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Summary

Success of the UKs STEP (Spherical Tokamak for Energy Production) programme [1] [2] [3] requires a
robust plasma control system. This system has to guide the plasma from initiation to the burning
phase, maintain it there, producing the desired fusion power for the desired duration and then
terminate the plasma safely. This has to be done in a challenging environment with limited sensors
and without overloading plasma facing components. The plasma parameters and the operational
regime in the STEP prototype will be very different from tokamaks which are presently in operation.
During fusion burn, the plasma regime in STEP will be self-organising, adding further complications
to the plasma control system design. This article describes the work to date on the design of
individual controllers for plasma shape and position, magneto hydrodynamic instabilities, heat load
and fusion power. Having studied 'normal' operation, the paper discusses the philosophy of how the
system will handle exceptions, when things don't go exactly as planned.
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Figure 1: Self organising system. The green shaded items represent the main actuators in the system. Actuators to control
plasma stability, plasma shape and position and a number of other quantities are also required; for simplicity, they are not
included in this figure, though their action is likely to affect the self organising system through their influence on the plasma
confinement. Note that the Deuterium/Tritium (D/T) ratio will not be available during for burn control during the main
steady state phase as most fuel will be recycled without separating D and T



1 Introduction

Research into the generation of electricity from Nuclear Fusion is normally referred to as ‘Controlled
Thermonuclear Fusion’. As such, ‘control’ is in the name, highlighting how central ‘control
engineering’ is to ensure that a fusion reactor can achieve its goal. Consequently, control aspects have
been involved in guiding the design of the STEP prototype power plant from an early stage [2] [4] [5].
Like the ITER [6] and DEMO [7] projects, the STEP prototype will be a tokamak, characterised by a
high toroidal magnetic field and a high toroidal plasma current. This means that many of the
challenges encountered are similar to those discussed in [6] [7]. Similar efforts are ongoing to design
the plasma control systems for DEMO [8] and ITER [9], with the ITER design being significantly more
mature than the STEP design presented below. The main difference with respect to ITER and DEMO
is that the STEP design is based on the ‘spherical” tokamak principle as discussed below.

When moving from present tokamaks to power-producing reactors new fundamental control
challenges are encountered. Like the ITER and DEMO systems, the STEP plasma control system has
to control a burning plasma, where the alpha particles generated by the fusion reaction will constitute
the main plasma heating source, reducing the need for external heating. Minimising the external
heating requirement is highly desirable, but it means that less power is available for controlling the
plasma. In contrast to ITER and DEMO, where the plasma current will be driven by external means,
the plasma current in the STEP prototype will be dominated by the so-called ‘bootstrap’ current [10].
This current is “auto-generated’ by the plasma and STEP will therefore enter into a new plasma
regime where both plasma current drive and heating is mainly generated by the plasma itself. The
amplitude and radial distribution of the bootstrap current depend on the local gradient of the plasma
pressure. As a consequence, the plasma current and its radial profile are mainly determined by the
plasma temperature and density radial profiles, which in turn are governed by the alpha particle
radial distribution. The alpha-particle distribution is itself determined by the density and temperature
profiles. Furthermore, the plasma current profile influences the plasma confinement and, through
this, both the temperature and density profiles. In the burning state, the plasma therefore constitutes
a highly self-organised system. It is the task of the plasma burn controller to break into this system to
ensure that the plasma reaches the state enabling it to produce significant fusion power. Once in this
state, the burn controller must control fusion power to the desired value. Figure 1 illustrates the
interdependence of the different aspects of this self-organised system. Operating with a high
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B,
where a is the minor radius, B, is the toroidal magnetic field, I, is the plasma current and (p) is the

bootstrap current fraction requires operation at high normalised plasma pressure 8y = 2,

volume-averaged pressure. Spherical tokamaks i.e. tokamaks with a low aspect ratio 4 = S , where R is

the major radius of the plasma, facilitate operation at high 8 and high bootstrap current fraction [11]
thereby opening the way to steady-state operation with only a moderate amount of current being
driven by the external heating and current drive systems. The definitions of the main plasma
dimensional parameters are illustrated in Figure 2.
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Figure 2: Definition of the main plasma dimensional parameters: minor radius (a), major radius (R), aspect ratio (A) and
elongation (el).

While enabling steady state operation, operating at high normalised pressure comes with additional
control challenges. Achieving high Sy and a high bootstrap current fraction requires operation at high
plasma elongation el = % , where Ais the plasma height as defined in Figure 2. The vertical position

of highly elongated plasmas is unstable with the instability growth-rate increasing with elongation,
and active stabilisation is required to maintain such plasmas configurations. One of the benefits of
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spherical tokamak is their high natural elongation [12], meaning a higher overall elongation is
controllable than in conventional tokamaks. Stabilising highly elongated plasmas does, however,
constitute a significant control challenge. In addition to this fundamental instability, a second
instability, the so-called Resistive Wall Mode (RWM), is encountered when By is raised sufficiently
[5]. In this case active RWM control will also be required. The control requirements for stabilising
RWMs are similar to those for stabilising the plasma vertical position.

