunction of the partially stabilized plasma was modified such that the eddy currents in the given set of conductors were
reduced, compared to those that would result form the original form of the eigenfunction
(with no wall or a uniform wall). This is especially important for conductors localized
in one area near the plasma. If the conductors are moved to another location the eigenfunction will again be modified to reduce the stabilizing eddy currents in that conductor
configuration. In the case of active feedback [7,8] it was shown that the eigenfunction could
be modified such that the perturbed flux signal at the location of the detectorsforthe feedback system was reduced. If the flux-loops were moved it was seen that the eigenfunction
would be modified in a different way, which again would reduce the signal. In some cases,
this could happen to such an extent that the signal was reduced to be insignificant, and
the feedback system was rendered ineffective.
We shall see that highly elongated equilibria are subject to the same deformations of
the eigenfunction with respect to the detector position, as described above, but also to
a deformation of the eigenfunction, which is induced by the particular active feedback
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coil configuration. These types of deformations are most often insensitive to the positions
of the magnetic detectors, but rather are determined by the arrangement of the active
feedback coils. However, these deformations can have a strong effect on the ability of
the magnetic detectors to effectively measure vertical displacement as part of a feedback
system. We will see that in these highly elongated tokamak equilibria the eigenfunction
can be modified to such an extent that it is no longer dominated at the plasma edge by the
m = 1 component, but instead by a higher-m component. This does not necessarily reduce
the ability of the active coil set to stabilize the plasma, but it can make the detection system
ineffective, depending on the nature of the magnetic measurements and the deformation of
the eigenfunction.
In this paper we study the active feedback of highly elongated plasmas (2 < K < 3)
in the TCV [9] design configuration. We perform these calculations using the NOVA-W
code [10]. NOVA-W is a linear MHD stability code which includes resistive conductors
and an active feedback system in the vacuum calculation. The NOVA-W code has recently
been improved to include several new features in the calculation: active feedback coils
inside the vacuum vessel, an arbitrary combination of multiple poloidal Mux and poloidal
magnetic field {Bp) measurements, plus corrections due to active coil currents and vessel
eddy currents to give the magnetic measurement of vertical displacement. These features
are necessary in order to perform general studies of the TCV vertical feedback control
system. We shall demonstrate that a calculation of the vertical displacement that uses a
combination of these measurements and corrections is effective in spite of large deformations
of the eigenfunction.
This paper is organized as follows. The following section describes the TCV vertical
feedback configuration and the equilibrium used in this study. Section 3 describes the
deformable plasma results using the TCV configuration. Cases are presented showing how
the deformability can depend on detector position, but it is seen that the configuration
of active coils determines the deformation in most cases. In Section 4 we show how the
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defbrmable plasma effects are a function of the plasma shape, and how they are much less
significant for equilibria of more moderate shape than for the fully elongated TCV plasmas.
In Section 5 we conclude and summarize our results.

2.

The TCV Configuration
Figure 1 shows a cross-section of the TCV vacuum vessel, active feedback coils, flux

loops and Bp coils, and the fully elongated TCV equilibrium used in this study. Also shown
are the contours of perturbed plasma flux for this equilibrium without activefeedback.This
equilibrium, which we will use throughout Section 3, is a standard "TCV dee" equilibrium.
The shape of the plasma-vacuum boundary [II] is described by:
J*/a = j4 + cos(0 + 6sin0 + Asin20) , Z/a=*sin0

(1)

The TCV dee shape has A - 3.67, K = 3, 6 = 0.5, A = 0.2, and a = 0.24 m. Here, A is
the aspect ratio, K is the elongation, 6 is the triangularity, and A is a squareness parameter
that modifies the shape of the tips, e.g., A > 0 makes the tips broader. The equilibrium
has an internal inductance given by U = 0.53, where

Using the G.A. definition, this equilibrium has /<(G.A.) = 0.82, where
k{GA)

(VfsB,diF

(3)

This particular equilibrium has a growth rate in the absence of active feedback (and
without the additional passive stabilization from the internal coils) of 7 s» 2100 s - 1 . This
is quite close to the the maximum growth rate which we believe can be stabilized using the
TCV feedback system. (The time constant for theTO= 1 eigenmode of the TCV vacuum
vessel is approximately 8 ms.)
4

