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Abstract

This paper deals with the use of a model predictive
control technique to perform the magnetic confinement
of a plasma in the DEMO tokamak. We show how to
adapt the proposed strategy for the different phases, and
hence different goals, of the plasma discharge and how
to take into account the constraints that characterize
the normal operations of a nuclear fusion reactor. We
validate the performance of the proposed control system
by using a nonlinear evolution code describing the
plasma in a tokamak.

1 Introduction

Recent results in the field of experimental nuclear fu-
sion technology have had a strong media impact; im-
provement in the field, due to the work of the scientific
community, have been demonstrated by results from the
latest DT campaign at JET [12] (where a 5 s long pulse
produced 16.4 kWh of energy, doubling the previous
record), the breakthrough experiment of the NIF facility
(where the energetic breakeven condition has been ob-
served for the first time) and the Reinforcement Learn-
ing based controller tested by Deep Mind and EPFL-
SPC [16].

Moreover, different long range plans for producing
electric power from nuclear fusion are in progress. Ac-
cording to the road-map developed by the EUROfusion
consortium [17], the International Thermonuclear Ex-
perimental Reactor (ITER) [24] is currently under con-
struction. After ITER, the next generation European
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device will be DEMO [18], i.e. the DEMOnstration Fu-
sion Power Plant, which is currently in the design stage,
and it will demonstrate the possibility of producing elec-
tric power from nuclear fusion by the middle of this cen-
tury.

Energy from nuclear fusion reactions is obtained
from the combination of low-mass nuclei to form more
massive nuclei. In order to carry out the fusion re-
actions, a fully ionized gas called plasma is obtained
in a fusion reactor by heating hydrogen isotopes up
to ~ 100M degrees.

Modern fusion reactor are based on tokamaks,
which are pulsed machines; in each pulse the plasma
is created, then its current is ramped up to a reference
constant value, the flat-top current, then the plasma
equilibrium is maintained for a time long enough to
achieve a positive energy balance, finally the current is
ramped down and the plasma is terminated. During the
pulse, the confinement of the plasma is performed by ex-
ploiting magnetic confinement techniques based on the
interaction between the charged particles of the plasma
and an external magnetic field generated by currents
flowing in suitable coils.

Next generation devices, like ITER and DEMO,
must be capable of advanced modes of tokamak opera-
tion, hence they need a high performance magnetic con-
trol system to control the plasma current and position
to keep and to maintain a self-sustaining fusion reaction
for long duration.

This paper describes the design of a magnetic
control system for DEMO tokamak based on the use
of a Model Predictive Control (MPC) technique [11]. A
preliminary version of this MPC-based controller has
been presented in [25] and it enabled the control of
the plasma current and shape during the flat-top phase.
Now by keeping the features of MPC technique, e.g. the
controller can take into account voltages and currents
constraints on the active coils, we propose a controller
that can be adapted to the different phases of the plasma
discharge, and it can be integrated with a control system



for the currents of the active coils, in order to take
into account also the pre-programmed currents of the
pulse [6].

In the past, others control systems were proposed
for DEMO tokamak, see [7,/9], by implementing linear
control techniques and their performance was verified
to be satisfactory in case of external disturbances and
saturation in the actuators. Here using an MPC based
approach, we obtain better performance by taking into
account constraints during the design phase of the
controller.

The rest of this paper is organized as follows. In
Section [2] we present the layout of the tokamak and its
linearized model is obtained. In Section [3] the architec-
ture of the overall magnetic control system is detailed,
whereas Section [4] is dedicated to the presentation of
the vertical stabilization and of the current controllers.
In Sections [l we describe the MPC-based controller. In
Section[6] the performance of the proposed controller are
evaluated by analyzing results of a simulation based on
validated nonlinear evolution code. Finally, in Section 7]
some conclusions are drawn.

2 Plasma modelling for magnetic control

As said in Section [[, DEMO is currently in the design
stage and different layouts for its vessel were presented
in the past. In this work we consider the single null
baseline configuration proposed in 2017 [19] and shown
in Fig. In this configuration, the poloidal cross-
section of the vessel is composed by 11 ex-vessel coils
and 2 in-vessel coils.

The ex-vessel coils are located outside the vessel
and they are supposed to be superconductive coils and
to be fed by the so-called main converters. According
to the layout in Fig. 1} the ex-vessel coils provide six
poloidal field coils (named PF1-6) and a central solenoid
segmented into five different coils, named CS1, CS2 U/L
(upper and lower) and CS3 U/L. The in-vessel coils
(named IV1-2) are installed inside the vessel and they
are assumed to be copper coils and to be connected in
anti-series, so as to produce an approximately radial
magnetic field; these coils are fed by a VS dedicated
converter.

