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A  control  system  for  the vertical  position  of  a high  elongation  tokamak  is  presented.
A  closed  loop  model  based  on  RZIp  is validated  against  present  day  MAST  discharges.
The  limits  of  controllability  are  explored.
The  power  requirements  for  the  new  design  are  examined  using  the  ‘maximum  delta  z’ method.
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a  b  s  t  r  a  c  t

A  plasma  vertical  control  system  able  to control  high  elongation  (∼2.5)  plasmas  at  moderate  internal
inductance  (∼0.9)  is  analysed,  including  both  active  and  passive  components  in  a closed  loop  system.
The analysis  is  based  on  the RZIp  rigid  plasma  model  and  this  is  extensively  validated  using  present  day
ccepted 2 October 2013
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MAST  discharges,  especially  at the limits  of  controllability.  Special  consideration  is given  to the  unusual
MAST  geometry  (coils  inside  the  main  vacuum  vessel)  and  general  conclusions  regarding  system  design
are drawn  wherever  possible.

© 2013 EURATOM/CCFE Fusion Association. Published by Elsevier B.V. All rights reserved.
. Introduction

Many recent design proposals for high performance ‘advanced
okamak’ fusion reactors feature strong shaping and high elon-
ation ([1]: A = 4, � = 2.2, ı = 0.78; [2]: A = 1.4, � = 3.2, ı = 0.55; [3]:

 = 1.6, � = 3.2, ı = 0.64), and the upgrade to the MAST tokamak also
ncludes the same features ([4]: A = 1.31, � = 2.5). Attainment of high
longation is made easier if the plasma internal inductance (li) is
ow, if the aspect ratio (A) is low, and if the triangularity (ı) is high,
ut is also made more difficult if the poloidal field (PF) shaping
oils are remote from the plasma (as would be required by the
eed for neutron shielding) and if the conductors which serve to
low plasma movement in the vertical (z) direction are remote
rom the plasma or sited in unfavourable locations [5]. This paper
resents a design for a plasma vertical position control system for

he upgrade to MAST which will support the design objectives even
f li is somewhat higher than may  be achievable.

∗ Tel.: +44 235 466221.
E-mail address: geoffrey.cunningham@ccfe.ac.uk

920-3796/$ – see front matter ©  2013 EURATOM/CCFE Fusion Association. Published by El
ttp://dx.doi.org/10.1016/j.fusengdes.2013.10.001
The MAST load assembly has some distinctive features which
affect the design of the z control system, most notably that the main
vacuum vessel is very remote from the plasma on the low field side,
that most of the PF coils are inside the vessel (isolated from the vac-
uum by close fitting ‘coil cases’), and that the design specifies some
of the neutral beam injectors to be displaced from the mid-plane by
about 0.6 m,  meaning that it may  be difficult to put conductors in
this region, which is unfortunately the optimal location for z con-
trol. In addition, to retain flexibility in plasma shape, to allow the
plasma exhaust to flow properly into the pumped divertor, and to
allow for control error in the radial position control system, it is
required that no solid structures should be too close to the last
closed flux surface (LCFS) of the ‘reference’ plasma equilibrium.
The specification is that surfaces should lie outside a flux surface
which is itself 100 mm outside the LCFS in the mid-plane, for an
equilibrium with outer radius 1.45 m (the reference equilibrium
has 1.35 m).  Such surfaces will receive a significant flux of high
energy particles from the neutral beam injectors (so-called ‘first

orbit losses’) but the flux has been estimated and is not believed
to be excessive. The general geometry is illustrated in Fig. 1, which
also shows the location of active and passive conductors used in
the modelling described below.
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Fig. 1. Geometry of the MAST-U load assembly, with the LCFS for the reference
equilibrium. The NBI geometry is shown as horizontal blue lines, and contours of r ·
Br (plasma) for a typical equilibrium are also shown. The poloidal field coils are shown
in  yellow, ‘p1’ is the central solenoid and is on the ‘air’ side of the vacuum vessel,
‘p4’  and ‘p5’ are the main vertical field coils, the upper and lower members of each
pair being connected in series. ‘p6’ are the radial field coils used for vertical position
control and are wired in anti-series. The remaining poloidal field coils are used to
form  the divertor, which can have a ‘Super X’ configuration. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web  version
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and performing eigenmode reduction on each sub-structure sepa-
f  the article.)