TCV has 2 activefeedbackcoils inside the vacuum vessel and 16 active coils outside the
vessel. The two internal ooils are driven by a fast power supply with a response time on the
order of 0.2 ms. The external coils have power supplies which respond on a slower (1 ms)
time scale, but are more powerful, so that they will provide the long term stabilization.
The external feedback coils are all independent and may be used in any combination with
arbitrarily weighted voltage.
We use a two-time-scalefeedbacksystem [12] using both the internal and external active
coils. The voltage applied to the internal coils is equal to some gain (proportional plus
derivative) multiplied by a measure of the vertical displacement, 62, which is composed of
a combination of perturbed flux and Bp measurements. The voltage applied to the external
coils is proportional to the current in the internal coils. Thus,

V^^aJZ +

ftSZ

VT = <V~

(4)

(5)

The internal coils provide the fast response necessary to stabilize these highly elongated
plasmas, but they have power limitations, so this two stage system allows the current in
the fast internal coils toreturnto zero by replacing their stabilizing force by that of the
more powerful, but slower, external coils.
One can also define a second level of feedback [12] in which a desired current in a
feedback coil is defined

tp^ctfZ +

foZ

(6)

and the necessary voltage applied to the coil is given by

V,-GWJf-Ji),

(7)

where h is the actual coil current. However, for most of the calculations in this paper we
will use active feedback as defined by Eqs. (4) and (5).
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We are considering here the problem of the deformation of the eigenfunction induced by
the active feedback system, and the effectiveness of the magnetic detection system in such
cases. Therefore, we will not perform a detailed study of the optimization of the gains in
Eqs. (4) and (5). We keep the ratio of 0,/a, fixed at 0.02 s and Gkj = 0.0025V7 V/A for
all the cases considered here, where VJ" is a weighting factor that may vary for the different
external coils.
The magnetics measurements are composed of a combination of poloidal flux measurements from 38 flux loops just outside the resistive wall (shown in Fig. 1 by an 'X') and
poloidal field measurements from 38 B^-coils just inside the vacuum vessel wall (each is
marked by a :c'). These measurements are combined in a weighted sum [13] to determine
the vertical displacement 6Z:

IJZ = J > 6 ^ + ZbjBj + 5>*/ fc + Y.**i>i
i

j

k

(8)

l

where 6& are the perturbedfluxmeasurements, 6Bj are the poloidalfieldmeasurements,
61k are the active feedback coil currents, and the terms di&^i account for the effect of the
eddy currents in the Zth vessel element.
We consider detection systems ranging from a single pair of flux loops and/or Bpcoils (without corrections from coil currents) to the full combination of measurements of
Eq. (8). Here we reference the flux-loop,flp-coilpairs (which are up-down symmetric about
the midplane) from #1 at the inboard midplane to #20 at the outboard midplane. The
numbering sequence is shown in Fig. 1.

3.

D e f o r m a b i e P l a s m a Effects
The NOVA-W code decomposes the plasma displacement such that the eigenfunction

is represented by a sum over the poloidal harmonics:
^ « f Vtf « £ ^ e x p ( i m e ) .
m

6

(9)

Here, ^ is the poloidal flux, 6 is the poloidal angular variable corresponding to the equalarc-length, straight-field-line coordinate system. When we talk of deformations of the
eigenfunction, we refer to variations in the poloidal hannonics (*..

In particular, we

usually plot the ratio of the m * harmonic to the m — 1 harmonic, & M / € * I , at the plasma
edge, as a simple way to illustrate the changes in the eigenfunction due to the influence of
the feedback system.

