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Abstract
Real-time magnetic control has been developed to deliver precise control of multiple plasma
shape parameters for advanced divertor configurations, including double-null, Super-X, X-point
target and X-divertor for the first time on the MAST Upgrade (MAST-U) spherical tokamak.
Successful real-time magnetic equilibrium control of different plasma shape variables has been
accomplished in the 2022–2023 MAST-U experimental campaign for the advanced MAST-U
divertor configurations. Application of the MAST-U boundary reconstruction algorithm,
LEMUR, is described and compared with off-line equilibrium reconstruction and diagnostic
measurements. The process of design and verification of the axisymmetric magnetic control
schemes using a suite of control analysis tools (known collectively as TokSys) is also described.

Keywords: magnetic reconstruction, magnetic control, real-time, spherical tokamaks,
advanced divertors configurations

(Some figures may appear in colour only in the online journal)

1. Introduction

The MAST Upgrade (MAST-U) spherical tokamak [1] has
been designed to explore extended- and expanded-leg diver-
tor geometries, including the Super-X [2] and double-null
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divertor plasma configurations. These advanced divertor con-
figurations are proposed to allow higher-performance core-
plasma operations without excessive erosion and/or damage
to the divertor target. Hence, accurate control of the novel
boundary and divertor magnetic field configuration, includ-
ing spatial control of the divertor leg extension is mandat-
ory for MAST-U. In addition, control of the plasma bound-
ary ensuring adequate clearance between the plasma and the
plasma-facing wall components, while simultaneously max-
imising the plasma volume within the available space is a cru-
cial asset in MAST-U plasma operation. Prior to late 2022,
the MAST-U plasma configurations (Super-X and double-
null divertor) were controlled primarily in feedforward mode,
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with the exception of plasma outer gap control employing
a simplified single-input and single-output (SISO) formal-
ism, used in a few plasma discharges during the MAST-U
2021 experimental campaign. Deviations from the plasma
assumptions used in calculating feedforward parameters res-
ulted in departures from the desired magnetic equilibrium
in the absence of feedback control in the previous experi-
mental campaign, particularly in scenarios with auxiliary heat-
ing and current drive altering the current profile. Controlling
the plasma boundary and divertor geometries in feedforward
mode often requires tuning over multiple discharges, which
can lead to inefficient use of operational machine time, and
difficulty sustaining a desired operating point. As a result, con-
figurations such as X-point target [3] and X-divertor [4, 5]
were only achieved transiently during the 2021 experimental
campaign. Thus, real-time simultaneous feedback control of
the full magnetic equilibrium, including the plasma boundary
and divertor geometry, is mandatory for optimizing plasma
performance for advanced divertor plasma configurations on
MAST-U.

The conventional solution for the time-varying, non-linear,
multivariable plasma boundary control problem is a solution
to an inverse problem for precomputing a set of feedforward
coil currents and voltages [6, 7]. Then, typically a set of inde-
pendent, SISO PID controllers are designed to stabilize the
plasma vertical position and control the radial position and
plasma current, with the aim of avoiding mutual interference
between them. Ultimately, the control architectures are fur-
ther supplemented by an additional control loop for the plasma
boundary, which relies on the implementation of a real-time
estimation of the plasma equilibrium [7–9] for feedforward
coil current modifications. The plasma boundary controllers
are designed on the basis of linearized model dynamics [10–
17], and then sufficient tracking of the shape control targets
are obtained with the help of gain scheduling. The develop-
ment of the MAST-U plasma boundary controller is based on
the same concept, where the controller design is determined
by the pseudo-inverse of the static gain of the perturbed equi-
librium plasma response model [18], with poloidal field coil
currents as inputs and outputs as shape control target control
variables. A local higher order expansion of poloidal flux cal-
culations constrained by the vacuum field equation, fitted to
the magnetic field and flux measurements provides the neces-
sary information for the real-time boundary and divertor geo-
metry estimation on MAST-U tokamak [19–21]. Similar tech-
niques based on local flux expansion methods have already
been used successfully for plasma boundary reconstruction on
the JET and EAST tokamaks [9, 22]. Although the plasma
boundary controllers based on a linearized plasma response
are usually effective, they require substantial design, verific-
ation and validation, prior to experimental implementation,
especially for complex shapes with dynamic evolution. The
successful system commissioning of the MAST-U plasma
shape controller with minimal on-machine effort was enabled
by the Integrated Plasma Control (IPC) approach provided by
the General Atomics Tokamak System Toolbox (GA-TokSys)

modelling and simulation environment [23]. The generality,
flexibility and extensive operational algorithms offered by GA
TokSys are routinely used for the development and verifica-
tion of shape control algorithms for several operating devices,
including, DIII-D [24], KSTAR [25], and EAST [26]. It has
also been applied to control analysis and design for future
tokamaks including ITER [27] and STEP [28].

The main achieved operational parameters of the MAST-
U tokamak [29] are the following: major radius 0.7 m, minor
radius 0.5 m, vacuum toroidal field up to 0.72 T, plasma cur-
rent up to 1 MA, elongation up to 2.5, triangularity up to 0.6
and pulse duration up to 1.2 s. Figure 1(a) shows the MAST-U
poloidal cross-section with an example of a Super-X divertor
configuration and poloidal field (PF) coil locations. The P1
coil is used to inductively create the desired toroidal electric
field inside the vacuum vessel and drive the plasma current.
The solenoidal Pc coil is used for regulating the inner shape
of the plasma. Note that the Pc coil is not currently used for
shape development and is planned to be commissioned during
future MAST-U campaigns. The P4 and P5, up/down sym-
metric coil pairs are used for providing the plasma bound-
ary shaping field. In addition, 8 up/down symmetric pair coil
sets (D1, D2, D3, Dp, D5, D6, D7, Px) are installed in loca-
tions around the divertor baffle/plate to support exploration of
various divertor configurations, including Super-X and double
null plasma configurations. The vertical position control of
the most highly elongated (κ≈ 2.4) MAST-U divertor plas-
mas is performed with the help of an up/down antisymmetric
coil pair, P6. The plasma control system (PCS) for MAST-U
inherits most of the original MAST hardware/software archi-
tecture, which was based on an architecture developed for
DIII-D [29]. The generic software infrastructure from DIII-
D has been retained for MAST-U but the tokamak-specific
algorithm software has been re-written to support the addi-
tional capabilities of MAST-U, including PF coil current con-
trol. The details of the functional implementation of the PF
coil current controller relevant to this work can be found in
[29]. The extensive poloidal-field coil system, flexible PCS,
along with the recent successful implementation of LEMUR
[21] on MAST-U have paved the way to the design of a
new real-time magnetic equilibrium controller for advanced
divertor configurations such as double-null and super-X
divertors.