The modelling is based on the RZIp linear time independent (LTI),
igid plasma model [6,14], but comparisons are also made to assess
he significance of plasma deformation [7]. This type of analysis is
undamentally perturbative, and gives information on quantities
uch as frequency response and delay, but does not give informa-
ion on the necessary power of the system. To address that question,
he ‘minimum ız’ method recently developed by Humphreys and
thers [8] is used. In this case the simulation is made in the time
omain so the power supply can be represented by a non-linear
odel, but the plasma and load assembly are still represented by
he RZIp model which is linear. Some efforts are made to draw out
eneral design principles especially pertaining to the unusual MAST
eometry.
d Design 88 (2013) 3238– 3247 3239

The reference plasma equilibrium has been developed in an iter-
ative process between the fixed boundary transport model Transp
[9] and a free boundary equilibrium solver called Fiesta, adjusting
the PF coil locations to achieve, as best possible, the target plasma
shape consistent with stress limitations on the coils. Both Fiesta and
RZIp are written in Matlab and have been integrated into a common
environment, which greatly facilitates analysis. Several equilibria
have been studied, but the one presented here is the so-called ‘A2’
scenario from [4] which is the most demanding from a z control
perspective, having li(2) =

∫
B2

�
dV/〈B2

�
〉
a
V = 0.87, which is typical

of present day H mode discharges on MAST.

2. Model description and passive structure

The system model used by RZIp employs the conventional ‘ABCD’
notation such that

ẋ = Ax + Bu (1)

y = Cx + Du (2)

where x is the vector of ‘states’, u is the vector of ‘inputs’ and y is
the vector of ‘outputs’. In this case the ‘states’ comprise the currents
in the conductors Ic, plus z·Ip, Ip and r·Ip representing the plasma
(in this work only the first of these is used), and the ‘inputs’ are
the voltages applied to the active coils. The A matrix is given by
A = −M̃−1 · R̃ where R̃ is the diagonal matrix of conductor resis-
tances and M̃ is the inductance matrix, plus terms for the plasma
states. The derivation of M̃ is explained in [14], the vertical term
with which we are particularly concerned here derives from the
vertical force balance

∂M

∂z
Ic + 2�R0

Ip0

(
∂Br

∂z

)
z=z0

(z · Ip) = 0 (3)

where M is the mutual inductance between the plasma and the
conductors. All the terms are current weighted averages over the
plasma current distribution, for example z · Ip =

∫
(z · Jp), Jp being

the toroidal plasma current density and the integral being over
the poloidal section of the plasma. It is because the force on the
plasma, in this rigid plasma approximation, is proportional to z·Ip
that z·Ip rather than z is used as the state variable. Use of z·Ip also
has the practical benefit that the observers, combinations of mag-
netic flux and field sensors, give a response which is proportional
to the plasma current.

The passive structure model shown in Fig. 1 comprises about 200
conductors and would therefore result in a 200 × 200 M̃ matrix. It
is generally preferable to reduce such a large matrix so that only
the dominant terms remain, and with RZIp this is usually done by
using only the few (∼10) eigenmodes with the largest eigenvalues
(lowest growth rates). When the passive structure is a fairly close
fitting vacuum vessel or similar structure, this procedure is satisfac-
tory, but in the MAST geometry it is not, as the slowest eigenmodes
are dominantly in the remote vacuum vessel and have weak cou-
pling with the plasma. The situation is illustrated in Fig. 2 which
shows on the left the current distribution in the first anti-symmetric
eigenmode and on the right the ‘participation factor’ � defined by
Portone [7], see Appendix A. The conductors which dominate the
eigenmode are in the vessel wall but have rather low ‘participation’.
This problem can be overcome by dividing the passive structure
into sub-structures each of which has fairly uniform ‘participation’
rately. This process is not very critical, and indeed the number of
eigenmodes used is also not critical, so can usually be performed
by eye.
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ig. 2. (Left) Current distribution in the first anti-symmetric eigenmode of the MAST
nd  (right) � the ‘participation factor’ of [7] indicating the extent to which each ves

A more rigorous method is to use ‘balanced reduction’ instead
f eigenmode analysis, see [10], but this has the disadvantage that

 simple physical interpretation of the states is lost.

