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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
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.
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1. Introduction

Many recent design proposals for high performance ‘advanced
tokamak’ fusion reactors feature strong shaping and high elon-
gation ([1]: A=4, k=2.2,5=0.78; [2]: A=1.4, k=3.2, §=0.55; [3]:
A=1.6,k=3.2,5=0.64), and the upgrade to the MAST tokamak also
includes the same features ([4]: A=1.31,x=2.5). Attainment of high
elongation is made easier if the plasma internal inductance (I;) is
low, if the aspect ratio (A) is low, and if the triangularity (§) is high,
but is also made more difficult if the poloidal field (PF) shaping
coils are remote from the plasma (as would be required by the
need for neutron shielding) and if the conductors which serve to
slow plasma movement in the vertical (z) direction are remote
from the plasma or sited in unfavourable locations [5]. This paper
presents a design for a plasma vertical position control system for
the upgrade to MAST which will support the design objectives even
if I; is somewhat higher than may be achievable.

* Tel.: +44 235 466221.
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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 LCES in the mid-plane, for an
equilibrium with outer radius 1.45m (the reference equilibrium
has 1.35m). 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 -
B, (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
of the article.)

The modelling is based on the RZIp linear time independent (LTI),
rigid plasma model [6,14], but comparisons are also made to assess
the significance of plasma deformation [7]. This type of analysis is
fundamentally perturbative, and gives information on quantities
such as frequency response and delay, but does not give informa-
tion on the necessary power of the system. To address that question,
the ‘minimum 8z’ method recently developed by Humphreys and
others [8] is used. In this case the simulation is made in the time
domain so the power supply can be represented by a non-linear
model, but the plasma and load assembly are still represented by
the RZIp model which is linear. Some efforts are made to draw out
general design principles especially pertaining to the unusual MAST
geometry.

The reference plasma equilibrium has been developed in aniter-
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 [;(2) = f BZ dV/(Bg)aV = 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

% = 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 I, plus zI,, I, and r-I, 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=-M1 -R where R is the diagonal matrix of conductor resis-
tances and M is the inductance matrix, plus terms for the plasma
states. The derivation of M is explained in [14], the vertical term
with which we are particularly concerned here derives from the
vertical force balance

oM 27mRg [ 0Br B
%z c+ oo (32) (z-I))=0 (3)
z=20

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 - I, = f(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-I,
that z.I, rather than z is used as the state variable. Use of z:I, 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 x 200 M 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’
and performing eigenmode reduction on each sub-structure sepa-
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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Fig. 2. (Left) Current distribution in the first anti-symmetric eigenmode of the MAST vessel showing large currents in the vessel wall, which is rather remote from the plasma,
and (right) ¢ the ‘participation factor’ of [ 7] indicating the extent to which each vessel conductor contributes to vertical stabilisation.

A more rigorous method is to use ‘balanced reduction’ instead
of eigenmode analysis, see [10], but this has the disadvantage that
a simple physical interpretation of the states is lost.

Stainless steel centre tube

\\~ Graphite
\ Sensing coil

2.1. Estimators

_|_

Machine axis

The MAST z control system uses combined proportional and dif-
ferential (PD) control, the proportional (zI,) signal derives from an
array of B, sensors on the centre tube, and the derivative signal
comes from a pair of ‘horse-shoe’ coils (Fig. 3) designed to exclude
the metal centre tube and to be insensitive to n>0 plasma MHD
activity. The gains of the two channels can be varied independently
and as a function of time.

Fig. 3. ‘Horse shoe’ sensing coils used for the ZIpV signal.
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Fig. 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~ for the red discharge
and 345~ for the blue discharge, and these values are indicated by the dashed lines. The quantity plotted is the z-I, estimator used by the control system. (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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Fig. 5. Low y equilibrium (y ~26s!). ‘Default’ gain settings, Kp=0.4, Kp=0.2.
Upper frame, red line: ZIp demand, black line: modelled ZIp state, red dots: experi-
mental ZIp estimate using efit [13]. Middle frame, black line: modelled coil voltage,
red line: experimental coil voltage. Lower frame, black line: modelled coil current,
red line: experimental coil current. The error in the ZIp control and the drift in the
experimental current are discussed in the text. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of the article.)