In this paper we use a model based approach for
the design of the control system, hence we need a math-
ematical model which is able to describe the behavior
of the plasma confined in the considered tokamak ma-
chine. Magneto Hydro Dynamics (MHD) provides the
time evolution of a plasmas confined in a tokamak ma-
chine [22|. A common procedure to derive a linear model
of the plasma is to linearize the equations of the MHD
theory around an equilibrium point [1}2], which is de-
fined by constant plasma current profile parameters, i.e.
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Figure 1: Poloidal cross-section of the DEMO vessel
with the active PF coils (black lines).

fixed poloidal beta 3, and internal inductance [;.

Starting from the layout configuration of the toka-
mak and by using a linearization tool, interaction be-
tween plasma, active coils and passive structures of the
machine can be provided in the following linear form,
as shown in [6, Section 2.5],

dL.(¢)
dt

where I.(t) € R™ and V(t) € R™ are, respectively, the
current and the voltage vectors, L and R are, respec-
tively, the mutual inductance matrix and the resistance
matrix, which are estimated by the linearization tool.

The current and voltage vectors can be partitioned
as follows

(2.1) L = —RI(t) + V (1),

Xty IT() Lu)]",
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I.(t)
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by considering the currents in the active circuits I, (¢) €
R!2, the eddy currents I.(t) € R™, the plasma current
I, (t) € R and the input voltages V,(t) € R'2. Note that
only the active coils can be voltage-driven. Moreover,
considering the location-based partitioning of the active
coils, we can distinguish the quantities of the ex-vessel
circuits from those of the in-vessel circuits

L(t) = [IEx ) Iv()]",
Va(t) = [VEc(t) Vin(D)]" .

Finally, by using the linearization tool we can obtain



a linear output equation

(2.2) y(t) = Crinl.(t),

where the output vector y(t) € R? includes the quanti-
ties which are fed-back by the control system, while the
output matrix Cj;,, € RP*™ is obtained by the lineariza-
tion tool.

3 Architecture of the magnetic controller

Since DEMO will have to accomplish all advanced
modes of a nuclear fusion plant, its magnetic control
system must ensure the proper vertical stabilization
of the plasma, and simultaneously it must ensure the
proper control of the plasma shape and current.

We solve the vertical stabilization problem by con-
sidering the stabilizing strategy proposed in [25] and
based on the use the in-vessel coils. This approach en-
sures a faster response than the one based on the use of
the ex-vessel coils, since the electromagnetic field gen-
erated by the in-vessel coils does not have to penetrate
the structures of the tokamak.

A cascade approach is developed to solve the plasma
current and shape control problem. This approach is
carried out by implementing a dedicated controller for
the currents of the ex-vessel active coils. In this way, the
references for the ex-vessel coil currents are computed by
an outer-loop controller in order to perform the control
of the plasma shape and current. In this work, both
control loops are developed by exploiting model-based
approaches.

The architecture of the proposed magnetic control
system is shown in Figure and is characterized by
the following subsystems: (i) the vertical stabilization
controller, which computes the voltage V;y needed to
vertically stabilize the plasma; (ii) the controller for
the currents of the ex-vessel coils, which decouples and
controls the dynamics of the currents of the PF and
CS coils; (iii) the MPC controller, which computes
the currents needed to control the plasma current and
shape, and to track the feed-forward quantities related
to the specifications of the scenario.

4 VS controller and current controller

For the vertical stabilization problem we consider the
solution presented in [25], which exploits the in-vessel
coils presented in this configuration of the tokamak.
In particular, by considering the anti-series connection
among the in-vessel coils, the vertical stability controller
is defined by a control law that computes the voltage
for the in-vessel coil Vi (t) from the measurements of
the plasma vertical velocity 2. and the in-vessel coil
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Figure 2: Architecture of the proposed control system
based on an MPC controller.

current I;n

(4.3) Vin(t) = K12:.(t) + KoIin(t),

where control gains K; and K5 are fixed in order to
maximize the robustness properties of the closed loop
system [15].

The design of the PF and CS currents controller
is carried out by considering a model-based approach,
starting from the model of the stabilized plasma through
the control law (4.3). Indeed, via a singular pertur-
bation decomposition [23], we can obtain a reduced-
order model by considering that the eddy currents are
characterized by a much faster evolution than the cur-
rents flowing in the ex-vessel coils. Hence, the following
reduced-order model can be used to approximate the
dynamics of the ex-vessel coils currents

(4.4) LexIpx =Vex,

Rllxll

where Lgx € is a submatrix of the mutual

inductance matrix.