3.1. Deformation of the Eigenfunction Determined by Detector Configuration
We first consider a case that demonstrates the effect described in Ref. [8], i.e., the
modification of the eigenfunction of a plasma undergoing activefeedbackstabilization when
the magnetic detectors are moved. We consider the K — 3 TCV dee equilibrium described
above, and we use an active feedback system consisting of only two active coils external
to the vacuum vessel and on the outboard side located at (X,Z) = (1.30, ±0.775). Hie
vertical displacement is detected by the flux difference of a single pair of flux loops, which
are symmetric about the midplane. We move the flux loops slightly to see how the behavior
changes.
Figure 2 shows the configuration with the two different sets of flux loops. Shown are the
contours of zero-flux at three different values of gain (dot-dash, dashed, dotted, respectively,
with increasing gain) for the two configurations. In the case shown in Fig. 2a—flux loops
located at {X, Z) = (0.60, ±0.772)—we see that the zero-flux contours approach the flux
loops as the gain is increased, thereby making them ineffective. Figures 3a and 3b show the
evolution of the different components of the eigenfunction with increasing gain for the case
where the flux loops are located as in Fig. 2a. We see that there is a sharp reversal in the
evolution of the components ^m/^i

with respect to gain in Fig. 3. This point corresponds

to the stage in the evolution where the zero-flux contour begins to move towards the flux
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loops in Fig. 2a.
In Fig. 2b we see the difference in the behavior when the flux loops are moved just
8 an towards the midplane, to the new location at (X, Z) = (0.584, ±0.690). The zero-flux
contours in Fig. 2b move continuously away from the flux loops with increasing gain—
compare this to the behavior of Fig. 2a where the eigenfunction changes such that the
zero-flux contours move towards the flux loops. Figures 4a and 4b show the evolution of
the different poloidal harmonics of the eigenfunction and the growth rate for this second
case. We see that the eigenfunction evolves in a completely different way from the first
case.
Also plotted in Figs. 3a and 4a is the normalized, measured signal at the flux loops 6x for
the two cases. In Fig. 3a we see that the perturbed flux signal reaches a maximum and then
decreases. Eventually the signal decreases at the same rate that the gain increases. From
this point onward the growth rate 7 stays constant because the feedback system is unable
to further stabilize the instability. The point at which the perturbed flux signal begins to
decrease corresponds to the point where the components £#m/€*i of the eigenfunction begin
to undergo a sudden and rapid change. Clearly, in this case, there is a strong modification
of the eigenfunction which reduces the measurable flux signal at the flux loops.
Figure 4a shows a completely different evolution in the perturbed flux signal. It increases, then levels off somewhat, but continues to increase slowly. The flux loops are
adequate to measure the signal in this case. Even though we see that the eigenfunction
in Fig. 4 is strongly modified with increasing gain, it does not cause a limitation of the
measured signal. Also, the evolution of the eigenfunction shown in Fig. 4 is not affected by
moving the flux loops further towards the midplane on the inboard side. Apparently, with
the flux loops at these locations, it is no longer energetically favorable for the eigenfunction
to undergo a strong modification that would reduce the measurable flux signal at the flux
loops as in the first case. However, the eigenfunction is seen in Fig. 4 to be undergoing
a very strong modification, but one that does not reduce the flux signal—in fact, the flux
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signal increases steadily. It is interesting to remember that this impressive difference in
the behavior of the eigenfunction for these two cases is due to a movement of the flux-loop
position by only 8 cm.