2.2. Treatment of active coils and coil cases

Most of the PF coils on MAST (Fig. 4 (left)) are connected in pairs
symmetric about the mid-plane, series wound, so that for symmet-
ric (DND) plasmas there is no coupling between these coils and
plasma vertical movement. The exception is the P6 coils which are
connected in anti-series to generate a radial field for z control. The
diagonal terms for this circuit in the M and R matrices are given
values corresponding to the self inductance and resistance of the
coils themselves, plus a nominal value corresponding to the feed
impedance. The power supply is thus considered to have zero out-
putimpedance. These factors make a considerable difference to the
system behaviour as the P6 coils play a significant part in the passive
stabilisation as well as their active role.

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

3. Model validation

RZIp has been extensively validated in previous work, notably
[11], which was an open loop validation on TCV, and [12], a closed
loop validation and optimisation on JT-60U. The purpose of the
present validation is firstly to check that the representation of the
load assembly and amplifiers is sufficiently accurate, and secondly
to test the model at low aspect ratio and with the more complex
passive structure in MAST. If the control system is to be effective, it
must be usable over a range of plasma equilibria and thus with
the gains not exactly set to their optimum values, the range of
acceptable gains is then a useful measure of the effectiveness of the
system. We therefore need to validate the model close to the limit
of controllability, and not just at the optimum gain for a particular
equilibrium, and this is done. No attempt is made to optimise the
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Fig. 6. Low y scenario, Kp set to zero after t=0.150s. Note the experiment becomes
unstable before the first disturbance (at t=0.200s) and the RFA trips soon after
the disturbance. The experiment shows higher growth rate than the model and 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
(yor), 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 Kp for deriva-
tive control) to compare the system response with experiment. The
power supplies have a bandwidth of 5 kHz with first order response
(—6dB/octave), and there is a loop delay of 45 s, consistent with
measurements. There is also a delay of 1 ms in the proportional
channel which arises because this channel goes through the MAST
digital plasma control system. These comparisons can be seen in
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Fig. 7. Low y scenario, Kp = 1.0 after t=0.150s. Note improved control compared
with Fig. 5 but increased high frequency voltage demand.
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Fig. 10. High y scenario (yo, ~ 240s1), Kp and Kp set to zero at t=0.250s, 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 y scenario, default Kp and Kp. The oscillation seen in the model
becomes apparent in the experiment at about t=0.270s, implying that the equi-
librium is evolving somewhat. The radial field amplifier (RFA) trips soon after the
disturbance edge at t=0.3s.

Figs. 5-9 for the low y case and Figs. 10-14 for the high y 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.I, 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 y scenario, Kp 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 0.215s, 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
Kp.
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the system becomes unstable, considering the limitations of the
model and the fact that the plasma equilibrium evolves somewhat
during the experiments.

4. MAST-U predictive modelling
4.1. Region of acceptable control

When modelling a system which does not yet exist the opti-
mal feedback gains are not known, so it is easier to summarise its
behaviour by scanning over Kp and Kp and plotting some measure
of control as a contour map. There is a choice as to which mea-
sure will inform the designer when control is ‘acceptable’; naively
one might imagine that a system showing only modes with nega-
tive growth rates would be acceptable, but this is not the case. An
example is shown in Fig. 19 (left), in which the plasma is controlled
in the sense that control is not lost, but fails to return to the tar-
get position before the next ELM. A more useful criterion is that
the over shoot in the controlled variable be less than 20% and that
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Fig. 14. High y scenario, Kp ramped up from 0.4 to 1 from t=0.100 to 0.200s.
Instability occurs in both the experiment and the model at very similar gains.
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Fig. 15. The limits of ‘acceptable control’ in terms of Kp and Kp, for present day
MAST geometry, the meaning of ‘acceptable control’ is discussed in the text. The
contours represent different resistances for the P6 coil cases, red: 0.3, green: 1, blue:
3, magenta: 30, cyan: 100 m£2, corresponding to open loop growth rates of 179, 227,
245, 254 and 255 s~ ! respectively. The axes above and to the right of the figure are
in ‘nominal’ units, as used in the preceding figures; the axes below and to the left are
the absolute gain applied to the state, as used in Fig. 17. (For interpretation of the
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 10ms - a
typical value for the period of large ELMs on MAST, as in Fig. 19.
These values also tend to give a reasonably sized ‘acceptable’ zone
in Kp Kp space when m; is above 0.5, which is generally taken to be
a practical criterion for ELMy H mode operation.