The model (4.4]) has been used to design the current
controller and in order to decouple them, the following
control law has been considered
(4.5) Vex(t) = LexA (Tex(t) - Iex (1))
where Igx(t) is the vector of the current references
and A = 1 /7, being 7 > 0 a design parameter.

5 MPC controller

In this Section we propose the main result of this work:
an MPC controller which is able to perform control of
the plasma current and shape during different phases of
the plasma discharge.



In the past, two strategies were developed for
controlling the plasma shape [6]: the former is based
on controlling the magnetic flux in a finite number of
points in the vessel (isofluz control approach), the latter
is based on controlling the plasma-wall distance along
a finite number of directions (gap control approach).
Typically these approaches are used in different phases
of a plasma discharge. Isoflux control approach is
particularly useful to control the shape of a plasma
characterized by a limiter configuration and during
the transition phases from a limited configuration to
a diverted one and vice versa. Gap control approach
is particularly useful to control the shape of a plasma
characterized by a diverted configuration, hence during
the ramp-up, ramp-down and flat-top phases.

The isoflux approach is performed by specifying a
set of target boundary points for the shape and the coil
currents are adjusted so that the flux at these points
is equal to the flux at a reference point. The reference
point is chosen as the target X-point in the diverted
configuration. Moreover, in order to make the transition
happen in the selected region, the components of the
magnetic induction field are controlled to zero at the
target X-point position.

The gap control approach is adopted by controlling
a finite set of geometrical gaps between the plasma
boundary and the wall of the vessel. The desired shape
is defined by fixing the reference values for the controlled
gaps. Hence the coil currents are adjusted so that gaps
follows the references values.

The proposed MPC controller allows us to switch
between these control approaches based on the real
time estimation of the plasma configuration during the
discharge. The controller is able to switch to the
gap control approach when the plasma accomplishes
the transition to the diverted configuration. Both the
control approaches require the solution of an output
tracking problem, which can be tackled in the MPC
context by recasting the prediction model in a velocity
form [8], as explained in the following section.

5.1 Prediction model The prediction model is ob-
tained from the reduced-order model 5]

dlgx
dt

(t) = LpxA (fEX (t) — IEX(t)) :
y(t) = CexIpx(t),

Lex

the output vector y(¢) includes the quantities which are
needed to achieve the plasma current and shape control
approach, hence it includes the components of the
magnetic induction field B,.(¢) and B,(t) at the target
X-point, the magnetic flux (t) at target boundary
points, the controlled plasma-wall distances ¢(t) and

the plasma current I,;(¢). Matrix Cgy is obtained by
estimating the effects of the currents in the active coils
on the output variables by using the linearization tools,
more details can be found in [25].

To obtain a discrete-time prediction model, we
perform a standard bilinear transformation to the
model , and by setting a suitable sample time T
we obtain

z(tgy1) = Ax(ty) + Bu(ty),
y(te) = Ca(ty),

where matrices A, B and C' are computed from the ma-
trices of the continuous-time model . The discrete-
time system is characterized by the state and input
vectors containing the currents of the ex-vessel active
coils and their reference values, respectively.

Now, in order to achieve an output tracking con-
troller, system is recast in the so-called wvelocity
form [8] by introducing the variables

where the vector r € RP holds the reference values
for the output variables. Hence, system (5.7) can be
rewritten in a matrix form as

(5.8) C(tht1) = AC(te) + Bou(ty),

where
_ d’E(tk) 1A 0 | B
C(tk){e(tk) A=lca 1|8~ |eBl|

5.2 Optimization problem The optimization
problem that characterizes the proposed model pre-
dictive controller will be defined below. In particular,
at each discrete time instant, the control signals are
obtained from the solution of the following linear-

quadratic optimization problem, which defines a convex
problem,

(5.9a) (5I(Itlkn) JWU(te), k), Uss(te), N),
s.t.

(5.9b) C(tht1) = Al(tg) + Bou(ty),

(59C) Amzn < U(tk) < Amaxa

(5.9d) AU (t) < be(tr),

where

I

Up(te) = [0ufp(t) dufp(tupr) - Oufp(tirn—1)



is the sequence of variations of the feed-forward currents
over the prediction horizon and
T
U(tr) = [6u” (tr) u” (thsr) -+ 6u” (tern—1)]

)

is the optimal sequence of variations of control inputs
over the prediction horizon.