80% of the energy produced by the Deuterium-Tritium fusion reaction escapes the plasma via 14MeV
neutrons, which are absorbed in the Tritium breeding blankets surrounding the plasma [13] [14]. The
remaining 20% of the fusion power plus any additional power injected into the plasma, will leave the
plasma and impinge on the plasma facing components [15]. In a power plant this power is
significantly larger than in present-day tokamaks. To avoid damaging the plasma facing components
this power has to be distributed over as large an area as possible. Achieving a tolerable power
distribution over the plasma facing components requires precise control of the plasma shape,
directing the charged particles leaving the plasma towards the machine “divertors’, which are the
where most of the charged particles leaving the plasma core, impinges on the plasma facing
components. STEP has chosen to design the machine to operate in a “double null’ configuration with
two divertors, one at the top and one at the bottom of the machine [16] [17] [15] [18] [19] [20] [21].
Having two divertors allows the power to each of them to be approximately halved. Each of these
two divertors has two ‘legs’ as illustrated in Figure 3 with the outer legs shaped in a so-called
‘Super-X configuration’ to maximise the radii of the outer ‘strike points” where the charged particles
reach the material surfaces. To take full advantage of the double-null configuration the unstable
plasma vertical position has to be sufficiently precisely controlled. Though the double null design
optimises the power distribution over the divertor areas, the annular regions where charged particles
impact the divertors are very narrow and the power densities will still be excessive without further
measures. For this reason, most of the power needs to be radiated from the plasma such that only a
small fraction reaches the plasma facing components in the form of charged particles. The required
radiation will be induced by injecting light impurities such as argon and xenon into both the main
plasma and the plasma in the divertor regions. As the radiation from the plasma is essentially
isotropic, radiating most of the power allows it to be distributed over a much larger area. Injecting
impurities - i.e. non fuel particles - to induce radiation comes at the cost of reducing the plasma
performance - i.e. the fusion power - and therefore good control of the impurity concentrations is
required to strike the best compromise between plasma facing component (PFC) heat loads and
fusion power performance. In addition, the appropriate flux of impurity and hydrogenic particles
should be injected into the divertors to induce the power, momentum, and particles losses required to
achieve acceptable divertor target conditions.
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Figure 3: a) Coil positions and plasma shape. In this figure SOL refers to the Scrape of layer — i.e. the layer of plasma just
outside the confined plasma boundary, where density and temperature decays exponentially. Near SOL and Far SOL
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The burning plasma environment not only challenges the plasma facing components, it also makes
the implementation of actuators and measurements much more difficult than in current devices. The
main issue that affects actuators and especially sensors is the intense neutron radiation. These
neutrons will be slowed and absorbed in the blanket and shielding surrounding the plasma, but a
significant amount of neutron radiation will still impinge on actuator and measurement equipment.
While the actuators foreseen to be used in STEP are well defined [5] [13] [22] [23], developing
sufficient measurement capability to allow the required control performance remains a significant
challenge and the controllers have to be adapted to operation with alternative and limited
measurement capabilities.

Controlling the plasma during normal operation only constitutes a fraction of the tasks for which this
system is responsible. The system also has to respond correctly to the occurrence of faults or
undesirable plasma behaviour, the occurrence of which can have a significant impact on the plant and
its operations due to the potential for loss of control of the plasma. Such loss of control may lead to an
uncontrolled plasma termination (a disruption), which can have a range of consequences [24] [25]. As
a minimum, availability of the plant will be reduced due to the need to re-condition the plasma facing
components, followed by the re-energisation of confinement magnets. More serious disruptions are
likely to cause damage to tokamak components resulting from the uncontrolled release of thermal
and magnetic energy contained within the plasma. Where this requires replacement of in vessel
components, significant operational time will be lost [26]. In the worst case, the unmitigated release of
energy by a disruption in a fusion power plant has the potential to cause catastrophic damage to the
tokamak machine.

For the reasons above, plant faults or abnormal plasma behaviour, collectively referred to as
‘exceptions’, need to be identified and mitigations put in place to prevent or limit their impact.
Exception handling for plasma disruption avoidance or mitigation is primarily focused on the
protection of the asset rather than for provision of safety, since only limited safety claims are expected
to be based on the plasma control systems due to their complexity and the inherent difficulty in
qualification of such systems. Safety claims shall primarily be placed on the design of the machine
and its containment structures.



Exceptions can occur as a result of plant failures due to poor design, maintenance or operations as
well as due to poor security and mal-intent. Exceptions can also arise in the plasma itself through
perturbations in the plasma density, pressure and kinetic profiles arising as a result of complex
physics phenomena. Already in the design phase, efforts must be made to eliminate or mitigate
potential exceptions 'by design'. Including an appropriate amount of redundancy is essential to
reduce the impact of loss of actuator or sensor capability. To back this up, automated protection
functions shall be implemented, responding to escalating exceptions, detecting the onset of exceptions
and initiating the most appropriate response. Such systems will typically need to act in a few seconds
with some events requiring responses within a second or less. Suc}}’l) fast response will be significantly
more difficult to achieve than in present tokamaks due to the self-organising character of the burning
plasma. Whilst it is possible to simply ‘switch off’ the plasma, this itself would lead to a disruption
and therefore appropriate ‘termination scenarios’ need to be implemented which can terminate the
plasma safely within the time available.

The exception-handling needs for a fusion machine require complex condition-dependent decision-
making within seconds of off-normal events being detected and with severe consequences of failure.
To this is added the difficulty of monitoring such events within the harsh tokamak environment.

The remainder of this paper is organised as follows: Section 2 describes the various individual
controllers required for STEP operations in more details. Section 3 discusses ‘exception handling’
while Section 4 summarises measurement and actuator considerations. Finally, section 5 draws some
conclusions.

2 Controllers

A wide range of tasks have to be achieved by the STEP plasma control system. Figure 4 shows a
traditional view of this integrated control system where a range of parameters have to follow certain
references. To achieve this the control system needs to have information about the actual parameter
values to compare to the desired values. These parameter values are likely not to be directly
measurable and hence they need to be derived through more or less complex algorithms based on the
measurable parameters. The algorithms used to derive these parameter values are normally referred

to as ‘observers’ as illustrated in the figure. Figure 4 shows the system as a large Multi Input Multi
Output system. It is desirable to split this system a number of separate controllers controlling only a
few parameters each. The main individual plasma control tasks are discussed in the following.
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particular sensors is far from exhaustive.