The paper is structured as follows. Section 2 describes the
MAST-U boundary reconstruction algorithm (LEMUR), veri-
fication and validation of the algorithm against off-line equi-
librium reconstruction (EFIT), and diagnostic measurements
for MAST-U. Section 3 describes the design and verification
of the new MAST-U magnetic equilibrium controller with
the help of IPC closed-loop scenario simulation using GA-
TokSys. Examples of the experimental implementation of the
equilibrium controller on MAST-U for double null, super-X,
X-point target and X-divertors are discussed in section 4. A
summary and outlook for the applications of the controller for
enabling future advanced plasma configurations on MAST-U
is provided in section 5.
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Figure 1. (a) MAST-U upper left vessel cross-section showing Super-X divertor flux surfaces and PF coil locations Reproduced from [5].
© 2020 IAEA, Vienna . All rights reserved. (b)–(e) Comparison between the plasma boundary parameters from real-time LEMUR and
off-line EFIT for MAST-U plasma discharge, #46578.

2. Local expansion MAST-U reconstruction
algorithm

Plasma magnetic equilibrium control on MAST-U is
comprised of the identification of the plasma boundary in
real-time and adjustment of the PF coil currents to bring the
real-time equilibrium parameters as close as possible to the
pre-programmed references. The recent deployment of the
real-time LEMUR algorithm [21] has fulfilled a necessary
requirement of the real-time estimation of shape and diver-
tor parameters for the development of a real-time magnetic
equilibrium control algorithm. LEMUR and other similar
real-time equilibrium codes [9] provide an approximate mag-
netic reconstruction based on the local expansion of poloidal
flux constrained by the vacuum field equation, fitted to the
local magnetic field and flux measurements in the vicinity.
The coefficients of expansion are determined by imposing
the vacuum magnetic field equation and by fitting to the local
poloidal flux values from the flux loops and magnetic field
measurements from the pickup coils on MAST-U. The local
expansion method was chosen due to the real-time part of the
algorithm being able to fit the required parameters in determ-
inistic time without need to rely on an iterative method, and
due to its successful application in the JET tokamak plasma
control system [9]. The complete details of the reconstruction
method, along with application and assessment of the per-
formance of the technique on a long-legged divertor plasma
configuration and benchmarking against experimental dia-
gnostic data on an operating device—the DIII-D tokamak
are reported in [20]. Note that, LEMUR had already been
implemented as a MAST-U PCS algorithm prior to this work,
the re-implementation on DIII-D provided validation and
for data provenance with respect to the long-legged divertor

configuration before actual experimental application during
the MAST-U campaign. Followed by the successful experi-
mental validation on DIII-D, the method was used success-
fully for real-time plasma boundary reconstruction for dif-
ferent plasma configurations since the 2022–2023 MAST-U
experimental campaign [21]. The LEMUR algorithm was
implemented on the MAST-U Plasma Control System (PCS)
[29] and achieved sub-ms (∼0.5 ms) computational perform-
ance (with 1.0 ms extra lag due to analogue input signal
smoothing). Prior to the real-time experimental application,
the LEMURmethod has been extensively validated against the
off-line plasma boundary reconstruction algorithm, based on
the solution to the Grad–Shafranov equation, EFIT [30, 31],
for multiple MAST-U plasma discharges, including double
null and Super-X plasma configurations. The verification of
the radial, (RX) and vertical (ZX) X-point position, radial
coordinate of the inner (RIN) and outer gap (ROUT) at the
mid-plane from LEMUR is performed by comparing with the
associated reconstruction boundary variables derived from the
off-line EFIT method for multiple discharges performed dur-
ing the MAST-U experimental campaign. An example of the
LEMUR application to a double null MAST-U plasma with a
conventional divertor configuration, #46578, for the determ-
ination and comparison of the plasma discharge parameters
with respect to off-line EFIT is shown in figures 1(b)–(e).
The difference in the performance of LEMUR with respect to
EFIT is found to be comparable for all boundary control vari-
ables. Figures 1(b) and (d) shows a small variation (<2 cm)
between EFIT vs. LEMUR, thereby demonstrating a similar
performance with respect to the estimation of the X-point
position during the plasma evolution. In addition to the good
agreement in the X-point positions between LEMUR and
EFIT, the LEMUR estimation of the inner/outer plasma gaps
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Figure 2. (a)–(b) Comparison of LEMUR reconstruction (EFIT included for reference) with Thomson scattering data for MAST-U plasma
discharge #46486 and #46578. The electron temperature, Te on the last closed flux surface is expected to lie within 20–40 eV. The error bars
show the range of ROUT between radial positions corresponding to pedestal temperatures Te = 20 eV and Te = 40 eV, respectively.

compares well with respect to the EFIT parameters. As shown
in figures 1(c) and (e), a small difference for RIN and ROUT

with a maximum deviation<1 cm is observed, indicating that
LEMUR can work as well as the off-line EFIT in determining
the plasma gaps during the plasma evolution.

In addition to the verification against off-line EFIT, efforts
for validating various LEMUR parameters against exper-
imental data derived from different boundary diagnostics
of MAST-U that are not input to LEMUR or EFIT have
also been performed. For example, efforts to benchmark the
LEMUR estimation for the proximity of the plasma bound-
ary with the MAST-U outer wall against the diagnostics data
from Thomson Scattering (TS) measurements are shown in
figures 2(a) and (b) for two different MAST-U plasma dis-
charges. The ROUT estimated with LEMUR is verified using
the electron temperature, Te, diagnostics data of mid-plane
radial profiles from TS measurements. For a typical MAST-U
plasma discharge, Te, at the last closed flux surface is expected
to lie within a range of 20–40 eV. Figures 2(a) and (b) shows
the TS estimated range of ROUT that corresponds to pedestal
temperature range in between Te = 20 eV and Te = 40 eV
for MAST-U plasma discharges (based on global power bal-
ance arguments, similar to [32]), #46486 and #46578, respect-
ively. A good comparison in ROUT from LEMUR and the TS
diagnostic data was observed as shown in figures 2(a) and
(b), with the LEMUR reconstruction tracking well the mid-
point of the plausible range estimated by TS measurements
with 1–2 cm for the evaluated shots. The estimated values
depend on the sensors selected as reconstruction input and
expect to optimise the sensor selection from time to time,
therefore the tracking error with EFIT and LP may improve in
the future. The location of the flux loops and the pickup coils
used by LEMUR for reconstructing ROUT based on the local
poloidal flux values and magnetic measurements are shown