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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Fig. 17. As Fig. 15 but for the configurations shown in Fig. 16. For each configuration a range of resistances in the additional passive stabilisation is analysed, the key to the
coloured contours can be found in Table 1. In each case, the input to the controller is the ZIp state, and feedback gains are expressed in terms of the state. For the upper right
configuration, the step response of the system just outside the region of acceptable control is shown in Fig. 18.

Maps of this type are shown in Figs. 15 and 17, the first is for
MAST and shows a range of P6 case resistances, where the equilib-
rium is the ‘high )’ scenario as in Fig. 10 which gives an inductive
stability margin m; = 0.35. The nominal feedback gains used for that
shot (before they were set to zero) were Kp 0.4 and Kp 0.2 as indi-
cated by a small cross.

Fig. 17 is for MAST-U and shows a range of additional passive
stabilisation components as discussed below. To illustrate how the
system behaves when the control becomes ‘unacceptable’, Fig. 18
shows four step response plots showing the response with (1) Kp
too high, (2) Kp too low, (3) Kp too low and (4) Kp too high.

4.2. Design principles
The ‘radial field amplifier’ (RFA) which drives the P6 coils is

designed to trip if the output current reaches its rated value,
but is also prone to doing so under a sustained demand for high

voltage output at high frequency, even if the current is low. This
tends to limit the maximum Kp 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, B-(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 Ipo(dM/0z),
where, as in Eq. (3), M is the mutual inductance between plasma
and conductor, and this is equal to r-B;(plasma) evaluated at
the conductor location. However, this is unfortunately also the

Fig. 18. Step response of the system shown in Fig. 17 upper right, 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.
T is the ‘long time’ for the additional passive stabilisation, that is, the penetration
time for vertical field, and y is the open loop growth rate for vertical displacement.

Top left Top right Bottom right Bottom left

Y T Y T Y T Y

s! ms s! ms s! ms s7!
Red 836 73.2 68 140.5 23 151.1 261
Green 214 126 17.9 107 220 347
Blue 8.8 191 6.5 195 8.1 435
Magenta 4.1 268 2.9 296 3.6 527
Cyan 1.7 377 1.2 427 1.5 630

optimum position for active control coils since Ipo(dM/0dz)l is
the force acting on the plasma due to current I in the coils.
The interaction between active and passive components is not
very intuitive; not only does the active circuit itself have a sub-
stantial passive effect, but the passive components have two
contradictory effects, as they may act as a filter between the
active circuit and the plasma as well as their intended role in
reducing the open loop growth rate. This can be seen by com-
paring Fig. 15 with 17 (upper right). In Fig. 15 the dominant
passive component (the P6 case) is fairly far from the plasma
and has a weak passive stabilising effect but does act as a fil-
ter between the active circuit and the plasma so that the best
control (the largest controlled zone in Kp Kp space) is with the high-
est resistance. By contrast in Fig. 17 (upper right) the additional
passive stabilisation plate is close to the plasma and somewhat
separated from the active circuit, so best control is with the lowest
resistance.

If the passive stabilisation is placed between the active coils and
the plasma and has low resistance, as in Figs. 16 and 17 (lower
right), then high gain is needed to overcome the filtering effect,
though this requirement would be reduced if a slow recovery
from disturbances could be tolerated. If the passive stabilisation
is behind the active coils, Fig. 17 (lower left), then it is too far from
the plasma; the best result is obtained with the active and passive
components roughly equi-distant from the plasma and poloidally
separated (Fig. 17 (upperright)). Although this geometry does mean
the passive stabilisation ring will interfere with the NBI beam, it
is thought possible to ‘detour’ the ring around the beam without
undermining its performance unduly. It is notable that with all 4
passive stabilisation geometries control is always best for the pas-
sive stabilisation with longest time constant, but there is not much
degradation as the ‘long time’ is decreased from 10 ms to 1 ms. Time

RFA 1 (kA)

ZIp (KAm)

0.1 0.15 0.2 0.25 0.3

Time(s)

3245

Table 2
Comparison of stability parameters between RZIp and the ‘deformable’ analysis, for
two equilibria of differing [;.