2.1 Plasma Position and Shape Control
The shape and position of the plasma are controlled by varying currents in a mixture of
superconducting and resistive poloidal field coils situated around the plasma as shown in Figure 3a
[27]. The ability to vary the current in the superconducting coils is limited due to AC losses which, if
excessive, will lead to the coil heating up and eventually losing its superconductive properties
resulting in a ‘quench’. Such quenches have to be avoided as they may severely damage the coil and
hence only slow current variations can be tolerated for these coils. Faster control will therefore need
to rely on the resistive coils. To reduce resistive losses and keep coil temperatures within operating
limits, it is desirable to maintain the DC current in resistive coils at or near zero and hence the plasma
position and shape controller should ensure that low frequency and DC current is generated in the
superconducting coils while AC current is generated in the resistive coils.

Conducting structures between the plasma and the control coils will slow down the penetration of the
magnetic fields generated by the coils through currents induced in these structures. Similarly,
variation in the magnetic fields generated by the plasma and observed by magnetic sensors, will be
temporally ‘filtered’ by any conducting structures between the plasma and the sensors. This filtering
of both the control fields and the observed field will limit the control bandwidths of the plasma
position and shape control system. While such conducting structures hamper fast control action, they
also damp any fast variation of the plasma position and shape itself since currents induced in these
structures counteract any plasma movement. For this reason, the conductivity distribution of
elements situated near the plasma have to be selected carefully to strike the best compromise between
stabilising the plasma and allowing sufficiently fast active control.

Getting this compromise right is particularly important to stabilise the unstable vertical plasma
position. Any elongated plasma is vertically unstable and requires active stabilisation. The growth
rate of this vertical instability would be too large to be controlled in the absence of stabilising induced
currents in conducting structures surrounding the plasma. The current induced in toroidally
conducting structures will create magnetic fields counteracting the vertical movement. This induced
current will be up-down anti-symmetric with respect to the machine midplane. This allows any
toroidally conducting loops to be broken at one toroidal location and connected in anti-series. Though
anti-series connection is not required to achieve the stabilising effect, this connection prevents up-
down symmetric currents from flowing in these structures. This is important to ensure that current
due to flux from the central solenoid at the time of plasma formation is induced in the initial plasma
rather than in the conducting structures.

While induced stabilising currents will reduce the growth rate to manageable levels, controlling the
vertical instability will still require a fast active control system. For the present design, growth rates of
~10s™ are expected during the plasma ramp up reducing to ~1s* during the flat top. Such growth
rates are low in comparison with present tokamaks. This is due to the size of the STEP prototype with
the associated slow inductive decay times. These modest growth rates do, however, not reduce the
control challenge due to the required large stabilising power associated with the large plasma current.
An active stabilisation system will drive up/down anti-symmetric currents in resistive coils situated
above and below the midplane outside the breeding blanket using a powerful fast amplifier. This
current will be controlled to respond to measured variation of the plasma vertical position and
velocity. If this control system fails, the plasma will undergo a Vertical Displacement Event (VDE). It
will accelerate either up or down, eventually contacting the plasma-facing components and shrinking
until it disrupts. In such VDEs all the energy of the plasma is lost to the surrounding components and
very large currents are generated in these components. These currents result in large forces being
produced due local electric currents flowing perpendicular to local magnetic fields (JxB forces),
risking significant damage to the machine. Robust vertical stabilisation is therefore essential for STEP.

The maximum achievable plasma pressure increases with plasma elongation, so it is desirable to
increase the elongation as much as possible, while maintaining tolerable vertical instability growth
rates. For constant elongation the growth rate decreases with increasing induced toroidal currents in
the conducting structures. Furthermore, the radial distribution (profile) of the plasma current affects
how much current is induced in the conducting structures. A broader plasma current profile (lower

internal inductance [;) has more current near the stabilising structures and hence sees a stronger

stabilising effect of these structures. Here [; = ———=
(ﬁ f_}%l Bp (r)dr)
field, V is the plasma volume, v is the volume element and R, and R, are the major radius of the
inboard and outboard plasma boundary at the plasma midplane.Thus, good control of the plasma
current profile is required to enable operation at high elongation and high normalised pressure.
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As described in the introduction the selected double-null design effectively doubles the surface area
over which the exhaust power is distributed. It furthermore isolates the inner targets -- which have
the smallest surface area -- from the outboard scrape off layer (SOL), which will receive most of the
power (see Figure 3b). To take full advantage of this, the vertical position must be controlled to a
degree of accuracy not much greater than the heat flux decay length, which is on the order of
millimetres, in order to minimise the amount of power flowing between the separatrices (see Figure

30).

Assuring satisfactory real-time determination of the vertical position and vertical velocity is one of
the fundamental measurement challenges that must be solved, and substantial efforts are being put
into investigatin a range of options and assessing their reliability in view of the harsh environment
which will be encountered during high power operation. In current tokamaks the vertical motion of
the plasma is determined using magnetic measurement coils situated around the plasma. In STEP
such coils will have to be situated behind the blankets, and the conductivity in elements between
plasma and pickup coils will filter the magnetic field penetration between the plasma and such coils
in a similar way that the control fields from the active coils are filtered. This is another effect that
must be taken into account when determining the conductivity distribution. While it is likely that
magnetic measurement coils situated behind the blankets will be sufficiently shielded from neutrons

to remain an option for STEP, the measured voltage V, across such coils, is proportional to the time

derivative of the local magnetic field V, = k 28 \where kis a calibration constant. To find the absolute
value of the magnetic field B, which is required to find the plasma position, these signals need to be

integrated over time: B = fot V.(t")dt'. For steady-state operation such integration will invariably drift,
rendering the absolute measurement invalid. Thus, magnetic coils can be used to measure the vertical
velocity of the plasma but alternative — possibly slower — measurements will be required to measure
the vertical plasma position. Ultimately it is the distribution of the heat load between the upper and
lower divertors that matters, so a measurement of the ratio of the heat conducted towards the two
divertors may provide sufficient information. Other options which may provide information about
the plasma position could be interferometers, reflectometers and anything where real time
tomography is possible.