In (5.99), J(U(tx),C(tr) , Uss(ts) , N) is a quadratic

performance index defined as

(5.10)  J(U(tk),C(tr)  Uss(te) , N) =
N-1 N-1
Z T () Q(tR)C (trra) + Z (Gu(thyi)—

Supp(tiss)” R(tw) (Sultass) — dupp(ties))+
¢ (e n) S ()¢ (b n)

where the weighting matrices Q(tx),S(tx) > 0
and R(tx) > 0 are tuning parameters. By minimiz-
ing performance index 7 we obtain the control se-
quence that allows us to track the references values of
output variables and the feed-forward currents. In par-
ticular, tuning matrices Q(tx) and R(tx) allow us to
affect the performance of the closed-loop system. The
matrix S(tx) defines the terminal cost and its choice
influences the closed loop stability.

In the following, we assume at each time instant
ti, the terminal cost matrix S(¢x) is computed as the
solution of the following discrete time algebraic Riccati
equation

(5.11)  S(tr) = Q(tr) + ATS(t) A
—(B"S(t)A)" (R(tx) + BTS(t5)B) ™" (BTS(tx)A) .

5.3 Linear constraints Now, from the specifica-
tions of the considered application, we obtain the
constraints that characterize the optimization prob-
lem .

Constraint allows us to take into account a
maximum rate of change of the voltage input related
to the performance of the ex-vessel coils converter. In
particular, the values A,,;,, and A, ., can be obtained
from the dynamic model of the power supplies.

The inequality constraints allow to bring
into account the voltages saturation and the limits
on the currents variations in the active coils. In the
following we will show that matrices A. and b.(t;) can
be assembled at each time instant starting from the
available measures and the limits of the constrained
quantities.

Let In.x € R!'!' the vector containing the upper
bounds of the currents, from the definition of the vector

du(ty), it follows that references for the currents coils
verify the upper limit over all the prediction horizon

Ipx(tpyi) < Imax fori=0,...,N—1,
if
> Sultesj) < Imax — I(tp—1) fori=0,...,N—1.
j=0

Hence, the control sequence verifies the constraint about
the currents upper bounds if

Acl U(tk:) S bcl (tk:> 9

where

Imax — I(tg_1)

I11 Orix11 O11x11 L
Imax — I(tp_1)

I11 I11 O11x11

Acl : : | : ) b61 =

Iy I11 I11

Imax — i(tk71)

The lower bounds can be brought into account by com-
puting matrices A, and b., (k) with a similar approach.
By considering the control law of the current
controller, we can take into account the voltages satu-
ration. As an example, consider the vector Vi, € R
containing the voltages upper bounds. From the defini-
tion of the vector du(ty), it follows that voltages needed
to track the currents references verify the upper limit

V(tn) = LA (1(t) = I(t4)) < Vinax

LA (Su(t) + T(tx-1) = 1(1)) < Vinas

Hence, the control sequence verifies the constraint
on the voltages upper bounds if

A U(tr) < b, (tr)
where
A., = LAM,,
bes (tr) = Vinax + LAI(ty) — LAI(tg_1),

the matrix M, allows us to select vector du(ty) from
the control sequence U(t;). The lower bounds can be
brought into account by computing matrices A., and
be, (tr;) with a similar approach.

Hence, matrices in are evaluated as follows

Ac=[AT AL AT AT,
be(k) = [bT (t5) L (te) T (tx) bT(tx)]" -

We remark that, at each discrete time, the opti-
mization problem can be defined over the predic-
tion horizon from the feedback of the measurements of
the active coil currents and the tracking errors.



6 Nonlinear simulations

The performance of the proposed magnetic control
system have been evaluated by means of nonlinear
simulations.

The nonlinear evolution of the plasma confined in
the vessel of DEMO have been simulated by using the
evolution code CREATE-NL [1]. This code is based on
a finite elements method and it simulates the plasma
behavior by taking into account the currents of the
active coils and the eddy currents in the structures of
the vessel. Experimental data from JET plasma [14]
were used to validate the code and currently CREATE-
NL is used for analysis on existing and future tokamaks
such as JET (3|, TCV [4], ITER [5], JT-60SA [13] and
EAST [10].

To test the performance of the proposed controller,
we simulated the initial part of the ramp-up phase of the
plasma discharge in DEMO. During this phase of the
discharge, the magnetic control system must perform
the plasma transition from the limited configuration to
the diverted one, while the plasma current is ramped up.
The performed simulation starts from the equilibrium
configuration at plasma current I,; = 3.5 MA, poloidal
beta 8, = 0.134 and internal inductance /; = 1.000. The
preprogrammed scenario is obtained by fixing a constant
rate of change for the plasma current of 0.1 M A/s and
by considering, further the initial equilibrium configura-
tion of the plasma at the current I,; = 3.5 MA, also the
equilibrium configurations at the currents I,; = 4.5 MA
and I; = 5.5 MA, both additional configurations are
obtained by considering poloidal beta 5, = 0.134 and
internal inductance I; = 1.000. Hence, the feedfor-
ward currents and the references for the controlled gaps
are obtained from linear interpolations of the equilib-
rium values among the different configurations. The
linear models at different values of plasma model has
been computed by using the linear CREATE-L evolu-
tion code [2].