Equilibrium 1i(2) Analysis y(s ) m;

A2 0.87 RZIp 391 0.54
A2 0.87 Deformable 412 0.54
Al 0.62 RZIp 100 1.41
Al 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 [;(2) = 0.87 and an ‘A1’ equilibrium
which has a lower [;(2) = 0.62. It is apparent that the higher [; equi-
librium gives almost the same result with the RZIp method as with
the ‘deformable’ method, whereas for the lower [; 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 I; equi-
librium, which is the more difficult to control, is insensitive to
deformation, whereas the more sensitive lower I; equilibrium is
relatively easy to control, then the combination of RZIp analysis
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Fig. 19. (Left) two MAST shots in which the Kp was set lower and Kp higher than is optimal, by about a factor 2. Control is maintained in the sense that there is no VDE, but
the plasma z position wanders by up to 10 mm away from its target location. (right) A similar shot with improved Kp and Kp gains in which the z position is controlled to
within 2 mm. The disturbances seen are predominantly due to fast particle MHD activity (‘chirping modes’) before about 0.25 s and to ELMs thereafter.
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Fig. 20. ‘Maximum &2’ analysis for the configuration shown in Fig. 16 (upper right).

and higher [; equilibrium is a reliable basis on which to design the
control system.

4.4. Maximum 8z

Conceptually, the ‘maximum 8z’ analysis comprises turning off
the control system until the plasma reaches a specified vertical dis-
placement, then turning it back on and determining whether or not
the plasma is returned to the target position, given the constraints
on RFA voltage and current. Humphreys et al. suggest that for sat-
isfactory control a displacement of at least 5% of the minor radius
should be controllable. Fig. 20 shows the outcome of such a test
for the plasma shown in Fig. 1 with the passive stabilisation shown
in Fig. 16, upper right. It is apparent that control is returned for

ZIp and Ip inputs]

P6 current
20f 1

0 4

768 5 5 ' '
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Fig. 21. Response of the open loop system to a VDE followed by a current quench,
for the configuration shown in Fig. 16 (upper right). The upper frame shows the
prescribed waveforms for z:I, and I, and the second and third frames show the
induced currents assuming that the coils are short circuit. In the third frame the
total current in the additional passive stabilisation above the mid-plane is shown
solid, that below dashed. The bottom frame is from a different model in which the
coils are assumed to be open circuit; for clarity only P6 and those circuits with more
than 2 kV induced voltage are shown, P6 is in cyan, P1 in red, P4 in blue and P5 in
green - see Fig. 1. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of the article.)

8z <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 M and R 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-I, and I, 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~0.3m, 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
m; and f; and has also passed the ‘maximum 6z’ 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 [;,
butsince such plasmas are easier to control, the use of arigid plasma
approximation with a fairly high [; 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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Appendix A. Participation factor

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

k
® _ cthy . x
C-xy

where C = —g/d, d is the ‘destabilising term’ defined by Leuer [5]
d=1Ip- M/;,’C e

I, is the vector of plasma current filaments on the equilibrium grid,
I is the vector of active coil currents, M is the mutual inductance
between them and the second derivative is with respect to z (Por-
tone uses a slightly different definition but the result is almost the
same). The other term g = 277 - R - BP/4S™®), BPIaSM) paing the radial
field due to the plasma current at each element of the structure.

Finally, x, is the eigenvector of the A matrix defined in the main
text.

Appendix B. State input
Following [14] (Equation (21)) we express Eq. (1) above in
expanded form as
M1y Miz Miz Myg
ML, My Mz Mo
M1T3 Msz; M3z M3y [ X+ 2x=u (B.1)
MT, My Miz My

where I includes both the active coils and the passive conductors.
To solve the system with the plasma states z-I, r-Ip and I as inputs
we can reorganise this as follows. For clarity we omit the terms in
§2 which are generally small on the short time scale of a disruption,
but they can be dealt with in the same way as the terms in M.

M M1z Miz Mg
ML | My Maz Maa |
X =U-— X2 4 (B.3)
; [2.4]
M, M3y Mszz Msy

MmT, My Maz Mayg

x1=1I¢ (84)
z-I
X2,41= | T-Ip (B.5)
IP

If the plasma states X 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 I.(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.