Though the radial plasma position is not unstable, good control is still required to ensure that rapid
changes in plasma conditions do not lead to excessive radial movements resulting in the plasma
contacting the inner or outer first wall. If the plasma loses significant stored energy for example
through the transition from high confinement (H-mode) to low confinement (L-mode) the plasma will
move inwards by a significant distance. To avoid the plasma contacting the inner wall in this case, the
plasma has to either be sufficiently far from the inner wall before the transition, or the control system
has to respond sufficiently quickly to counteract this movement. From a fusion performance point of
view, it is important to operate with the plasma as close as possible to the inner wall. This allows the
spherical tokamak advantage to be maximised, making optimal use of the available toroidal magnetic
field and reducing the overall machine size requirement. Hence increasing the plasma wall distance is
not desirable. The best solution is likely to be a compromise between a powerful and fast control
system based on resistive coils and sufficient plasma-wall distance to accommodate the inevitable
plasma movements.

2.2 Resistive Wall Mode Control

The physics of the resistive wall mode (RWM) in STEP is discussed in the paper ‘Plasma Burn — Mind
the Gap’ in this journal issue [5] where it is concluded that active RWM control is prudent for STEP.
The RWM is the non-axisymmetric analogue of the vertical instability (or more correctly the vertical
instability is an axisymmetric RWM) [28] [29] [30] [31] [32] [33]. Like the vertical instability, control of
the RWM requires conductors relatively near the plasma to slow the instability growth rate to the
1}floint where active feedback control with coils is possible. Various RWM control studies for STEP

ave been conducted using the MARS-F code [34], of which some are detailed in Ref [35]. RWMs are
stable even without any stabilising conducting structures when the plasma pressure is less than a
certain threshold. Above this threshold active stabilisation is required and such stabilisation becomes
increasingly difficult as the pressure increases. The plasma pressure in the STEP prototype is
expected to be marginally above this threshold.

Modelling for the n=1 RWM shows that for the pressures expected, ex-vessel RWM control coils are
likely to be an option, but they require substantially more power than internal coils. At higher
pressures they fail to give stabilisation. It is thus concluded that the RWM stability should be
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provided by in-vessel coils. The RWM control coils are planned to be located just behind the blanket,
to provide shielding from the fusion neutrons, and will be copper alloy coils, probably relatively
similar to the ITER ELM coil design [36]. Since it is desired to be able to stabilise both n=1 and 2
RWNMs, 8 regularly spaced coils in the toroidal direction are planned. Midplane and pairs of coils
above and below the midplane were examined as options for RWM control. It was found that
midplane coils were more effective and further studies concluded that the optimal poloidal angular
extent of the midplane coils is ~+15°, (see Figure 5 ). As detailed in [35] a feedback control scheme
with a simple proportional differential controller, and white noise with a given standard deviation
applied sensor signal, has been studied. The sensor, which measures the n=1 poloidal magnetic field,
is assumed to be behind the first wall at the same radius as the control coils. This means that
measurement phase delays due to the first wall eddy currents are included in the simulations. For
these feedback calculations with MARS-F the primary passive stabilisation of the RWM is assumed to
be due to a continuous first wall; in practice it is likely the RWM passive stabilisation will be provided
by currents in the blanket modules or copper loops near the plasma. 3D electromagnetic modelling is
in progress to design this passive system. It is likely that the derivative feedback term will require a
magnetic sensor measurement as input, but the mode amplitude might be measured by a slower
response system such as microwave reflectometry or electron cyclotron emission [37].
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Figure 5: Calculations of the feedback-controlled growth rate yrTy, (normalised to the wall time) versus the poloidal
angular extent of the coil. Results are shown for two parabolic toroidal rotation profiles with central values Q, = 0.0142,4
and Q, = 0 (124 is the Alfven frequency).

2.3 Burn Control and Control of the Self-Organising Plasma Profile

System.

Controlling the fusion power produced in STEP is one of the more obvious tasks of the plasma
control system. When looking into such control in more detail it becomes clear that this task is
intricately linked to the control of the total plasma current as well as the plasma's current,
temperature, and density profiles. The most demanding part of controlling this system is probably
associated with ensuring that the desirable start-up trajectory is followed between plasma initiation
and full fusion burn and during the plasma termination phase. In the plasma start-up phase all
plasma heating and current drive will come via external means. The control systems have to ensure
that the transition from this phase to the burn phase, where the plasma heating is dominated by
fusion-produced alpha particles, is safely achieved [38]. Similarly, the system has to ensure that the
fusion power is extinguished and the plasma current is ramped down in a controlled manner. Once
significant fusion power is produced, the controller will only be able to indirectly control the plasma
temperature and current profile as discussed in the introduction and illustrated in Figure 1. The
control system can break into this loop by using the matter (fuel and impurity) injection systems and
the heating and current drive systems. This gives a measure of control over temperature and density
ﬁroﬁles. Optimisation of the ramp up to burn has been initially done using the RAPTOR code, which

as trajectory optimisation capabilities [39] [40] [41] [42]. The results that have been found have
subsequently been verified using the higher-fidelity JINTRAC suite of codes [43] [44]. RAPTOR,
which is a control-oriented code, has furthermore been used to investigate the ability to actively
control the fusion power. These control simulations indicate that the plasma can be controlled as
desired, though the development of the measurement systems required by the controller to ensure
that the plasma profiles follow the desired trajectories remain a serious challenge.



2.4 Heat Load Control

241 Detachment Control

The total power heating the plasma in STEP will be the sum of the fusion-produced alpha-particle

heating and the externally applied heating and current drive power. All this power will impinge on

the plasma-facing components [15].
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Figure 6. The effect of pumping speed on the ability to control neutral pressure in the divertor.