3.2. Deformation of the Eigenfunction Determined by Active Coil Configuration
3.2.1. Active feedback using A small number of coils
We show here that the configuration of, and the weighting of currents in, the active
feedback coils can induce a particular deformation in the eigenfunction. For a system with
active coils that are not far away from the plasma compared to the magnetic detectors,
we see that the deformation is not a sensitive function of the detectors' position. This
deformation is not necessarily detrimental, but, depending on the configuration of magnetic
detectors used by the feedback system, it can have a serious effect on the ability of the
feedback system to stabilize the plasma.
Let usfirstreconsider the case shown in Fig. 4, which shows a very large deformation
of the eigenfunction, but no reduction in the flux signal. We see from Fig. 4 that the
eigenfunction is modified such that the m = 2 component changes sign and then grows in
magnitude until it dominates the m = 1 component at the plasma edge. Figure 5 shows the
complete set of perturbed flux contours for this case at the marginally unstable point. The
m = 2 component at the edge is about —1.27 times the m — 1 component at this gain value.
The perturbed flux contour plot shows a large deformation that bulges towards the inboard
side and the zero-flux contour in contact with the plasma boundary. This deformation in
the perturbed flux reflects the m = 2 dominance of the modified eigenfunction. Comparing
Fig. 5 to Fig. 1 (no feedback) one sees that the character of the instability is completely
different from the passive case.
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If the active feedback coils are moved from the outboard side to the inboard side (see
Fig. 1), and the flux loops are moved correspondingly from the inboard to the outboard
side, the deformation of the eigenfunction with increasing gain behaves similarly, but the
sign of theTO= 2 component is opposite. In other words, €*2/€*i remains positive and
increases in magnitude to values of roughly equal magnitude as in Fig. 4. likewise, the plot
of perturbed flux contours shows a deformation in which the flux bulges to the outboard
side, but with the same m = 2 character as in Fig. 5.
As a second case let us consider a feedback system using two pairs of active coils—one
pair inside the vessel on the outboard side and one pair outside the vessel on the inboard
side. We use the feedback law described in Eqs. (4) and (5). The configuration of coils
and detectors is shown in Fig. 7. (Note that if we use the internal coils and a single pair of
external coils on the outboard side we get behavior quite similar to that shown in Figs. 4
and 5.)
Figure 6 shows the evolution of the various poloidal harmonics of the eigenfunction with
respect to increasing gain. We see that in this case the largest variation is in theTO= 3
component. This component increases greatly in magnitude until it dominates at the edge.
TheTO= 2 and m = 4 components vary slightly, but their variation is relatively small
compared to that of theTO= 3 component.
Figure 7 shows the contours of perturbed flux for this case. The deformation of the
eigenfunction in comparison to Figs. 1 and 5 is dear. It shows the domination of the m = 3
component to the eigenfunction by the outward deformation in the perturbed flux on the
inboard and outboard sides and the inward deformation at the top and bottom.
These large deformations of the eigenfunction, such that it becomes dominated byTO= 2
orTO= 3 harmonics, do not necessarily keep the feedback system from stabilizing the
plasma. Figures 4 and 6 show that the plasma is indeed stabilized using this combination
of active coils and flux loops.
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3,2.2. Active feedback using the full set of coils
Next we consider afeedbacksystem where we use all the available active feedback coils.
The internal and external coils are used together as described in Eqs. (4) and (5), and the
external coils are all given equal voltage weighting. If we use the complete magnetic detection system with corrections described in Eq. (8), the plasma is easily stabilized with this