in figure 3(c). A comparison of the radial location of the
outer strike point estimated with LEMUR against EFIT and
divertor diagnostics on the MAST-U has also been success-
fully performed for various MAST-U plasma discharges. The
main MAST-U divertor diagnostics used for the experimental
benchmarking of LEMUR are the Langmuir Probes (LP) [33],
Infrared Camera (IR) and Multi-Wavelength Imaging (MWI)
camera [34]. Complete details with respect to benchmark-
ing of LEMUR with EFIT and diagnostic data with respect
to boundary and divertor shape control variables on MAST-
U are reported in [21]. Associated to the divertor leg con-
trol, LEMUR estimated RSTK shows fast response dynam-
ics and tracking against the experimental derived outer strike
point position from LP, IR and MWI diagnostics for a typical
MAST-U Super-X plasma discharge involving a full sweep
of the leg in the divertor region [21]. For a device of MAST-
U size, LEMUR algorithm satisfies the accuracy requirement
for shape and divertor quantities, which is <2–3 cm and is
typically ∼1%–2% of the minor radius of the tokamak. The
successful validation of LEMUR with the off-line EFIT and
with different diagnostics data justifies the PCS implement-
ation and usage of LEMUR for real-time identification of
the plasma shape and divertor parameters for feedback con-
trol. Key aspects of system integration, testing and verifica-
tion of real-time performance are reported in [29]. Note that
LEMUR MAST-U implementation presently provides real-
time estimation of the plasma boundary (RX, ZX,RIN andROUT)
and radial strike point position (RSTK) spanning conventional
double null and Super-X divertor leg regions. LEMUR is con-
stantly under development and for future campaigns plans to
include real-time estimations of divertor flux expansion [35],
plasma inductance, li and plasma performance as described by
poloidal beta, βp. Full details of the future plans with respect
to LEMUR can be found in [21].
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Figure 3. (a) MAST-U TokSys environment including the modeling environment is shown in the top boxes. MAST-U model-based
closed-loop simulation environment is shown in the middle boxes. The actual MAST-U PCS/Tokamak closed-loop system is schematically
shown in the bottom two boxes. (b) Simplified block diagram representation of plasma shape control algorithm for MAST-U. (c) MAST-U
poloidal cross-section showing the conventional double null plasma magnetic equilibrium obtained with off-line EFIT, along with the
location of the magnetic shape control variables. The magenta squares and diamonds give the position of the flux loops and magnetic probes
used by LEMUR for reconstructingROUT.

3. Magnetic equilibrium control design and
simulation with TokSys

An integrated plasma control approach with the GA-TokSys
[23] modelling and simulation environment is used for design
and verification of axisymmetric magnetic controllers for the
MAST-U tokamak. The TokSys environment, implemented in
Matlab and Simulink, provides physics-based models valid-
ated by experimental results for construction of axisymmetric
control models and facilitates design of relevant controllers.
The environment provides direct connection to the MAST-
U PCS [29] through the generation of model-based simula-
tion servers (simservers) and allows detailed simulation of
the PCS/power supply/plasma system [23]. The architecture
of the MAST-U simulation environment in a schematic form
is shown in figure 3(a). Model development and scenario,
and controller design are accomplished in the upper blocks in
figure 3(a). Once controller and scenario design are prescribed
and the controller is implemented within the MAST-U PCS,
a complete software-in-the-loop (SIL) closed-loop simulation
of the PCS/model-based simserver can run with functional-
ity identical to that of the actual MAST-U PCS controlling
the tokamak (middle boxes in figure 3(a)). The simserver
can contain a simple vacuum model or a linearized or non-
linearized plasma model based on EFIT plasma reconstruction
[36, 37]. MAST-U PCS interface, data acquisition storage,
and visualization methods are identical to that of an actual

plasma discharge. This environment allows debugging of the
entire system, including controller verification prior to oper-
ation on the MAST-U tokamak. This functionality is indis-
pensable for enabling MAST-U magnetic equilibrium control
development and has resulted in minimal on-machine tuning
effort for plasma operations on MAST-U.

Figure 3(b) shows the simplified block diagram for the
architecture of the plant used for the design of the MAST-
U plasma magnetic equilibrium controller. It is a multiple
input and multiple output (MIMO) system with PF coil cur-
rents as inputs and the shape controlled variables as outputs.
A non-diagonal plant matrix, Pg is defined, where a change
in its input would affect all its outputs. Consequently, a com-
pensator P+

g , the pseudo-inverse of the static gain of the plant,
is derived, provided that Pg has full rank in the output space, to
counteract the interaction of the plant. The result is a ‘newly’
shaped plant, PgP+