Even with the heat load reduction achieved in the double-null configuration, the power densities at
the strike points will remain above acceptable limits and additional measures are required.
Distributing the power over larger areas can be achieved by ensuring that most of the power is
radiated, as mentioned above. Injecting a combination of impurity and hydrogenic gasses into the
divertor can drive the plasma into the 'detached’ state, where the ionisation region is not in contact
with the divertor targets [45] [46]. In this case a ‘detachment front; is established along the divertor
legs, between the strike points and the poloidal field null (X-point). The position of this front depends
on the amount of power and the rate of particles being conducted from the main plasma towards the
divertor and on the amount of impurity and fuelling gas being injected into the divertor region. Good
control of the detachment front position is required to ensure that it neither moves to the X-point nor
to the strike-point when the plasma conditions vary. To retain tight control of the detachment front
position it is essential not only to be able to inject gas (impurities and fuel) sufficiently fast, but also to
be able to remove this gas quickly enough. This determines the required divertor vacuum pumping
speed. Figure 6 shows a simulation of the dynamic ability to vary the vacuum pressure in the divertor
as a function of the pumping speed. This acts as a good proxy for the influence of the vacuum
pumping on the achievable detachment-front controller response time, as the resulting detachment
state is a direct consequence of the neutral pressure [47]. To achieve robust detachment control,
sensing technologies that can give sufficient real-time information, are required. A number of viable
options are being considered, of which the system described in [48] is an example. Whether such a
system can be made compatible with the high-power phase remains to be seen. Further details of the
sensing challenge are beyond the scope of this paper.

Various disturbances will affect the detachment-front position. Preliminary simulations using the
JINTRAC code have been used to assess the effect of mid plane fuelling pellet injection on the
detachment-front position. These simulations seem to indicate that the controller does not have to
respond to individual pellets, which means that response to variations in pellet fuelling rate can be
done on a slower timescale. A more concerning disturbance is associated with double-null operation.
Given the vertical instability, the plasma will always ‘bounce” up and down around the required
vertical position. If this bouncing can be kept sufficiently small the power variation on the divertor
legs will remain small, but if the bouncing increases sufficiently the plasma will eventually bounce

between directing all the power to the upper and lower divertors. Figure 7 shows a sketch of how the
power to the 4 divertor legs might will vary for different bouncing amplitudes. This sketch is based
on very simplified assumptions regarding the power leaving the plasma towards the inboard and
outboard scrape off layer, respectively. Based on these simplified assumptions, the fraction of the

power going to the different divertor legs depends mainly on % , where Z is the vertical deviation
from perfect double null and (1) is the scale length of the exponential plasma density decay in the
scrape of layer. In Figure 7a the top trace shows the total power going towards the inner divertor
legs and the bottom trace shows the total power going to the upper divertor legs as a function of % .
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The most notable observation to be made from this is the significant reduction of power towards the
inner strikepoints which can be achieved with good control of the vertical position. This information

is used to generate the power distributions in Figure 7 b-d. To generate these figures, 3 different
levels of the noise on the vertical position measurement have been assumed and a simple
Proportional — Derivative (PD) controller have been implemented to control the simulated plasma
position in response to the measured vertical position. This figure illustrates that increasing
measurement noise will result in increasing bouncing of the vertical position. Clearly the amplitude
and frequency of such bouncing will depend on details of the design of the vertical position control
system, but the importance of reducing the measurement noise as much as possible is evident. If
significant bouncing cannot be avoided, the detachment controller will have to respond
appropriately. It is unlikely that the detachment controller can respond sufficiently quickly and, in
this case, it is therefore likely that the vertical position controller has to ensure that the bouncing is
deterministic, so that the detachment controller can anticipate which power variation to expect. In
this case more advanced and faster matter injection systems will also be needed to achieve the
required prompt variations in particle flux.
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Figure 7: Power distribution between divertor legs as function vertical offset from ideal double null. a) the fraction of the
power conducted towards the divertors that will: (top) go towards the inner strikepoints, (bottom) go towards the top
strikepoints. b-d) The fraction that of the power that will go towards each of the four strikpoints for three different noise
levels. Top: Simulated measurement of induced current in passive stabilisers (blue). This translates, via the closed loop
control loop into vertical bouncing (orange). Bottom: Power distribution between the four strike points as a function of time.

2.4.2 Core Radiation Control

While good detachment control would distribute the exhaust power over a larger divertor region, it is
unlikely that the full exhaust can handled by the divertors and hence the design anticipates a
significant fraction of the power to be radiated from the core plasma. Ensuring sufficient core
radiation allows the exhaust power to be distributed over the entirety of the plasma-facing
components, reducing the peak heat load significantly. The required core radiation is a compromise
between several considerations. For the plasma to remain in high confinement mode (H-mode) the
power conducted across the plasma boundary has to be sufficient to stay above the so-called H-mode
threshold. This limits how much radiated power can be tolerated. On the other hand, all the power
not radiated from the core will reach the divertors, so this power has to be sufficiently small to allow
effective detachment control. The core radiation will be controlled through the injection of impurities
into the core. It is expected that these impurities will be incorporated into the fuelling pellets. It is
desirable that these impurities cause radiation close to the plasma boundary, but it is highly likely
that some impurity particles will make their way into more central parts of the plasma reducing the
fusion power generated by the plasma. Thus, the core radiation control has to ensure that the power
conducted across the plasma boundary is a) small enough for the detachment controller to cope with,
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and b) large enough to stay in H-mode. In addition, the controller should minimise the radiated
power while fulfilling a).