.1. Estimators

The MAST z control system uses combined proportional and dif-
erential (PD) control, the proportional (z·Ip) signal derives from an
rray of B sensors on the centre tube, and the derivative signal
z

omes from a pair of ‘horse-shoe’ coils (Fig. 3) designed to exclude
he metal centre tube and to be insensitive to n > 0 plasma MHD
ctivity. The gains of the two channels can be varied independently
nd as a function of time.

Fig. 3. ‘Horse shoe’ sensing coils used for the ZIpV signal.

ig. 4. Observed z growth rates for two MAST discharges when the control system gains are set to zero. The growth rates calculated by RZIp are 403 s−1 for the red discharge
nd  34 s−1 for the blue discharge, and these values are indicated by the dashed lines. The quantity plotted is the z·Ip estimator used by the control system. (For interpretation
f  the references to colour in this figure legend, the reader is referred to the web version of the article.)
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measurements. There is also a delay of 1 ms  in the proportional
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digital plasma control system. These comparisons can be seen in
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.2. Treatment of active coils and coil cases

Most of the PF coils on MAST (Fig. 4 (left)) are connected in pairs
ymmetric about the mid-plane, series wound, so that for symmet-
ic (DND) plasmas there is no coupling between these coils and
lasma vertical movement. The exception is the P6 coils which are
onnected in anti-series to generate a radial field for z control. The
iagonal terms for this circuit in the M̃ and R̃ matrices are given
alues corresponding to the self inductance and resistance of the
oils themselves, plus a nominal value corresponding to the feed
mpedance. The power supply is thus considered to have zero out-
ut impedance. These factors make a considerable difference to the
ystem behaviour as the P6 coils play a significant part in the passive
tabilisation as well as their active role.

The P6 coil cases have a ‘long’ time constant (L/R) of about 3 ms
nd play a significant role in the control system, but not entirely
n the way which might be expected. Because the cases are induc-
ively tightly coupled to the coils they have the effect of reducing
he apparent impedance seen by the power supply. The resulting
ncreased coil current partly compensates for the filtering effect of
he case, though it does result in increased current demand from
he power supply at higher frequency.

. Model validation

RZIp has been extensively validated in previous work, notably
11], which was an open loop validation on TCV, and [12], a closed
oop validation and optimisation on JT-60U. The purpose of the
resent validation is firstly to check that the representation of the

oad assembly and amplifiers is sufficiently accurate, and secondly
o test the model at low aspect ratio and with the more complex
assive structure in MAST. If the control system is to be effective, it
ust be usable over a range of plasma equilibria and thus with

he gains not exactly set to their optimum values, the range of
cceptable gains is then a useful measure of the effectiveness of the

ystem. We  therefore need to validate the model close to the limit
f controllability, and not just at the optimum gain for a particular
quilibrium, and this is done. No attempt is made to optimise the
oscillation frequency is reduced somewhat by voltage saturation. The model has a
realistic level of noise injected. The key for this and subsequent figures is the same
as  Fig. 5.

model, as was done in [12], since that process could not be repeated
for a system which is not yet built.

The model is validated against two present day MAST equilib-
ria, designed to have moderate and high growth rates respectively
(Fig. 4). The first (open loop) test is simply to set the gains on the
z control system to zero and observe the open loop growth rate
(�OL), comparing the result with prediction from RZIp. As can be
seen from Fig. 4, the agreement is very good.

The second test is to build an LTI model of the closed loop con-
trol system (using Matlab Control System Toolbox [15]) and vary
the feedback gains (KP for proportional control and KD for deriva-
tive control) to compare the system response with experiment. The
power supplies have a bandwidth of 5 kHz with first order response
(−6 dB/octave), and there is a loop delay of 45 �s, consistent with
time(s)

Fig. 7. Low � scenario, KD = 1.0 after t = 0.150 s. Note improved control compared
with Fig. 5 but increased high frequency voltage demand.
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Fig. 10. High � scenario (�OL � 240 s−1), KP and KD set to zero at t = 0.250 s, no dis-
turbance. The model shows a small oscillation (near zero growth rate) before this
time which is not seen in the experiment.
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Fig. 11. High � scenario, default KP and KD . The oscillation seen in the model
becomes apparent in the experiment at about t = 0.270 s, implying that the equi-
librium is evolving somewhat. The radial field amplifier (RFA) trips soon after the
disturbance edge at t = 0.3 s.