g , which is nearly diagonal and easier to
control than the original plant Pg. A diagonal proportional
and integral controller K(s) is utilised, with diagonal gain
matrices to be designed. The above method of the shape con-
trol design is common to many tokamaks (DIII-D, NSTX-
U, TCV, JET, KSTAR and EAST) and has been replicated
on each of these devices routinely for equilibrium control.
The current implementation on MAST-U differs only at the
level of the shape control variables. The mentioned devices
with advanced real-time equilibrium codes host shape control
design based on real-time estimations of plasma gaps, poloidal
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flux at the target boundary points, multiple X-points and strike
points, along with direct shape parameters (elongation, trian-
gularity and squareness). However, as mentioned earlier the
real-time LEMUR code is currently limited to estimating a
specific subset of variables (RX, ZX, RIN, ROUT and RSTK) and
thus restricts the shape control design to these quantities for
now. The MAST-U shape controller has been designed to per-
form the following task: track step and ramp references on the
controlled variables: 2–10 cm on the shape control variables
with settling times between≈ 10–30 ms, respectively. In addi-
tion, the controller design should be based on the shape con-
trol variables that are currently estimated in real-time by the
LEMUR reconstruction code (ROUT, RIN, RX, ZX and RSTK)
with the flexibility to extend to a larger set of control vari-
ables. A frequency separation approach is adopted to solve
the plasma magnetic control problem for MAST-U. With this
approach, the plasma is vertically stabilized on the fastest
time scale (≤1 ms) accessible with the passive structures, P6
coils, and fast power supplies. The shape controller operates
on a slow loop and is designed on the basis of the stable sys-
tem obtained by taking into account the vertical stabilization
controller. The plant matrix, Pg, for controller design is gen-
erally obtained with the help of the linear plasma response
model based on the solution to a perturbed Grad–Shafranov
equation [36] and defines the static relationship between PF
coil currents and equilibrium control variables estimated from
LEMUR as shown in figure 3(c). In addition to the shape vari-
ables shown in figure 3(c), the plant matrix has the flexibility
for expansion to account for additional control variables, such
as the radial coordinate corresponding to the intersection of
the separatrix and a segment across the divertor nose, RLEG,
divertor flux expansion, fexp,t defined as the ratio of the dis-
tance between the same flux surfaces at the divertor target and
at the outer-midplane, as well as new shape variables expected
to be estimated by LEMUR in future. In addition to the defin-
ition of the primary X-points, the plant matrix can also host
additional X-points to extend equilibrium control development
architecture to X-divertor and X-point target divertor plasma
configurations [3–5]. Similar to the control of the plasma ver-
tical position, the MAST-U shape controller design relies on a
separate independent loop for the control of the plasma current
with the P1 PF coil and does not include terms for minimizing
the perturbation to the plasma current during control of the
shape variables. In addition to the above limitation, the con-
troller design also does not include constraints for respecting
the hardware limits of the PF coils. Thismay result in large coil
current demands exceeding the PF coil current limits or may
appear in the form of dipoles, i.e. positive and negative cur-
rents in adjacent coils. In addition, the MAST-U shape control
design also does not account for respecting the force limits and
total resistive power dissipation in the PF coils. As mentioned
before, the Pc PF coil for RIN control is currently not available
on MAST-U. The shape controller takes that into account and
generates actuator directions for controlling RIN and RX, both
of which heavily depend on the use of the Px coil. This can
ultimately result in a situation where to provide greater allow-
ance for the feedback control of RIN, RX will have to be kept in
open loop in order to reduce demand and prevent exceeding the

current limit on the Px coil. As the compensator matrix, P+
g is

only valid on the plasma magnetic equilibrium around which
the linearization is performed, the performance of the shape
controller design is expected to degrade for plasma magnetic
equilibria that are very different from the point of linearization.
This limits the application of the shape controller and requires
generation of a new P+

g based on the plasma configuration to
be controlled. Another consequence of the present shape con-
troller design is its impact on the shape variables that are not
included in the definition of the plant matrix. Thismay result in
undesirable perturbations of these variables that are absent in
the plant definition during the control of the chosen set of the
shape variables. However, including a larger set of variables
in the plant definition may also result in large PF coil current
demands. Thus, as expected a trade-off in the present design
is made based on controlling a limited set of control variables
which provides an overall control of the plasma shape while
avoiding large PF coil currents exceeding the hardware limits.

In particular, if δ⃗y represents the variations in the bound-
ary and divertor control variables estimated with LEMUR and
δu⃗ are the PF coil currents then: δ⃗y= Pgδu⃗. Consequently, the
magnetic equilibrium controller design then follows:

δ⃗IPF = P+
g K(s) e⃗ (1)

where, δ⃗IPF are the PF current request to the MAST-U PF
coil current controller, e⃗ represents the associated errors in the
magnetic control variables and s is the Laplace transform vari-
able. Note that, P1 and P6 poloidal field coils are excluded in
the design since they are used for plasma current and vertical
position control and stabilization, respectively. In addition, the
Pc coil is also not included in the design due to its unavailab-
ility in the present MAST-U campaign. In terms of MAST-
U PCS terminology [29], the column vectors of P+

g represent
‘virtual circuits’ that are assembled into a transformation mat-
rix which maps the vector of the virtual actuator requests to a
vector of PF coil currents in the PCS. The complete details of
the functional flow of the MAST-Umagnetic equilibrium con-
troller requests to the MAST-U PF coil current controller can
be found in [29]. The MAST-U PCS also offers the flexibility
to program the use of the ‘virtual circuits’ in different control
modes, feedforward or feedback. In case of the feedforward
mode, ‘virtual circuits’ defined as the PF coil currents required
in each coil to change a given magnetic control variable by one
unit, are directly driven by the perturbation in the control vari-
able itself defined by the PCS programmer. However, in case
of the feedback mode, the perturbation represents the error in
the magnetic control variables and is directly supplied in real-
time from the LEMUR algorithm.

The verification of the MAST-U equilibrium controller is
performed with the help of a non-linear free-boundary sim-
ulation code, GSevolve [36]. This simulation code evolving
the Grad–Shafranov equilibrium including current and pres-
sure profiles resides within the suite of TokSys tools.

The unique capability of the software suite to directly con-
nect to the MAST-U PCS via SIL provides simulated toka-
mak and plasma data in response to the control commands

6
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Figure 4. Performance of the magnetic controller with respect to ROUT control during GSevolve simulation. Comparison between the
simulation, measurement and the reference for (a) plasma current, IP and (b) ROUT for plasma discharge, #45311. The activation time
intervals of the plasma current controller and the outer gap controller are shown by the shaded regions in green.

from the shape controller (figure 3(a)). The closed-loop sim-
server simulations help to tune controller gains and confirm the
implementation and operation under realistic hardware/soft-
ware conditions. GSevolve simulations have been performed
based on a conventional double null MAST-U plasma mag-
netic equilibrium, #45311, as shown in figure 3(c). In addition
to the verification of the general implementation of the mag-
netic controller on the MAST-U PCS, the simulations are also
aimed at identifying the first initial guess for the control para-
meters that results in good response (≈30–50ms) and tracking
with low steady state error (≈1–2 cm). For the verification of
the implementation of theMAST-Umagnetic controller for the
given plasma equilibrium, a controller corresponding to ROUT

is activated at a specific time interval during the full discharge
simulation. The PF coil controller and plasma current control-
ler are fed with the same MAST-U PCS configuration para-
meters as in the original shot #45311 throughout the GSevolve
simulation, while the plasma magnetic equilibrium controller
for ROUT is now activated at a given time instant, T = 0.13 s,
during the simulation. The performance of the plasma shape
is evaluated by studying the response of the ROUT for an arbit-
rary step reference waveform. Figures 4(a) and (b) shows
the application of the magnetic controller for controlling the
plasma outer gap from T = 0.13 s, during the GSevolve sim-
server simulation with the MAST-U PCS for the plasma dis-
charge, #45311, shown in figure 3(c). The activation inter-
val along with the other settings associated with the plasma
current controller are set automatically by restoring MAST-
U PCS configuration used in the original shot #45311. The
shaded region in green in figure 4(b) shows the step response
performance of ROUT upon activation at T = 0.13 s. Smooth
tracking of the pre-programmed reference with a response
time of ≈30–50 ms and a small steady state error (≈1 cm) is
achieved for ROUT. Figure 4(a) shows the response of IP dur-
ing the GSevolve scenario simulation with the designed mag-
netic controller regulating the plasma outer gap. Figure 4(a)
shows plasma current controller tracking and the disturbance