References

[1] C.Kessel, T. Maub, S. Jardin, F. Najmabadi, Plasma profile and shape optimiza-
tion for the advanced tokamak power plant, ARIES-AT, Fusion Engineering and
Design 80 (2006) 63-77.

[2] H.R. Wilson, J. Ahn, R. Akers, D. Applegate, R. Cairns, J. Christiansen, et al., Inte-
grated plasma physics modelling for the Culham steady state spherical tokamak
fusion power plant, Nuclear Fusion 44 (2004) 917-929.

[3] S. Jardin, C. Kessel, ]. Menard, T. Maub, R. Miller, F. Najmabadi, et al., Physics
basis for a spherical torus power plant, Fusion Engineering and Design 65 (2003)
165-197.

[4] D.Stork, H. Meyer, R. Akers, AJ. Bickley, RJ. Buttery, J. Canik, et al., The upgrade
to the Mega Amp Spherical Tokamak, in: 23rd IAEA Fusion Energy Conference,
Daejon, Korea, 2010.

[5] J.A. Leuer, Passive vertical stability in the next generation of tokamaks, Fusion
Technology 15 (1989) 489-494.

[6] E.A. Lazarus, ].B. Lister, G.H. Neilson, Control of the vertical instability in toka-
maks, Tech. Rep. LRP 376/89, CRPP, 1989.

[7] A.Portone, The stability margin of elongated plasmas, Nuclear Fusion 45 (2005)
926-932.

[8] D. Humphreys, T. Casper, N. Eidietis, M. Ferrara, D. Gates, I. Hutchinson, et al.,
Experimental vertical stability studies for ITER performance and design guid-
ance, Nuclear Fusion 49 (2009) 115003.

[9] R. Hawryluk, An empirical approach to tokamak transport, in: B. Coppi (Ed.),
Physics of Plasmas Close to Thermonuclear Conditions (CEC Brussels 1980),
1980.

[10] G. McArdle, D. Taylor, Adaptation of the MAST passive current simulation
model for real-time plasma control, Fusion Engineering and Design 83 (2008)
188-192.

[11] F.Hofmann, M. Dutch, D. Ward, M. Anton, . Furno, . Lister, et al., Vertical insta-
bility in TCV: comparison of experimental and theoretical growth rates, Nuclear
Fusion 37 (1997) 681-687.

[12] ]. Lister, A. Sharma, D. Linebeer, Y. Nakamura, J. Wainwright, R. Yoshino, Plasma
equilibrium response modelling and validation on JT-60U, Nuclear Fusion 42
(2002) 708-724.

[13] L.L. Lao, H. John St., R.D. Stanbaugh, A.G. Kellman, W. Pfeiffer, Reconstruction
of current profile parameters and plasma shapes in tokamaks, Nuclear Fusion
25(11)(1985) 1611-1622.

[14] A. Coutlis, I. Bandyopadhyay, J. Lister, P. Vyas, R. Albanese, D. Limbeeer, et al.,
Measurement of the open loop plasma equilibrium response in TCV, Nuclear
Fusion 39 (1999) 5.

[15] Mathworks, Matlab control system toolbox [cited 28.03.2013]. URL
http://www.mathworks.com/products/control


http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0005
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0010
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0015
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0020
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0025
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0030
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0035
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0035
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0035
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0035
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0035
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0035
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0035
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0035
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0035
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0035
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0035
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0035
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0035
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0035
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0035
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0040
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0045
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0050
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0055
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0060
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0065
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://refhub.elsevier.com/S0920-3796(13)00675-3/sbref0070
http://www.mathworks.com/products/control

	High performance plasma vertical position control system for upgraded MAST
	1 Introduction
	2 Model description and passive structure
	2.1 Estimators
	2.2 Treatment of active coils and coil cases

	3 Model validation
	4 MAST-U predictive modelling
	4.1 Region of acceptable control
	4.2 Design principles
	4.3 Deformability
	4.4 Maximum δz
	4.5 Off normal events

	5 Conclusions
	Acknowledgements
	Appendix A Participation factor
	Appendix B State input
	References