Figs. 5–9 for the low � case and Figs. 10–14 for the high � case. In
general, the controlled systems (Figs. 5 and 13) show a good match
between experiment and model in terms of both the amplitude and
frequency of the response to a step disturbance. There are signif-
icant control errors, for example even in the model the z·Ip state
does not converge to the reference; this is due to the absence of an
integral term in the controller combined with the finite resistance
of the P6 circuit, when the current in the P6 circuit is high and KP

is low, as in Fig. 13, this gives a substantial error. In the experiment
a slow drift in the P6 current is seen which does not occur in the
model, this is thought to be due to a small vertical asymmetry in the
Ohmic heating circuit. A comparison between Figs. 5 and 7 shows
the benefit of working at higher derivative gain but Fig. 12 shows a

typical failure caused by the high voltage demand at high frequency
caused by high derivative gain which has led one of the RFA to trip.

Even the unstable systems show reasonable agreement in terms
of oscillation frequency and growth rate, and in the gain at which
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Fig. 12. High � scenario, KD ramped up from 0.2 to 1.0 between t = 0.030 and 0.2 s.
Control is maintained up to the maximum gain but one RFA trips at 0.215 s, and
control is subsequently lost at 0.330 s. Although this shot does not contribute greatly
to the analysis it does illustrate a typical failure mode and the hazard of working at
high derivative gain. There is some suggestion of high frequency oscillation at high
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These values also tend to give a reasonably sized ‘acceptable’ zone
in KP KD space when mi is above 0.5, which is generally taken to be
a practical criterion for ELMy H mode operation.
ig. 13. High � scenario, KP = 0.1 after t = 0.200 s. RFA tripped after the second dis-
urbance edge.

he system becomes unstable, considering the limitations of the
odel and the fact that the plasma equilibrium evolves somewhat

uring the experiments.

. MAST-U predictive modelling

.1. Region of acceptable control

When modelling a system which does not yet exist the opti-
al  feedback gains are not known, so it is easier to summarise its

ehaviour by scanning over KP and KD and plotting some measure
f control as a contour map. There is a choice as to which mea-
ure will inform the designer when control is ‘acceptable’; naïvely
ne might imagine that a system showing only modes with nega-
ive growth rates would be acceptable, but this is not the case. An

xample is shown in Fig. 19 (left), in which the plasma is controlled
n the sense that control is not lost, but fails to return to the tar-
et position before the next ELM. A more useful criterion is that
he over shoot in the controlled variable be less than 20% and that
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ig. 14. High � scenario, KP ramped up from 0.4 to 1 from t = 0.100 to 0.200 s.
nstability occurs in both the experiment and the model at very similar gains.
references to colour in this figure legend, the reader is referred to the web version
of  the article.)

it be brought to within 10% of the target value within 10 ms  – a
typical value for the period of large ELMs on MAST, as in Fig. 19.
Fig. 16. Configurations examined in Fig. 17. The brown rectangles represent active
coil conductors, the grey areas are passive conductors which are all present in the
model, the one outlined in black is the ‘additional passive stabilisation’ referred to
in  the text. The blue curve is the plasma LCFS. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of the article.)
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ig. 17. As Fig. 15 but for the configurations shown in Fig. 16. For each configuratio
oloured contours can be found in Table 1. In each case, the input to the controller i
onfiguration, the step response of the system just outside the region of acceptable

Maps of this type are shown in Figs. 15 and 17, the first is for
AST and shows a range of P6 case resistances, where the equilib-

ium is the ‘high � ’ scenario as in Fig. 10 which gives an inductive
tability margin mi = 0.35. The nominal feedback gains used for that
hot (before they were set to zero) were KP 0.4 and KD 0.2 as indi-
ated by a small cross.

Fig. 17 is for MAST-U and shows a range of additional passive
tabilisation components as discussed below. To illustrate how the
ystem behaves when the control becomes ‘unacceptable’, Fig. 18
hows four step response plots showing the response with (1) KD

oo high, (2) KP too low, (3) KD too low and (4) KP too high.