rejection performance with respect to the transients induced by
the activation of plasmamagnetic controller loop. Figures 4(a)
and (b) also show the comparison of the GSevolve simula-
tions against the measured IP and ROUT for the plasma dis-
charge, #45311. The dynamic responses during the simula-
tion of both the variables show differences in comparison to
the real shot. The differences in the responses are consistent
with those commonly observed when simplified models (first
order system with an associated time constant, delay and sat-
uration limits) for the power supplies are used as in this case.
Another potential source of these discrepancies is the omission
of the experimentally consistent noise in the simulation used
in reconstructing the control variables. The present simulation
simply used ideal magnetics data directly obtained from the
plasma model itself without addition of a noise component.
Themodels of the power supplies andmagnetic diagnostics are
already planned for validation against experimental data dur-
ing the upcoming MAST-U experimental campaign, in order
to better identify the actual sources of discrepancies. However,
even with these limitations the closed-loop simserver simula-
tion framework plays an essential role for debugging, testing,
verifying and assessing off-line the response of the virtual cir-
cuits prior to shot execution. The simulations provide signific-
ant confidence in achieving satisfactory response during the
first experimental implementation.

4. Experimental application of the plasma shape
controller

Similar to the verification process discussed in the previous
section for the plasma magnetic equilibrium controller for
ROUT, additional tests are carried out for evaluating the per-
formance of the other boundary and divertor control vari-
ables with the ‘simulation server’ using the non-linear free-
boundary simulation code, GSevolve. After validating the per-
formance in simserver simulation, dedicated experiments have
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Figure 5. Performance of the shape controller for a MAST-U double null plasma configuration, #46226, involving a scan of the plasma
inner gap and X-point position. Comparison between the measurement estimated with LEMUR (red) and the reference (blue) for (a) ROUT,
(b) RIN, (c) ZX and (d) RX. Time evolution of (e) IP, (f) line integrated plasma density, ne, (g) plasma elongation, κ and (h) plasma
triangularity, δ. The activation time interval of the shape controller is shown by the shaded region in green. The solid green lines in (e) and
(f ) correspond to the IRE event time.

been performed to test the plasma magnetic controller dur-
ing the MAST-U campaign in 2022–2023. The analysis of the
experimental results is divided into four main sub-sections,
with each sub-section describing the experimental application
of the new equilibrium controller design on aMAST-U double
null, Super-X, X-point target and X-divertor plasma scenario,
respectively.

4.1. Application to double null conventional divertor plasma
configuration

MAST-U double null divertor plasma discharges with differ-
ent plasma currents (450 kA and 750 kA), involving dynamic
changes in the reference trajectories of various boundary con-
trol variables are chosen to test the magnetic equilibrium con-
troller performance. The equilibrium controller design is for-
mulated by including response vectors based on the plasma
equilibrium (figure 3(c)), mapping the inner/outer plasma gaps
and the X-point position from the PF coil currents. The ‘vir-
tual circuits’ for the shape variables, ROUT, RIN, ZX and RX are

then determined by taking the pseudo-inverse of the plant mat-
rix, Pg, comprised of the various shape response vectors. The
equilibrium controller design for the double null divertor con-
figuration is implemented in feedback mode in the MAST-U
PCSwith the help of the ‘virtual circuits’. During the real-time
application, the error associated with the shape control vari-
ables estimated by LEMUR drives the respective ‘virtual cir-
cuits’ for feedback control of the double null divertor plasma
configuration.

Figures 5(a)–(d) show an example of the experimental
application of the equilibrium controller for the first time on
MAST-U providing real-time feedback control of the radial
position of the inner/outer plasma gap and radial and ver-
tical position of the X-point for a 750 kA double null divertor
plasma configuration, #46226. The shape of the double null
divertor plasma configuration used for testing the controller is
similar to the plasma equilibrium shown in figure 3(c). Prior
to the present implementation, double null divertor plasma
configurations were primarily controlled in feedforward mode
on MAST-U. Note that the LEMUR algorithm in the MAST-
U PCS is enabled at T = 0.11 s. The plasma equilibrium
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controller activation time interval for studying the dynam-
ical response with respect to the boundary control variables is
represented by the green shaded regions in figures 5(a)–(d).
Overall good tracking performance with respect to the pre-
programmed references for all the associated boundary control
variables is achieved with a response time of ≈20–30 ms and
a small steady state error (≈ 2 cm). Figures 5(a) and (b) shows
the closed loop performance for regulating the radial position
of the outer and inner plasma gap. As shown in figure 5(a), the
controller exhibits good disturbance rejection and forces the
ROUT controlled variable to track the desired reference after
a perturbation at T = 0.255 s most likely due to an Internal
Reconnection Event (IRE) [38]. These are a known artefact
of the spherical tokamak aspect ratio (due to the high safety
factor gradient relative to conventional aspect ratio tokamaks)
and can be characterised by a relaxation of the current dens-
ity profile resulting in a current spike and crash in the dens-
ity. The data quality and diagnostic set available at the begin-
ning of the second MAST-U campaign make it difficult to
show the current density profile, but the plasma current and
the line integrated density identifiers are shown in figures 5(e)
and (f ). Figures 5(e) and (f ) shows the IRE characteristics
in pulse 46226 with a small spike in plasma current and a
crash in density at 0.225 s, correlating with the disturbance
in the controlled shape parameters. Figure 5(b) demonstrates
the application of the controller for preventing contact of the
plasma boundary with the inner wall limiter and maintains
a suitable distance between them at steady state. The closed
loop tracking performance corresponding to the vertical and
radial control of the X-point position is shown in figures 5(c)
and (d). A delayed response with a characteristic time delay
≈10–15 ms is observed in the ramp response of radial pos-
ition of the X-point (figure 5(d)). The LEMUR estimated X-
point position controlled variables follow the time varying ref-
erence trajectory with the activation of the controller and are
then kept close to the reference trajectories, providing satis-
factory tracking of the radial and vertical position of the X-
point (figures 5(c) and (d)). The experimental impacts of the
real-time feedback control of ROUT, RIN, ZX and RX on actual
plasma shape quantities (plasma elongation, κ, and triangu-
larity, δ), are shown in figures 5(g) and (h). Figures 5(g) and
(h) also show the response on the plasma elongation and tri-
angularity during the ramp in RX from 0.3 s–0.4 s when ROUT,
RIN and ZX are held constant. During this interval, the relative
elongation change is very small ∼1%. The associated change
in triangularity increase is of the order of 10% and relates to
the inward radial movement of the X-point. This is expected
since RX is coupled to plasma triangularity when ROUT, RIN

and ZX are held constant.