feedback system, since the total magnetic signal is nearly unaffected by the deformation.
Bees 'se of the uniform weighting of the coil voltages, there is not any dominance, nor any
large variation, of a particular component of the eigenfunction for this case.
Nevertheless, there is a clear deformation induced by the active coils in this case which
is illustrated by the plot of the perturbed flux contours in Fig. 8. There is a characteristic
deformation of the perturbed flux, which is seen by comparing Figs. 1 and 8, whereby there
is an indentation near the internal coils, and consequently there is a slight outward bulge
in the perturbed flux contours on the outboard side between the internal coils and the
midplane. There is also a large bulge in the perturbed flux contours at the top and bottom
of the plasma.
It is apparent from the fact that the zero-flux contour in Fig. 8 lies so close to most of
the flux loops that most pairs of flux loops if used by themselves would be ineffective. An
example of an effective single pair of flux loops is pair #17, because the outboard bulge of
the perturbed flux increases the measurable signal at the nearby flux loops. We find that
the evolution of the eigenfunction and the growth rate vs. the normalized gain due to active
feedback is virtually the same when flux-loop pair #17 is alone used as when the complete
set of flux-loop and Bp-coil measurements is used for this case. In this case one could take
advantage of the deformation in the eigenfunction due to the influence of the internal coils
to use flux loops that would be quite ineffective without this deformation. The flux-loop
pairs that are effective when used by themselves are at positions #10, #11, #17, #18, and
#19.
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If the measurement from the corresponding pair offl^-coilsis added to the measurement
from a single pair of the flux loops, the combination is effective for most of the pairs.
However this is not true in all cases, and one must still be careful in choosing the location
of the flux-loop, 5p-coil pairs. In some cases the sum of a negative flux measurement plus
a positive Bp measurement yields a null signal. The ineffective locations for the flux-loop,
Bp-coil pairs are at positions # 7 , #8, # 9 , #12, #13, #14, and #15.
Next we consider a different weighting of the active feedback coil set. The voltage
weights on the external coils are weighted in proportion to the vertical distance from the
midplane, and the outboard coils are given a stronger weight compared to those on the
inboard side by a factor of about 3.5. This results in the active feedback coils generating
a more uniform raidal field inside the vacuum vessel than in the previous case.
The variation of the poloidal harmonics, growth rate, and measured signal are shown in
Figs. 9a and 9b. Because of the weighting of voltages of the feedback coils in this case, there
is a significant deformation of the plasma eigenfunction. In particular, there is a sharp drop
in f^/fvi beginning at a normalized gain value of about 4 x 10~*. Examination of the
normalized signal, however, shows that this deformation has little effect on the measured,
corrected signal \6Z\ and therefore stabilization is achieved. Figure 10 shows the perturbed
flux contours at the marginal stability point for this configuration. It can be seen that
if only a single pair of flux loops or flux-loop, Bp-co\\ combination (without corrections)
is used then most detectors on the outboard side would be ineffective, while most on the
inboard side would be reasonably effective.
Clearly, one really desires a combination of magnetic measurements that is effective
independent of the equilibrium and the details of the weighting of the currents in the active
coils. For this reason we propose to use a combination of poloidal flux and poloidal field
measurements, plus corrections due to active coil currents and vessel eddy currents as in
Eq. (8). This has been found to be completely effective for all active feedback configurations
tested so far in spite of the large deformations of the eigenfunction that sometimes occur.
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4.