2.4.3 ELM Control [49] [50]

In current tokamaks the high confinement (H-mode) regime is normally associated with repetitive
sizeable, short bursts of particles and energy expelled from the plasma and impacting the divertor
surfaces. Extrapolation of these Edge Localised Modes (ELMs) from current machines to STEP
indicates that the instantaneous power reaching the divertors during an ELM is so large that it cannot
be sufficiently mitigated by the detachment control and that the energy will impact the divertor
surfaces in very narrow annular regions around the strike-point locations. According to present
estimates, unmitigated ELMs would cause significant damage to the divertor and hence it is unlikely
that such ELMs can be tolerated. Though reduction of the ELM size may improve the situation it is
doubtful if even smaller ELMs are acceptable in steady-state operation. It is therefore proposed to
operate STEP in a regime either with a different type of more benign ELMs or without ELMs
altogether [51]. H-mode operation without ELMs has been demonstrated under specific conditions in
various tokamaks, but it is not guaranteed that such operation can be replicated on STEP. As a
consequence, STEP proposes the installation of Resonant Magnetic Perturbation (RMP) coils, which
can introduce a steady, toroidally asymmetric field which has been seen to reliably eliminate ELMs,
though this has not been demonstrated in spherical tokamaks [52] [53]. Since RMP coils reduce the
fusion performance, it is desirable to use them only when needed and for this reason controllers are
required which detect the onset of ELM activity and activate the RMP coils to eliminate the ELMs.
Such control has been shown on K-STAR [54]. This scheme is only feasible if short bursts of ELMs can
be tolerated intermittently. In any case, it is likely that some level of continuous RMP field will be
required. Such a DC or slowly varying field will be provided by ex-vessel, superconducting RMP
coils, while in-vessel resistive RMP coils will allow fast response. It should be noted that, during an
ELM the width of the scrape off layer increases significantly, such that the ELM energy is distributed
evenly between upper and lower outer divertor legs even if the vertical controller is not succeeding in
maintaining a perfect double-null configuration. This may mean that an operation point with some
benign ELM activity can be established.

2.5 Controller interaction
Though the control issues discussed above have been treated as individual control challenges, all of
the controllers interact with each other. The interaction already described of the detachment and
vertical position controller is an example of such interaction. In fact, the entire plasma control system
is a large multi-input multi-output (MIMO) controller. It is, however, desirable to reduce the
complexity of the controller by dividing in into a number of separate single-input single-output
(SISO) and MIMO controllers where each can be treated individually and where any interactions can
be treated as disturbances. The tasks which the overall control system must perform will also change
throughout a plasma discharge and a supervisory system will be incorporated within the plasma
control system. The role of this supervisory system is to select which controllers are active and what
goals these controllers need to fulfil. Changes to the goals may occur at predetermined times or they
may be initiated by the occurrence of certain events. In this context these events are considered to be
within normal operation, in contrast with exception events which are discussed in the following
section. Typical ‘normal” events would be transition from limiter to divertor operation, transitions
between Low (L-mode) and High (H-mode) confinement, operator intervention to change set points
and many others. Other ‘normal’ events could be minor recoverable deviations from the nominal
operations point. The difference between ‘normal’ events and ‘exceptions’ is defined by the assertion
that the recovery of an exception may fail, leading to an escalation of the fault, whereas a ‘normal’
event is not linked to an increased risk of an exception occurring. The way to handle events and
exceptions and assure optimal use of the actuators available to the plasma control system is complex
and this work is still at its infancy within the STEP project. Such work has advanced much further
elsewhere, for example in the development of the SAMONE supervisory controller [55] and STEP
aims to take advantage of this when developing the event handling system further. The handling of
exceptions is discussed in more detail in section 3.

3 Handling Plant Faults and Fault Escalation

An exception-handling strategy has been developed for managing the risk presented by failures
which can lead to loss of operations and damage to plant systems. This Exception Handling strategy
considers all faults associated with plant damage or safety events. However, of specific note here are
those exceptions which can lead to plasma disruptions and other plasma events which can result in
damage to the tokamak and its sub-systems, for the reasons discussed previously.
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The purpose of the exception-handling strategy is to enable identification of faults which are linked to
asset damage or safety events, sometimes by complex escalation routes, and to limit the consequence
of such events through application of preventative or mitigating barriers within the plant design and
operations. The application of multiple barriers of defence is based on the concept of ‘defence-in-
depth’ which assumes no single barrier can provide complete mitigation of risk. Therefore, multiple
diverse barriers are required to provide the greatest effective reduction in overall risk of failure
impact. A defence-in-depth approach has been adopted by the STEP safety team and the barriers
described here for exception handling will be mapped to the associated layers of defence defined
within the safety case documentation.

Not all failures are equal: some failures may result in lower plant efficiency or increased operator
burden whilst others can lead to rapid and catastrophic damage to plant. Additionally, the cost of
implementing and maintaining fault-handing systems can be considerable and adds to both capital
and operating costs. To manage cost and complexity the number of barriers between fault and event,
and the integrity associated with these barriers, will be graded in relation to the level of event
significance and risk reduction delivered by each barrier. To support this approach, exception-
handling events will be categorised in relation to the significance of associated unmitigated impact.
Categories associated with increased operator burden, reduced commercial output, minor damage
and major damage will be defined and the level of risk mitigation assigned to each event barrier has
to be defined. The assigned category and risk mitigation enables an integrity level to be defined for
each system, dictating the level of rigor in relation to design, qualification and through-life operation
and maintenance activities. Some exceptions and their associated risks may not depend on a single
system, but on the interaction of a range of systems. More complex event detection and exception
handling strategies will have to be defined in this case. Where risk is unrelated to nuclear safety,
integrity shall be aligned to the process industry functional safety standards.