4.2. Application to Super-X divertor plasma configuration

After successfully testing the MAST-U equilibrium control-
ler design on double null divertor plasma configuration, the
controller design was extended experimentally to the super-X
plasma configuration with different plasma currents (450 kA
and 750 kA). Similar to the double null conventional divertor

configuration, the magnetic equilibrium controller perform-
ance was evaluated by dynamically changing the reference tra-
jectories for boundary and divertor leg control variables. In
contrast to the equilibrium controller design for the double null
divertor case, the response matrix is generated for the Super-
X plasma equilibrium as shown in figure 6(g) and includes
the addition of the divertor nose control variable, RLEG, that
regulates the proximity of the separatrix with divertor baffle.
The design for the equilibrium controller also includes sub-
stitution of RX with RSTK in the controller response matrix
to regulate the outer strike point position of the long-legged
divertor Super-X plasma configuration. During the controller
application, an intentional disturbance by varying the divertor
flux expansion is included to assess the robustness of the con-
troller with respect to disturbance rejection. Similar to RLEG,
the PF ‘virtual circuit’ for fexp,t is determined by including the
response vector, mapping the flux expansion variable at the
divertor leg with the PF coils in the controller design. The dis-
turbance in fexp,t is then programmed in the MAST-U PCS in
feedforward mode by driving the fexp,t ‘virtual circuit’ with a
user-defined perturbation during the time interval correspond-
ing to the activation of the outer strike point control.

Figures 6(a)–(g) show an example of the experimental
application of the magnetic equilibrium controller for the
first time providing real-time feedback control of the plasma
boundary (ROUT, RIN, ZX) and divertor leg (RSTK) for a 750 kA
Super-X divertor plasma configuration, #47577, on MAST-U.
The associated boundary and divertor control variables for the
Super-X control are supplied as inputs to the controller from
the LEMUR algorithm starting, T = 0.11 s, expect for RSTK

starting at T = 0.41 s. The difference in the activation times is
due to the fact that for now RSTK reconstruction from LEMUR
does not cover the entire divertor contour as a function of time
and the estimation is only active when the divertor leg scans
the divertor tile region corresponding to a conventional double
null or Super-X divertor configuration. The activation time
interval for studying the dynamical response of the equilib-
rium control variables with respect to time varying reference
waveform is shown in the green shaded regions in figures 6(a)–
(d). The activation for the control variables (RIN and ZX) starts
at T = 0.13 s, while the activation of the controller associ-
ated with RSTK was pre-programmed from T = 0.45 s. The
activation interval of the feedback controller for ROUT starts at
0.2 s. Figures 6(e) and (f ) explores the effect on the fexp,t and
RLEG during the controller operation for regulating the super-
X equilibrium. Figures 6(a)–(d) illustrates good tracking of
the time varying pre-programmed reference of all equilibrium
control variables upon activation of the controller. Also, the
intentional introduction of the pre-programmed fexp,t ramp-
down phase (figure 6(e)) has negligible effect on the equi-
librium controller performance. Smooth tracking performance
associated with a low steady state error (≈1 cm) is observed
for the boundary control variables, namely, ROUT, RIN and
ZX. Upon activation at T = 0.45 s, RSTK tracks smoothly the
pre-programmed reference, comprising of a ramp-up phase,
followed by a constant trajectory and ultimately leads to a
small steady state error. Figure 6(g) shows the final steady
state Super-X magnetic equilibrium achieved after controller
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Figure 6. Performance of the shape controller for a MAST-U Super-X plasma configuration, #47577, involving a scan of the vertical
position of the X-point and radial position of the outer strike point. Comparison between the measurement (red) estimated with LEMUR and
the reference (blue) for (a) ROUT, (b) RIN, (c) ZX and (d) RSTK. (e) Time evolution of divertor flux expansion at the target, fexp,t. (f ) Time
evolution of the radial coordinate of the intersection between the separatrix and the segment across the divertor nose, RLEG. (g) MAST-U
poloidal cross-section showing the Super-X plasma magnetic equilibrium at steady state after controller operation (T = 0.6 s) obtained with
off-line EFIT, along with the location of the various magnetic shape control variables. The activation time interval of the shape controller is
shown by the shaded region in green. Also, note that the x-axis scale of (d)–(f ) differs from (a)–(c).

termination. In addition to the actively controlled variables,
as demonstrated in the figure 6(f ), the application of the
plasma equilibrium controller has minimal impact on RLEG ≈
1 cm and successfully prevents contact of the plasma separat-
rix with the divertor baffle and maintains a suitable distance
between them at during transients and as well as in steady
state.

4.3. Application to X-point target divertor plasma
configuration

The X-point target divertor is characterized by a significantly
larger X-point separation between the primary and secondary
X-points such that the distance between the plasma and the
targets is large enough to separate the radiation region from
the confined plasma limiting detrimental effects on the plasma
performance. Due to unavailability of the secondary X-point
position estimation from LEMUR, the equilibrium controller
was used in the feedforward mode for introducing a secondary
X-point at a user-defined location. The PF ‘virtual circuit’ for
controlling poloidal magnetic field was determined by includ-
ing the associated response vectors, mapping the radial, Br and
verticalBzmagnetic field components at the specified location,
with the PF coils in the controller design. The plant matrix
for the X-point target divertor was obtained with the help of
a linear plasma response model based on a 750 kA Super-X
divertor plasma scenario, #46296, with a shape similar to the