Effect of Plasma Shape on Deformability
It is clear that in the most highly elongated (K = 3) TCV equilibria the active feedback

system can induce large deformations in the eigenfunction. We will consider how the
eigenfunction is affected by activefeedbackin equilibria with more moderate shaping. We
will see that these deformations are still present in the eigenfunction at lower elongation,
but that these deformations become less significant as the elongation is reduced. One
also sees that the deformation couples to other harmonics for the case with the highest
elongation (K = 3), but that this coupling is greatly reduced at lower elongation.
As we are now considering the relation between the deformability and the plasma shape,
we would like to keep the relation between the equilibrium shape and the feedback system
as consistent as possible. Therefore, we will not use the TCV wall and coil configuration as
in Section 3. But rather we will use a resistive wall for each equilibrium which is a function
of the plasma shape, and the position of the active coils will also be chosen as a function
of the shape.
In particular, the shape of the resistive wall is taken to be that of the plasma surface, but
with the minor radius increased by some factor. We consider equilibria at four elongations,
K = 1.75, 2.0, 2.5, 3.0. For the K = 3 equilibrium we have a wall expanded by a factor of
1.2 from the plasma surface. Since we are considering the variation in the eigenfunction vs.
the eigenvalue, or growth rate, we want the passive growth rate (i.e., no active feedback)
to have the same value for all three cases. Therefore we adjust the expansion factor of the
resistive wall for the cases with K < 3, so that they have the same passive growth rate. As
is turns out, the degree of deformation is not a strong function of the passive growth rate,
and thus the deformation of the eigenfunction vn&sr active feedback is nearly identical for
the different resistive wall distances.
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4.1. Active Feedback Induced m = 2 Deformation
First we consider a case with a single pair of active feedback coils on the outboard
side at X = 1.20 m, whose vertical positions are such that the coils are level with the
top and bottom of the plasma. The flux loops are placed in an effective position, where
their location was chosen to have no effect on the deformation of the eigenfunction. This
is similar to the case described in Fig. 4. In that case it was seen that there was a very
large enhancement of the m = 2 component by the feedback system.
We use the generic prescription for the resistive wall and the active coil placement as
discussed above, and compare the evolution of the m = 2 and m = 3 harmonics for these
four equilibria of differing elongation. Figure 11a shows the evolution of ratio &2/&1 vs.
7r for the four cases, and Fig. l i b shows the same evolution for fa/fat. We plot these
quantities vs. growth rate because this gives the best comparison of the harmonics of the
eigenfunction with different amounts of stabilization. Therefore the direction of increasing
gain is towards the left, i.e. towards reduced growth rate. Recall that the wall is adjusted
so that all cases have the same passive growth rate.
We see in Fig. 11a that there is a significant enhancement in the m — 2 component for
the highly elongated plasmas. For the K = 3 case the m = 2 component near the edge is
larger than the m = 1 component by a factor of 2. For the K = 2.5 case this enhancement
is smaller, but the eigenfunction at the edge is still dominated by the m= 2harmonic. For
the n = 2 case there is still clearly a noticeable effect on the ratio ^ 2 / ^ 1 due to the active
feedback, but it is greatly reduced from that of the K = 2.5 and « = 3 equilibria. Finally,
the AC = 1.75 case shows an even smaller modification of the eigenfunction than the « = 2
case with the ratio €^2/^1 never being greater than 0.5. It is dear that the deformation
due to the active feedback is strongly increasing with elongation, even for these cases in
which the passive growth rate is the same.
Figure l i b shows the variation in the ratio 6*3/^1 f° r these same cases. For the « = 3
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case there is a strong deformation of the m = 3 component as well, which approaches 90%
of the m = 1 component at the edge for the highest feedback gains. The effect of this active
feedback configuration on the m = 3 component is much weaker for the equilibria of lower
elongation. For the K = 2.5 case the ratio &3/&1 increases only slightly with increasing
feedback. For the « = 2 case there is a very slight decrease, but hardly any change due to
the feedback. For K — 1.75 there is a slightly larger, but still very small, decrease in the
value of fvrf/fynWe can get a better idea of the deformation by looking at the perturbed flux contour
plots. Figure 12 shows the plots of perturbed flux for three equilibria of different shapes
(K = 2.0, 2.5, 3.0) at the marginal stability points of the corresponding three curves of
Fig. 11. It is useful to compare these plots to those shown in Fig. 13 for the same three
equilibria, but without any active feedback.
In Fig. 12 we see how the perturbed flux contours of the plasma are strongly pushed
towards the inboard side, corresponding to the strong variation in the m = 2 component
seen in Fig. 11. The decrease in the magnitude of the deformation with decreasing elongation is clear. For the K = 3.0 case, we see that the zero-flux contour (dotted) actually
extends slightly inside the plasma. This means that there is a small region within the
plasma (outside this contour) where the perturbed flux has reversed sign. The contours of
perturbed flux inside the plasma are seen to be strongly deformed. At K = 2.5 the deformation is reduced somewhat, with the zero-flux contour close to the plasma edge, but entirely
outside. The deformation of the K = 2.0 case is still noticeable, with the plasma contours
shifted towards the inboard side, but they are not nearly as affected by the feedback as the
more highly elongated cases.
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4.2. Active Feedback Induced m = 3 Deformation
Now we alter the configuration slightly by adding a pair of coils on the inboard side
at X = 0.50 m, at the same vertical position as the outboard pair. This is similar to the
last case of Section 3.2.1 (see Figs. 6 and 7) in which we saw a very large deformation due
to an enhancement of the m = 3 component by the feedback system. Therefore we will
examine the variation of particularly the m = 3 component with increasing feedback using
this configuration for the same four equilibria used above.
Figure 14a shows the variation of the ratio f*3/f*i vs. the growth rate for the four
equilibria of differing elongation as they are stabilized by thefeedbacksystem. For the K = 3
case we see a very large deformation in the eigenfunction reflected by the enhancement of
the m — 3 component which dominates the m = 1 component by almost a factor of 2 at the
highest feedback. Again, the equilibria at lower elongation show a smaller deformation—
much smaller in this case. Already, even at K = 2.5 the eigenfunction is affected by the
feedback to a much smaller degree; Z+afai never exceeds 0.6. At an elongation of « = 2
or smaller, the m = 3 harmonic is not strongly affected at all by the feedback.
Figure 14b shows how ^/iti