.2. Design principles
The ‘radial field amplifier’ (RFA) which drives the P6 coils is
esigned to trip if the output current reaches its rated value,
ut is also prone to doing so under a sustained demand for high

1 2 

Fig. 18. Step response of the system shown in Fig. 17 upper ri
nge of resistances in the additional passive stabilisation is analysed, the key to the
Ip state, and feedback gains are expressed in terms of the state. For the upper right
ol is shown in Fig. 18.

voltage output at high frequency, even if the current is low. This
tends to limit the maximum KD at which one can safely operate,
even though the control is clearly better at high gain than at low,
and this limitation is likely to determine the highest growth rate
which can reliably be controlled, rather than the nominal band-
width.

Leuer [5] has shown that the optimal location for passive stabil-
ising conductors is close to the plasma boundary and at a poloidal
angle of about 70◦ from the plasma centre. As Fig. 1 shows this
is approximately the position at which the radial field due to
the plasma, Br(plasma), multiplied by the major radius r, has its
extrema, and this is to be expected since the term in the stability
parameter f defined by Leuer [5], Equation (6), which varies most

strongly with the location of the passive conductors is Ip0(∂M/∂z),
where, as in Eq. (3), M is the mutual inductance between plasma
and conductor, and this is equal to r · Br(plasma) evaluated at
the conductor location. However, this is unfortunately also the

3 4

ght, at gains indicated there by small numbered circles.
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Table  1
Characteristics of the passive stabilisation configurations shown in Figs, 16 and 17.
	  is the ‘long time’ for the additional passive stabilisation, that is, the penetration
time for vertical field, and � is the open loop growth rate for vertical displacement.

Top left Top right Bottom right Bottom left

� 	 � 	 � 	 �
s−1 ms  s−1 ms  s−1 ms  s−1

Red 836 73.2 68 140.5 23 151.1 261
Green 21.4 126 17.9 107 22.0 347
Blue  8.8 191 6.5 195 8.1 435
Magenta 4.1 268 2.9 296 3.6 527
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Table 2
Comparison of stability parameters between RZIp and the ‘deformable’ analysis, for
two equilibria of differing li .

Equilibrium li(2) Analysis � (s−1) mi

A2 0.87 RZIp 391 0.54
A2  0.87 Deformable 412 0.54
A1  0.62 RZIp 100 1.41

F
t
w

Cyan 1.7 377 1.2 427 1.5 630

ptimum position for active control coils since Ip0(∂M/∂z)Ic is
he force acting on the plasma due to current Ic in the coils.
he interaction between active and passive components is not
ery intuitive; not only does the active circuit itself have a sub-
tantial passive effect, but the passive components have two
ontradictory effects, as they may  act as a filter between the
ctive circuit and the plasma as well as their intended role in
educing the open loop growth rate. This can be seen by com-
aring Fig. 15 with 17 (upper right). In Fig. 15 the dominant
assive component (the P6 case) is fairly far from the plasma
nd has a weak passive stabilising effect but does act as a fil-
er between the active circuit and the plasma so that the best
ontrol (the largest controlled zone in KP KD space) is with the high-
st resistance. By contrast in Fig. 17 (upper right) the additional
assive stabilisation plate is close to the plasma and somewhat
eparated from the active circuit, so best control is with the lowest
esistance.

If the passive stabilisation is placed between the active coils and
he plasma and has low resistance, as in Figs. 16 and 17 (lower
ight), then high gain is needed to overcome the filtering effect,
hough this requirement would be reduced if a slow recovery
rom disturbances could be tolerated. If the passive stabilisation
s behind the active coils, Fig. 17 (lower left), then it is too far from
he plasma; the best result is obtained with the active and passive
omponents roughly equi-distant from the plasma and poloidally
eparated (Fig. 17 (upper right)). Although this geometry does mean
he passive stabilisation ring will interfere with the NBI beam, it
s thought possible to ‘detour’ the ring around the beam without
ndermining its performance unduly. It is notable that with all 4

assive stabilisation geometries control is always best for the pas-
ive stabilisation with longest time constant, but there is not much
egradation as the ‘long time’ is decreased from 10 ms  to 1 ms.  Time

ig. 19. (Left) two MAST shots in which the KP was set lower and KD higher than is optim
he  plasma z position wanders by up to 10 mm away from its target location. (right) A s
ithin 2 mm.  The disturbances seen are predominantly due to fast particle MHD  activity 
A1  0.62 Deformable 217 0.83

constants greater than 10 ms  are likely to be unacceptable from the
point of view of the plasma shape control system.