The Exception Handling strategy considers mitigating measures throughout the design and operation
of the plant. Barriers are applied at every stage, with priority given to elimination and reduction in
occurrence over higher-level functions associated with reducing consequence and monitoring impact.
Each functional level will be independent from the previous level and does not rely on data from or
control being handed over by the previous function. The following general areas of risk mitigation are
defined within the strategy:

Design and Monitoring;

e Elimination: Where possible the design of plant or its operations will be changed eliminating
initiating faults and any potential escalation to exception events. This is the preferred approach to
mitigation as it fully removes the risk without addition of complex control and operations. An
example of this is operation with a plasma current profile which ensures that the safety factor q
remains above 2 throughout the plasma. This eliminates deleterious MHD modes associated with
rational values of q<2 (such as q=1, q=3/2, q=4/3 etc). Here q is determined at each point in the
plasma as the number of toroidal turns undergone by the magnetic field line going through this
point before it returns to the same poloidal position. For more details of the importance and
precise definition of q, see [5].

e Improve Resilience: Where failures of plant or plant operations can initiate fault sequences or are
part of such a sequence, redundancy and hold-points can be included to provide additional safety
margin within the system. Such measures provide additional time, barriers and checkpoints
allowing operator intervention and or automated recovery actions to be taken. Examples here
could be the availability of spare actuator capacity and redundant sensors. Other examples could
be the design of plasma facing components which can sustain extra heat load for enough time to
allow control systems to act to reduce such loads.

¢ Monitoring and Intervention: Where possible, facilities for operator monitoring and intervention
are provided. Such facilities provide operators with an understanding of operational risk and
allow informed judgement as to tolerability with regards to ongoing operations and whether any
remedial or preventative action need to be taken. Typical monitoring tasks could be remote
inspection of plasma-facing components to determine whether these components are sufficiently
serviceable. Whether such monitoring is possible during plasma operations remains to be seen.

Automated Mitigation Systems:

Where consequences of events are significant and fast acting, it is not reasonable to expect operator
intervention in preventing escalation of events. Automated systems will provide mitigation for events
independent of operators through predefined event scenario management schemes (see Figure 8). In
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order for the control system to undertake the appropriate action, real-time monitoring of the state of
plasma, actuators and sensors is required and real-time algorithms will be needed to predict whether
the system is moving towards a boundary in state space where action is needed. Implementing the
sensors required for detecting exceptions is significantly more challenging in the STEP environment
than in present machines. On the detection of an exception the system has to determine the
appropriate action:

e Avoidance: Avoidance systems detect when the plasma state is moving away from its nominal
point, while remaining within the ‘normal’ operating region and act to return the plant to its
nominal state, while maintaining acceptable safety margins. Avoidance systems are generally
associated with maintaining commercial operations and performance levels but in doing so
provide a level of protection from exiting the safe ‘design region’ into unsafe operations. An
example could be monitoring the proximity to an unintended transition from H to L mode,
injecting additional heating power or reducing core radiation to stay in H-mode.

e Prevention: Prevention systems act to recover operations which have left the ‘normal’ operating
region. These systems detect such events and initiate automated plant responses primarily
focused on returning the plant to a safe condition. A ‘safe condition’ is not necessarily one which
continues to provide ‘normal” commercial operations but is one which prevents loss of future
commercial performance and eliminates safety hazards. As such, prevention systems may act to
shut down plant operations in order to preserve functional integrity for future operations. Here
an example could be the appearance of ELMs. The response could be an increase in the RMP coil
currents to ensure the ELMs disappear, before potentially returning to the original operations
point. Another example could be the detection of a damaging MHD mode, triggered by excessive
pressure. If the mode cannot be eliminated, a slow plasma termination will be required.

e Mitigation: Where prevention is not possible or has not been effective, mitigation systems act to
reduce the consequential impact of the failure escalation rather than to prevent them in the first
place. Examples of mitigation systems include Shattered Pellet and Massive Gas Injection (SPI &
MGI) as well as termination of plasma fuelling, where the system is attempting to reduce the level
of energy within a plasma prior to a disruption such that the impact of the disruption is as low as
possible. It should be noted that mitigation systems themselves present a risk to the plant, with
their initiation being likely to triggering a disruption, albeit of a more minor nature. Where
possible, delays etc, shall be provided to allow intervention by lower-level functions prior to
initiation of any higher-level function such that opportunity is given to achieve a return to normal
operation or safe shutdown etc, before potentially disruptive and damaging mitigating action is
taken.

¢ Monitoring: Finally, monitoring systems are provided to enable the level of damage or harm
resulting from the event to be quantified. Such monitoring could involve remote camera
inspection of plasma-facing components, blanket integrity etc. These systems are needed to meet
regulator expectations and reporting requirements as well as to support commercial operations,
as validation of system integrity will be required before recovery and re-start activities can be
initiated. Post-event analysis can also support engineering and scientific learning and feed into
improvements in design and operation of future plants.
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Figure 8: Exception Handling and Plasma Disruption Mitigation

4 Actuator and Measurement Requirements

To achieve the desired controller performance, the various, actuator and measurement requirements
have to be derived from the control requirements described above. This is the reason that the plasma
control system design has commenced in the early phase of the STEP conceptual design phase.
Whereas the actuators that will be available in STEP are fairly well defined, the range of
measurement/diagnostic systems that could be used is far wider and the definition of which
diagnostics to install is still in a very early phase. This section discusses the actuators that have been
chosen in section 4.1 describing which control tasks each actuator can contribute to. Section 4.2
discusses which parameters need to be made available in real time and which measurement systems
could contribute to providing these parameters.

4.1 Actuators

Significant efforts have gone into selecting the STEP actuators, The main choice that has been made is
for the Heating and Current Drive System. A number of traditional systems have been considered:

¢ Neutral beam injection (NBI): Such a system would occupy a very large volume, reducing
the available blanket volume. In addition, very high neutral particle energies would be
required to penetrate to the centre of the plasma. For this reason, such a system has been
deselected.

¢ Ion Cyclotron Resonance Heating and current drive (ICRH/ICCD): To couple significant
power from such a system to the plasma, radio frequency antennas would have to be located
very close to the plasma and this would pose very significant engineering challenges
resulting in this system being deselected.