one shown in figure 6(g). In addition to the boundary control
variables (ROUT, RIN and ZX), the response vectors for gener-
ating a poloidal field null at (R, Z) = (1.26 m, −1.83 m) are
also included in the plant model based on the perturbed Grad–
Shafranov equation. Ramp perturbation waveforms for con-
trolling Br and Bz to zero at (1.26 m,−1.83 m) are then applied
through theMAST-U PCS in the feedforwardmode for driving
the corresponding ‘virtual circuit’ regulate the poloidal mag-
netic field null. The initial value of the ramp waveform in the
PCS is set to zero and the final value corresponds to the EFIT
pre-computed value ofBr andBz at the specified location based
on the previous discharge. The feedforward control of Br and
Bz components for obtaining the X-point target configuration
involves an iterative process and requires tuning of the perturb-
ation waveform over a series of plasma discharges. This is due
to the inability of feedforward control to respond to external
disturbances during the plasma discharge. The process eval-
uates the poloidal field components at the specified location
using the off-line EFIT plasma equilibrium. These compon-
ents are then applied as perturbation and the associated virtual
circuit acting on these perturbation requests PF coil current
changes to compensate and reduce the Br and Bz values to zero
in the subsequent discharge. After the discharge execution, the
off-line EFIT code is used again to evaluate the resulting Br
and Bz values at the specified location to update the ramp per-
turbation based on the remaining poloidal field offset value.
The same virtual circuit as the previous discharge is then used
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Figure 7. Performance of the shape controller for a MAST-U X-point target plasma configuration, #47763, involving feedback control of
ROUT, RIN and ZX, and feedforward control of poloidal magnetic field at (1.26 m, −1.83 m). Comparison between the measurement (red)
estimated with LEMUR and the reference (blue) for (a) ROUT, (b) RIN and (c) ZX. (d) Time evolution of the poloidal magnetic field
components at (1.26 m, −1.83 m) from off-line EFIT. (e) MAST-U poloidal cross-section showing the X-point target plasma magnetic
equilibrium at steady state (T = 0.5 s) obtained with off-line EFIT. The activation time interval of the feedback controllers is shown by the
shaded region in green and feedforward controllers is shown by the shaded region in grey. Also, note that the x-axis scale of (d) differs from
(a)–(c).

for requesting the PF coil current changes based on the updated
ramp perturbation to converge towards an improved poloidal
null in the next discharge.

Figures 7(a)–(e) show an example of the experimental
application of the magnetic equilibrium controller for provid-
ing real-time feedback control of the plasma boundary (ROUT,
RIN, ZX) and feedforward control of the poloidal field com-
ponents at (1.26 m, −1.83 m) for obtaining a 750 kA X-point
target divertor plasma configuration, #47763. Note that the res-
ulting performance in the discharge, #47763, was achieved
through a sequence of tuning iterations over 3 plasma shots.
It must be also noted that this is first time that steady state X-
point target divertor plasma configuration has been achieved
on MAST-U. The associated boundary control variables are
supplied to the feedback controller as inputs from the LEMUR
algorithm starting at T = 0.11 s. The activation time interval
for studying the dynamical response of the boundary control
variables (ROUT, RIN and ZX) is shown in the green shaded
regions in figures 7(a)–(c). Figure 7(d) shows the time evol-
ution of Br and Bz at (1.26 m, −1.83 m) from off-line EFIT
reconstruction during the feedforward control operation for
regulating poloidal magnetic field components. Figures 7(a)–
(c) shows good tracking of the time-varying pre-programmed
reference of all boundary control variables with the activation
of the controller. The unintentional introduction of the IRE at
T = 0.23 s has some transient effect on the equilibrium control-
ler performance, which is ultimately improved over time by the
feedback controller. Smooth tracking performance associated
with a low steady state error is observed for the boundary
control variables. Upon activation of the feedforward con-
troller at T = 0.35 s, both, Br and Bz are ramped towards

zero and are held nearly constant thereafter in steady state
(figure 7(d)). The performance of the feedforward controller
reflects the pre-programmed reference values of Br and Bz per-
turbation during a phase between T = 0.35 s and T = 0.38 s,
where poloidal magnetic components are ramped from zero
and thereafter held constant to the pre-programmed values of
Br and Bz. As mentioned before, the steady state values of
the pre-programmed references are determined by evaluating
the existing components of Br and Bz at the desired second-
ary X-point location from the off-line EFIT of the previous
scenario and involve subsequent reference tuning over mul-
tiple discharges to achieve a satisfactory level of performance
in feedforward control mode. As shown in figure 7(d), the
poloidal field components with the activation of the feedfor-
ward controller reaches very close to Br and Bz of zero around
T = 0.38 s but still contains a finite steady state offset, which
ultimately show an increasing deviation over time from zero.
This is expected during feedforward mode of operation and
can be attributed to the inaccurate modelling of the plant and
disturbances, and also due to the inability of the controller
to respond to random and unforeseen disturbances (e.g. flux
swing due to the P1 PF coil). In the future, with the availabil-
ity of the real-time estimation of the secondary X-point from
LEMUR, these ‘virtual circuits’ can be used in feedback con-
trol mode and overcome modelling inaccuracies and achieve
good disturbance rejection. Figure 7(e) shows the final steady
state X-point target magnetic equilibrium achieved after feed-
back and feedforward controller termination at T = 0.5 s. The
off-line EFIT reconstruction at steady state estimates the sec-
ondary X-point position at (1.27 m, −1.73 m) in comparison
to desired location of (1.26 m, −1.83 m).
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Figure 8. Performance of the shape controller for a MAST-U X-divertor target plasma configuration, #48696, involving feedback control of
ROUT, RIN and ZX, and feedforward control of poloidal magnetic field at (0.7 m, −1.74 m). Comparison between the measurement (red)
estimated with LEMUR and the reference (blue) for (a) ROUT, (b) RIN and (c) ZX. (d) Time evolution of the poloidal magnetic field
components at (0.7 m, −1.74 m) from off-line EFIT. (e) MAST-U poloidal cross-section showing the X-divertor target plasma magnetic
equilibrium at steady state (T = 0.5 s) obtained with off-line EFIT. The activation time interval of the feedback controllers is shown by the
shaded region in green and feedforward controllers is shown by the shaded region in grey. Also, note that the x-axis scale of (d) differs from
(a)–(c).