To optimise the use of the available amplifier power, the active
coils are designed to have minimum self inductance and maximum
coupling with the plasma, consistent with the available space.

4.3. Deformability

In the RZIp model, the coupling between each of the ‘plasma’
states and each of the conductor currents is calculated analytically
from the mutual inductances and their spatial derivatives. How-
ever, this can also be done numerically by perturbing each of the
conductor currents in turn, calculating a perturbed plasma equilib-
rium, and hence the perturbed plasma states. In fact it is possible to
go further and eliminate the plasma from the system retaining only
the effective couplings between conductor currents, as described by
[7]. In principle this method should be more accurate than the RZIp
method since the plasma is not constrained to rigid displacements
but can deform according to the perturbed structure currents. In
practice the calculation must be made with care, with the pertur-
bations large enough to permit a reliable estimate of the coupling,
yet small enough to avoid substantial non-linearity. The results
are summarised in Table 2, for two equilibria, the ‘A2’ equilibrium
as used for Fig. 17, which has li(2) = 0.87 and an ‘A1’ equilibrium
which has a lower li(2) = 0.62. It is apparent that the higher li equi-
librium gives almost the same result with the RZIp method as with
the ‘deformable’ method, whereas for the lower li equilibrium the
growth rate differs by about factor 2. Portone [7] shows a similar
trend though less pronounced than seen here, and Hofmann [11]
also sees reduced growth rates for a rigid plasma model but only at
negative triangularity, which he attributes to deformation.

The conclusion is that, since the analysis for the higher li equi-

librium, which is the more difficult to control, is insensitive to
deformation, whereas the more sensitive lower li equilibrium is
relatively easy to control, then the combination of RZIp analysis

al, by about a factor 2. Control is maintained in the sense that there is no VDE, but
imilar shot with improved KP and KD gains in which the z position is controlled to
(‘chirping modes’) before about 0.25 s and to ELMs thereafter.
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ig. 20. ‘Maximum ız’ analysis for the configuration shown in Fig. 16 (upper right).

nd higher li equilibrium is a reliable basis on which to design the
ontrol system.

.4. Maximum ız

Conceptually, the ‘maximum ız’ analysis comprises turning off
he control system until the plasma reaches a specified vertical dis-
lacement, then turning it back on and determining whether or not
he plasma is returned to the target position, given the constraints
n RFA voltage and current. Humphreys et al. suggest that for sat-
sfactory control a displacement of at least 5% of the minor radius

hould be controllable. Fig. 20 shows the outcome of such a test
or the plasma shown in Fig. 1 with the passive stabilisation shown
n Fig. 16, upper right. It is apparent that control is returned for
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ig. 21. Response of the open loop system to a VDE followed by a current quench,
or the configuration shown in Fig. 16 (upper right). The upper frame shows the
rescribed waveforms for z·Ip and Ip and the second and third frames show the

nduced currents assuming that the coils are short circuit. In the third frame the
otal  current in the additional passive stabilisation above the mid-plane is shown
olid, that below dashed. The bottom frame is from a different model in which the
oils are assumed to be open circuit; for clarity only P6 and those circuits with more
han 2 kV induced voltage are shown, P6 is in cyan, P1 in red, P4 in blue and P5 in
reen – see Fig. 1. (For interpretation of the references to colour in this figure legend,
he  reader is referred to the web version of the article.)
nd Design 88 (2013) 3238– 3247

ız < 5 cm, which would be 10% of the minor radius measured in the
horizontal direction, or 4% if measured in the vertical direction. This
is a regarded as a satisfactory outcome.

4.5. Off normal events

The M̃ and R̃ matrices described above can be rearranged so
that the ZIp state is an input, and either the coil voltage or coil
current is an output (assuming that the coil current or coil voltage
is zero, respectively), see Appendix B. It is then possible to pre-
scribe input waveforms for z·Ip and Ip and calculate the induced
voltages and currents (Fig. 21). Both the open circuit voltage and
the closed circuit current reach large values, and reliable protec-
tion systems will be required. These results have been compared
with experiment and in fact the current quench typically occurs at
z � 0.3 m, not 1.0 m as has been assumed, but otherwise the model
is quite accurate. It is also notable that the open circuit voltage can
be reduced significantly by additional passive conductors between
the coil and the plasma, but the induced current is determined
largely by the available flux (the resistive loss is small) so is not
much affected.