Figure (3| shows the quantities that are controlled
during the discharge to achieve the plasma shape con-
trol. In particular, we have set the target X-point po-
sition and the 3 control points for the magnetic flux to
perform the isoflux approach, and we have set 5 gaps to
perform the gap control approach. We remark that the
target X-point and the flux control points have been set
by considering the plasma shape at the equilibrium con-
figuration for I,; = 4.5 MA. The controlled gaps have
been set by considering that the three gaps G1, G2 and
G3 allow us to control the distance from the walls of
vessel, finally gaps G4 and G5 allow us to control the
positions of the strike points.

The simulation have been carried out integrating in
the CREATE-NL code a Matlab implementation of the
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Figure 3: Poloidal cross-section of the DEMO vessel
(black lines) with the 5 controlled plasma-wall distances
(blue arrows), the 3 flux control points (red circles) and
the target X-point (green cross).

presented MPC controller. In particular, for the imple-
mentation of the controller we set a sampling time T" =
0.01 s and a prediction horizon of length N = 20. More-
over the optimization problem is solved by using
the quadratic programming solver ¢gpOASES [21], which
is based on an implementation of the Online Active Set
Strategy [20], to compute at each discrete time instant
the solution of the optimization problem ([5.9).

The quadratic performance index has
been characterized by setting R = 10°diag (11x11)

and  Q(t) = diag([an @(tr) a(te) @),
where ¢1 = 1111,

@(ty) = (1—alty)-10*-[1 1 12 12 12],
g3(tr) = a(ty)-10°-[20 20 20 2 2],

and g4 = 10~%. As said, the terminal cost matrix S(tx)
has been computed as solution of the equation for
the prediction model and the above weighting matrices.
The above weights have been set by considering the
magnitude of the elements of the state vector ((tx),
and by considering performance specification in tracking
constant reference values.

Since vectors go and g3 weight the tracking errors
related to the isoflux control strategy and to the gap
control strategy, respectively, we introduced the time-
varying parameter «(t) in order to switch between the
two control strategies when the transition happens. The
value of the parameter «(t;) is based on the estimation
of the plasma configuration, that is supposed to be real-
time performed, i.e. a(ty) is equal to 0.999 as long as
the plasma is characterized by a limiter configuration,
hence a(ty) linearly varies to 0.001 in 2 seconds starting
from the time instant of the X-point making to obtain



a smooth transition, after that the value 0.001 is kept
constant.

Different linear prediction models have been used
during the simulation by changing the matrices in
on the base of the plasma configuration. Linear plasma
models have been obtained at the equilibrium conditions
which have been used to define the preprogrammed
scenario. Indeed, before the time instant of the X-point
making, we use the linear model at plasma current I,,; =
3.5 MA, after that we switch to the linear model at
plasma current I,; = 4.5 MA.

Table 1: Voltages saturation for the CS-PF coils

Coils Voltage Saturation [kV]
CS1 12
CS2 U/L 6
CS3 U/L 6
PF 1-6 9

Matrices of constraint have been defined by
considering the voltages and the currents saturation in
Table [1I

Figure. [4] shows the evolution of the plasma shape
during the simulation. Starting from the limiter con-
figuration in Figure [da] the isoflux strategy allowed the
plasma to perform the transition at the diverted config-
uration at the time instant 6.6 s, Figure [D] points out
that the X-point is made close to the target location.
Finally, Figure [{a] proves that the gap approach allowed
the diverted plasma to track the reference shape. The
performance of the shape controller are also demon-
strated by the results in Figure [5D] which shows that
each gap tracks its own reference signal and they ap-
proach the final values.

7 Conclusions

In this paper we have presented a magnetic control sys-
tem for DEMO based on an MPC technique. The pro-
posed approach can be used during the different phases
of the plasma discharge and it allows to brings into ac-
count various constraints on the state and input vari-
ables. The performed simulation proves the effective-
ness of the controller, also with respect to other ap-
proaches, previously presented in the literature.
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Figure 4: Snapshot of plasma evolution at different time instant: (a) initial time
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Figure 5: Results of the closed-loop simulation: the voltages on the ex-vessel coils (on the left); the controlled
gaps (in the middle); the evolution of the plasma current (on the right).
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