¢ Electron Cyclotron Heating and Current Drive (ECRH/ECCD): This system is a millimetre-
wave system which can launch power into the plasma via Gaussian beams, and as such the
launchers can be situated far from the plasma. This system can both heat and drive current in
the plasma, and the technology is well established. As a consequence, ECRH/ECCD has been
chosen as the main heating and current drive system for STEP. A fairly high toroidal field is
required by this system, and this has driven the choice of the machine toroidal field in the
current design.

¢ Electron Bernstein Wave Current Drive (EBW): This system is another millimetre wave
system, which can use the same transmission equipment as the ECRH/ECCD system. It will
operate at different frequencies from the ECRH/ECCD system and it is likely to require
different launchers. Very little experience exists with the use of EBW in tokamaks, but such a
system has the promise of significantly increased current drive efficiency, especially for off-
axis current. For this reason, STEP is planning a dual ECCD/EBW system which allows the
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option of using EBW if further confidence can be gained through experiments which will be
undertaken on MAST-U over the coming years.

The choice of ECRH/CD/EBW for heating and current drive gives significant flexibility in
controlling the location of the heating and current drive, allowing a measure of control of the
current profile which is independent of the bootstrap current.
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Figure 9: lllustrative depiction of potential a) actuators and b) sensors and their relationship to control tasks. The grey

shading represents the likelihood of these diagnostics being compatible with full power operation, with the darkest shading
corresponding to the lowest likelihood.

Etc.

For the poloidal field coils the main choice is between superconducting and resistive coils and a
combination has been selected, with resistive coils being used for rapid control action such as control
of the radial and vertical position. The aim would be to have zero DC current in these coils with any
DC current requirement being carried in superconducting coils.

The main fuelling system will be based on pellet injection, as gas injection is expected to be very
inefficient. The use of some gas injection is expected for impurity injection into the divertor, though
the use of doped pellets may also be a good option to speed up the actuator response.

The types of actuators foreseen are depicted in Figure 9a together with the control task that they can
contribute to. In general, all actuators affect all controllers, so the table is colour coded to indicate the
strength of this effect, with dark green indicating that this type of actuator is likely to be used directly
in the control task in question, whereas yellow indicates that these actuators have a significant
influence on the control task without being the primary actuator. Neither the list of control tasks nor
of types of actuators is exhaustive and each type of actuator consists of a number of individual
actuators.

4.2 Parameters to measure and potential measurement systems

The various controllers described require real-time information about a number of parameters. These
parameters can rarely, if ever, be measured directly. Instead, they will be derived from one or more
measurement using ‘observers’. When moving to a burning plasma, the choice of measurement
systems which can survive the harsh reactor environment becomes very limited by comparison to the
systems used in present-day tokamaks. For example, some of the systems traditionally used will be
incompatible with the high neutron rates associated with burning plasma operation. Innovative
solutions are needed to get the required information from limited diagnostics. The plan for STEP is to
install a wide range of diagnostics for an initial low neutron-rate phase of operations, and use these to
qualify observers based on the reduced set of measurements foreseen for the full power operations

phase. Figure 9b shows the relationship between controllers and potential measurement systems in a

similar format to Figure 9a. The shading in this figure represents the difficulty in using the sensors in
question during full power operation, with darker shading representing higher difficulty. Though
some measurement systems, such as optical cameras and Thompson scattering seems unlikely to be
compatible with high power operation, no systems are ruled out at the moment.

To achieve robust control with limited measurement availability, the intention is to implement real-
time models, which output the desired control quantities. These model quantities are then used
instead of measured quantities. As such models will not match the control object perfectly, they will
contain ‘synthetic diagnostics” which produce estimates of measurable quantities, which can be
compared to actual measurements. The differences between these estimates and their history and the
actual measurements and their history can then be used to tune the models in real time but with less
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frequent updating. In this way the outputs from the model act as an observer, allowing low-noise

control to be achieved as long as the model does not need to be updated too frequently. Examples of

such model-based observers and their use can be found in [56] [57]. Figure 10 illustrates this principle.
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Figure 10: Model-based control.

Given the slowness of some of the actuators, this methodology will be taken one step further by
moving to ‘model predictive control’, as demonstrated successfully on the TCV tokamak [58] and
discussed in In this case the model will be running ‘faster than real time’ meaning that the model can
predict the future evolution under a variety of actuator trajectories, comparing the resulting output
trajectories to the desired future trajectories and choosing the best trajectory option. This process can
be repeated continuously, ensuring the best possible actuation of the system. The longer the
prediction horizon is with respect to the time constants involved and the more complex the real-time
models, the more demanding this will be in terms of computational resources. A wide range of time
constants are involved ranging from ~0.1-1 s for the plasma vertical instability and for RWMs via a
few seconds for the energy confinement time up to several hundreds of seconds for current diffusion.
These time constants govern the allowed complexity of the real time models used for each individual
control task. This process can be expanded to the response to abnormal events, where entirely new
trajectories need to be found, either to recover the plasma or to terminate it safely.

5 Conclusions

Plasma control is central to achieving the goals of the STEP design and hence the requirements for the
design of the machine, including all actuators and measurement systems, will be informed by the
plasma control design. While this work is still in its initial phase, the authors feel confident that, in the
current design iteration, the plasma can be initiated, ramped up to burn and terminated with the
available actuators. In addition, the way the control system will handle exceptions is being defined,
with the type of response depending on the type of exception and the associated risk. Though the
definition of diagnostics remains at a very early stage, a number of viable diagnostic options seem
viable and these should be able to provide enough information to enable the required control. Much
work does, however, remain to improve the confidence in the ability to gain enough real-time
information about the plasma state during the burn phase. Other than improving the diagnostic
capability, the confidence in the design can also be significantly increased by improving the available
real-time models, with more reliable real time models leading to reduced diagnostic requirements.
Progressing the design of the plasma control system outlined in this paper will require very
significant work during the next phase of the STEP design phase. In this phase the detailed controller
design work should culminate in a mature design allowing machine construction to commence with
confidence.
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