4.4. Application to X-divertor target divertor plasma
configuration

The X-divertor concept is characterized by a flaring of the
flux surfaces towards the divertor target. The configuration
is created by inducing a second axisymmetric X-point down-
stream of the main plasma X-point near the divertor target.
The controller design for X-divertor scenario is similar to
the X-point target plasma configuration, with the main dif-
ference being with respect to the specification of the spatial
location of the secondary X-point. The plant matrix for the
X-divertor configuration is obtained by constructing a linear
plasma response model based on a 600 kA double-null diver-
tor plasma scenario, #47859, with a shape similar to the one
shown in figure 3(c). Similar to the X-point target configur-
ation design, the plant model includes the response vectors
for the boundary control variables (ROUT, RIN and ZX), along
with the vectors for generating a poloidal field null at (R,
Z) = (0.7 m, −1.74 m). The ‘virtual circuits’ for the shape
(ROUT, RIN and ZX) and poloidal field null (Br and Bz) variables
are then determined by taking the pseudo-inverse of the plant
matrix. The equilibrium controller design is implemented in
feedback mode with respect to the shape variables, implying
LEMUR drives the respective ‘virtual circuits’ with the estim-
ation for the shape variables in real-time for feedback control
during the scenario. Feedforward perturbations are applied by
the PCS to drive Br and Bz to zero at (0.7 m, −1.74 m), which
in turn drives the corresponding ‘virtual circuit’ for controlling
the poloidal magnetic field null.

Figures 8(a)–(e) show an example of the experimental
application of the magnetic equilibrium controller for provid-
ing real-time feedback control of the plasma boundary (ROUT,
RIN, ZX) and feedforward control of the poloidal field com-
ponents at (0.7 m, −1.74 m) for obtaining a 600 kA X-
divertor plasma configuration, #48696. Note that this is the
first time that a steady state X-divertor plasma configura-
tion has been enabled on MAST-U. The activation time for
LEMUR for estimating the boundary control variables starts
at T = 0.11 s. The activation time interval for studying
the dynamical response of the boundary control variables
(ROUT, RIN and ZX) is shown in the green shaded regions
in figures 8(a)–(c). They all illustrate a good tracking of
the time varying pre-programmed reference for the bound-
ary control variables upon activation of the feedback con-
troller. Pre-programmed reference values of Br and Bz per-
turbations are applied that comprises of a ramp target phase
between T = 0.3 s and T = 0.4 s. Similar to the X-point tar-
get plasma case, the Br and Bz perturbation values for the X-
divertor configuration are obtained by evaluating the poloidal
field components from the off-line EFITs at the desired sec-
ondary X-point from a previous discharge. The impact of the
pre-programmed references on the evolution of the poloidal
field components at (0.7 m, −1.74 m) is shown in figure 8(d).
Note that the convergence to the performance in the discharge,
#48696, was achieved at the expense of a sequence of tuning
iterations over 3 plasma shots. The radial and vertical poloidal
field components during the activation window of the feed-
forward controller approach values close to zero at T = 0.4 s
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and result in a finite steady state offset. As already men-
tioned for X-point target case, the steady state performance
can be improved by tuning the feedforward references over
plasma discharges by accounting for model inaccuracies and
disturbances. However, with the future availability of the real-
time estimation of multiple X-point locations from LEMUR,
the feedback control mode would provide solutions to these
issues. Figure 8(e) shows the final steady state X-divertor
configuration at T = 0.5 s. The off-line EFIT reconstruc-
tion at steady state estimates the secondary X-point position
at (0.66 m, −1.71 m) in comparison to desired location of
(0.7 m, −1.74 m).

5. Summary and conclusions

A new real-time magnetic equilibrium control design rely-
ing on the LEMUR algorithm has been developed particu-
larly for advanced plasma configurations (double null conven-
tional, Super-X, X-point target and X-divertors) and applied
experimentally on MAST-U. The development of LEMUR
and the associatedmagnetic equilibrium control design has not
only improved the existing Super-X and Double null diver-
tor plasma configurations by providing feedback and feed-
forward control of (ROUT, RIN, RX, ZX,RSTK, RLEG and Fexp)
but also enabled for the first time steady state divertor plasma
configuration such as, X-point target and X-divertor plasmas.
Comparisons are made of the equilibrium control paramet-
ers from LEMUR against off-line equilibrium reconstruction,
based on the Grad–Shafranov solver and diagnostic measure-
ments for MAST-U plasma configurations. Modelling, design
and simulation of the axisymmetric magnetic equilibrium con-
trol scheme for plasma boundary and divertor leg for MAST-
U, have been accomplished using the TokSys software suite.
A non-linear free boundary plasma simulation (GSevolve) dir-
ectly connected to the MAST-U PCS, has been used for the
verification and identification of the control parameters. These
capabilities also enable the TokSys software suite to perform
off-line tests and assessments for studying the responses of the
virtual circuits prior to the experimental implementation of the
magnetic equilibrium controller. The MAST-U magnetic con-
trol approach described here results in good tracking, appro-
priate response times, and low steady state errors with respect
to complex changes in the reference control variables during
the experimental application, consistent with control perform-
ance requirement for advanced divertor plasma configurations.
In particular for the Super-X divertor plasma configuration,
the magnetic equilibrium controller shows good rejection per-
formance with respect to pre-programmed disturbances and
prevents contact of the separatrix with the divertor baffle dur-
ing the controller activation period. With respect to the devel-
opment of X-point target and X-divertor plasma configuration,
the feedforwardmode of theMAST-Umagnetic controller was
successful in generating and holding both the divertor config-
urations in steady state operation.

In the upcoming 2023–2024 MAST-U experimental cam-
paign, demonstration of full feedback control is planned for

all the advanced MAST-U divertor plasma configurations. As
a step towards this development, LEMUR algorithm upgrades
are planned to enable real-time estimation of the poloidal
flux expansion at the divertor target and multiple X-point
positions in the divertor chamber, along with plasma para-
meters including plasma inductance, li and plasma poloidal
beta, βp. The successful feedforward control demonstration
in the current 2022–2023 MAST-U experimental campaign
for various parameters that were not currently computed in
real-time by LEMUR lays a strong foundation for feedback
control tests with real-time availability of magnetic control
variables in the future campaigns. The MAST-U magnetic
controller is also planned to be extended to other advanced
plasma configurations, such as, negative triangularity diver-
tors and snowflake divertors [39]. During the current shut-
down period, the control development for these plasma con-
figurations will rely on SIL simulations, making use of the
GA-TokSys simserver platform. The MAST-Umagnetic equi-
librium controller design with the integrated control approach
discussed in the paper will provide high confidence control
verification prior to operational use and is expected to increase
the probability of success within limited experimental opera-
tion time for new advanced plasma configurations and scen-
arios in the upcoming 2023–2024MAST-U experimental cam-
paign. The successful application of the GA-TokSys integ-
rated control approach and experimental validation onMAST-
U also provides high confidence in the value of this approach
to other devices anticipated to begin operation in the near- and
medium-term (e.g. NSTX-U, STEP).
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