These induced currents also create substantial, though short
lived, forces, which must be taken into account.

5. Conclusions

A vertical position control system has been designed for the
upgrade to MAST making best use of the available amplifiers. The
active coils and the passive structure have been designed to work
harmoniously; the active coils play a substantial part in passive
stabilisation but it has been found necessary to include additional
passive structure to achieve acceptable control. The load assem-
bly meets accepted targets in terms of stability parameters such as
mi and fs and has also passed the ‘maximum ız’ criterion which
specifies the required voltage. The closed loop system has been
subjected to LTI analysis which is found to give results consistent
with the stability parameters provided that one defines a ‘region of
acceptable control’ which is more demanding than simply requiring
negative growth rate. There is experimental evidence supporting
such a requirement.

The analysis used is based on the RZIp method which has been
extensively validated against experiment, in both open and closed
loop, paying particular attention to the limits of controllability, this
being the most important regime from a design point of view. It is
better to have a control system which gives acceptable performance
even when the tuning of the control gains is somewhat sub-optimal
than one which gives excellent performance but only when the
tuning is perfect. The implications of deformability have also been
examined and found to be significant when the plasma has low li,
but since such plasmas are easier to control, the use of a rigid plasma
approximation with a fairly high li target equilibrium is found to be
satisfactory.

The matrices generated by the RZIp analysis can also readily be
used to calculate voltages, currents and stresses resulting from off-
normal events such as disruptions and VDEs.
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ppendix A. Participation factor

Portone [7] defines the normalised ‘participation factor’ � for a
articular substructure k as

(k) = C(k) · x(k)
u

C · xu
,

here C = −g/d, d is the ‘destabilising term’ defined by Leuer [5]

 = Ip · M′ ′
p,c · Ic.

p is the vector of plasma current filaments on the equilibrium grid,
c is the vector of active coil currents, M is the mutual inductance
etween them and the second derivative is with respect to z (Por-
one uses a slightly different definition but the result is almost the
ame). The other term g = 2� · R · B(plasma)

r , B(plasma)
r being the radial

eld due to the plasma current at each element of the structure.
Finally, xu is the eigenvector of the A matrix defined in the main

ext.

ppendix B. State input

Following [14] (Equation (21)) we express Eq. (1) above in
xpanded form as

M11 M12 M13 M14

MT
12 M22 M23 M24

MT
13 M32 M33 M34

MT
14 M42 M43 M44

⎤
⎥⎥⎥⎥⎥⎥⎦

ẋ + ˝x  = u (B.1)

 =

⎡
⎢⎢⎢⎢⎣

Ic

z · Ip

r · Ip

Ip

⎤
⎥⎥⎥⎥⎦ . (B.2)

here Ic includes both the active coils and the passive conductors.
o solve the system with the plasma states z·Ip, r·Ip and Ip as inputs
e can reorganise this as follows. For clarity we  omit the terms in

 which are generally small on the short time scale of a disruption,
ut they can be dealt with in the same way as the terms in M.

M11

MT
12

⎤
⎥⎥

⎡
⎢⎢

M12 M13 M14

M22 M23 M24

⎤
⎥⎥
MT
13

MT
14

⎥⎥⎦ ẋ1 = u − ⎢⎢⎣ M32 M33 M34

M42 M43 M44

⎥⎥⎦ ẋ[2,4] (B.3)

[
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x1 = Ic (B.4)

x[2,4] =

⎡
⎢⎣

z · Ip

r · Ip

Ip

⎤
⎥⎦ (B.5)

If the plasma states x[2,4] are now prescribed as a function of
time and differentiated with respect to time, the right hand side
can be evaluated (u is set to zero to give the ‘short circuit’ cur-
rent), and the resulting ODE solved as an initial value problem
to obtain Ic(t). To obtain the open circuit voltage on the active
coils, they are removed from the system which is then solved
with the passive conductors only. The mutual inductance between
active coils and passive conductors, and coupling terms between
active coils and the states, are then used to obtain the voltages
directly.
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