is affected by this feedback system. In this case we see a

fairly significant effect on the m = 2 harmonic for the « = 3 equilibrium, just as we saw a
strong effect on the m = 3 harmonic for this equilibrium in the previous case. There seems
to be a fairly strong coupling between these harmonics at high elongation. For the lower
elongation equilibria, we do not see a strong effect on the m = 2 harmonic. There is some
variation for the K — 2 and K — 2.5 equilibria, but &2/&1 never exceeds 0.35. And for the
lowest elongation equilibrium there is very little effect.
Figure 15 shows the contours of perturbed flux in the same way as Fig. 12, but for
the case with the inboard and outboard feedback coils. The deformation of the contours
(compared to Fig. 13) is quite dramatic for the K = 3 case. The zero-flux contour extends
inside the plasma boundary at the top and bottom, and the contours of perturbed flux
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inside the plasma are squashed significantly. This corresponds to the large variation in the
m = 3 component seen in Fig. 14. The deformation is considerably smaller in the K = 2.5
case. The zero-flux contour remains outside the plasma, and the internal flux contours are
not nearly as deformed as in the K = 3 case. Finally, the *c = 2 case is relatively unaffected
by the feedback.

5.

Summary
We have shown that the eigenfunction of the axisymmetric mode of highly elongated

plasmas is strongly affected by the active feedback system, and that variations in the active
coils used, and even in the weighting given to a fixed set of coils, can significantly change
this effect. The deformation can alter the effectiveness of a set of magnetic measurements
used, and it is helpful to understand this in order to choose an effective combination
of magnetic measurements for the active feedback system of highly elongated plasmas.
Measurements of the vertical displacement based on a single pair of flux loops were found
to be ineffective in many cases. A combination of weighted flux measurements also failed
in many cases. Combinations of flux loops and Bp-coils are more effective, but were also
found to fail in some cases. However a measurement of vertical displacement that combines
many poloidal flux and magnetic field measurements, plus corrections due to vessel eddy
currents and active feedback coil currents was found to be effective in all cases—including
those with the largest deformations of the eigenfunction. Therefore active feedback induced
deformations should not have a detrimental effect on the TCV vertical feedback control.
We have also shown that the amount of deformation is a strong function of the elongation
of the equilibrium. For a case using a pair of outboard coils, there is a strong enhancement
of the m = 2 harmonic of the eigenfunction for equilibria with elongation greater than
K a* 2. This enhancement becomes larger as the elongation is increased. It is such that
theTO= 2 harmonic dominates m = I at the plasma edge by a factor of two at the largest
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feedback gains. There is some coupling to, and enhancement of, the m = 3 harmonic, but
this is significant only for the most highly elongated (*e = 3) equilibrium.
For the case using also a pair of inboard coils, there is a strong enhancement of the
m = 3 harmonic for the K = 3 case. At lower elongations the deformation is much less
significant. There is also a coupling to, and enhancement of, theTO= 2 component for
this case, but this is again only large for the K = 3 equilibrium. Since the degree of
deformation is a strong function of elongation, it is likely to also be strongly affected by
other shape parameters such as triangularity 6 and squareness A (see. Eq. (1)), however
these dependences have not been explored here.
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Figures
Fig. 1. TCV configuration showing plasm;-, vacuum vessel, internal and external active
feedback coils, flux-loop detectors (marked by an 'X'), U^-coUs (marked by a 'c'), and
the contours of perturbed plasma flux for the passive case with no active feedback.
Fig. 2. (a) Zero-flux contours for three different values of gain (dot-dash, dashed, dotted,
respectively, with increasing gain) for the flux loops located at (X, Z) = (0.60, ±0.772).
(b) Zero-flux contours for three different values of gain for the flux loops located at
(X,Z) = (0.584, ±0.690).
Fig. 3. (a) Evolution of the components of the eigenfunction ^ m / ^ i with respect to gain
for the case with the flux loops loops located at (X, Z) = (0.60, ±0.772). The perturbed
flux signal 6\ measured at the flux loops is also shown.
(b) Variation of the m = 2 component, £*2/€*i> and of the growth rate, 7, with respect
to gain.
Fig. 4. (a) Evolution of the components of the eigenfunction ^ m / ^ i with respect to gain
for the case with thefluxloops loops located at (X, Z) = (0.584, ±0.690). The perturbed
flux signal 6x measured at the flux loops is also shown.
(b) Variation of the m = 2 component, &2/&L and of the growth rate, 7, with respect
to gain.
Fig. 5. Complete set of perturbed flux contours for the case with the flux loops located at
(X,Z) = (0.584, ±0.690) with the gain that of the marginal stability point of Fig. 4.
The zero-flux contour is the dotted curve.
Fig. 6. (a) Evolution of the components of the eigenfunction £^m/&>i with respect to gain
for the case using the internal feedback coils and one pair of inboard, external coils,
(b) Variation of the m =s 3 component, &3/&11 and of the growth rate, 7, with respect
to normalized gain.
20

Fig. 7. Perturbed flux contours for the case using the internal feedback coils, and one pair
of inboard, external coils. The zero-flux contour is the dotted curve.
Fig. 8. Perturbed flux contours for the case using the internal coils and all external coils
with equal weighting. The zero-flux contour is the dotted curve.
Fig. 9. (a) Evolution of the components of the eigenfunction f*m/(*i with respect to normalized gain for the case using the internal feedback coils, weighted external coils, and
the full detection system described in Eq. (8). The normalized, corrected, measured signal \6Z\ is also shown with respect to the gain, (b) Variation of the m = 2 component,
€*2/{*i> and the growth rate, 7, with respect to the normalized gain.
Fig. 10. Perturbed flux contours for the case with internal coils and weighted external coils.
Fig. 11. (a) Variation of the ratio &2/&1 vs. growth rate for four equilibria of different
elongation for the case using two feedback coils on the outboard side.
(b) Variation of the ratio &3/&1 vs. growth rate for the same four equilibria.
Fig. 12. Perturbed flux contours for the equilibria of differing shape: (a) K — 3.0, (b) n = 2.5,
(c) K — 2.0, for the case with active feedback by a single pair of active coils on the outboard side. The contour of zero flux is the dotted curve.
Fig. 13. Perturbed flux contours for the equilibria of differing shape: (a) K — 3.0, (b) « = 2.5,
(c) K = 2.0, for the case with no active feedback.
Fig. 14. (a) Variation of the ratio &3/&1 vs. growth rate for the case using two outboard
and two inboard coils for the four equilibria of differing elongation.
(b) Variation of the ratio ^ 2 / ^ 1 vs. growth rate for the same equilibria.
Fig. 15. Perturbed flux contours for the equilibria of differing shape: (a) K = 3.0, (b) K = 2.5,
(c) K = 2.0, for the case with active feedback by a pair of active coils on the inboard
side and a pair on the outboard side. The contour of zero flux is the dotted curve.

21

Figure 1

&

•0.8

•1.

84

«*

X

X

0 _

X

JL

J

L

1

0.6

0.8

1.0

1.2

1.4

ui»

o

a

Mj»

d
O

d

CM

o

1

•

1
t
1

©

0.1

o

I

|

(0
1

t
tt

0

1

0.0 8

0»

£

»-

d

%
>- «u»

ift
I

•

Ol

0.1

eo

* •

i

*t
1

0

<D

\

V

o

q«

5
to

3

0.04

S

d

£

•

32

^mm ^y^^

;3
3

iM

i

~i~
o

?•

8
CO

8
tt>

8'

•*

<3

c

1
8

8

8

8

8

8

8

5

o>

co

h»

<o

«o

•*

9 •
o •

11

3

I

f

•

6
6 ••
i •
9I

¥•

6

k

i

8

8

CM

--

8

uiP at/1 *U»

1E

T f
0

CO

U

CO

o

6 i
Y

o
o

11

?
1

»
•

??' P •
II

n
y

P

P

<0

o
©

P

II

J3
a

o

i

\ k

•
CM

o

6

o
6

in

»u»

Figure 5

4

0.6

0.8

1.0

1.2

1.4

.o

8

(B

5

i

c

4

0.6

0.8

1.0

1.2

1.4

Figure 8

-0.4

3

hi

cs

(0

Figure 10
1.0
0.8

0.6
0.4
0.2
0.0

•*i»

4

0.6

M

0.8

1.0

1.2

1.4

O

r> o «n p

*-" ci oi en
II II II II
y y y y

o
in

m

o
m
CM

o
in

3

00

o
m

oo
6

S

3>

<D
O

" « •

o

CM
d

§

CM i

o
CM

U.

3

I

8
M

»*«

II
y

«

u

3.

o «n o
n o» to

II II II
y y y

H

-3 f

o
v—

il

