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Abstract

About 85% of the primary energy is currently obtained from fossil sources. In the next future, nuclear fusion can significantly
contribute to energy production: the fuel is in principle unlimited and radioactive waste are short lived. Next steps in fusion
research are represented by the two tokamaks ITER, which is under construction, and DEMO, which is in its conceptual design
phase. In this paper we focus on a specific aspect of DEMO design, that is indeed crucial for tokamak safe operation: plasma
vertical and shape control. It is well known that a plasma with elongated cross-section exhibits a vertical instability that needs to be
feedback controlled. Typically on operating tokamaks, and in ITER, this task is accomplished using in-vessel actuator coils. Since
in the present DEMO design these coils are not foreseen, hereafter we assumed that all the actuator coils, located outside the vessel,
are used at the same time to guarantee both vertical stabilization and shape control, resorting to a suitable geometric decoupling.
The performance of the controller is shown in simulation using a nonlinear evolution code during a plasma H-L back-transition.
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1. Introduction

This paper describes the preliminary design of a position,
current and shape control for DEMO tokamak, based on the
availability of magnetic sensors. The controller is designed
basing on the CREATE-L model of the DEMO 2017 Single-
Null configuration. The design follows the guidelines presented
in [4], and it consists of various loops: i) a Vertical Stabilization
fast controller which has the aim of stabilizing the plasma;
ii) a shape controller which calculates the Poloidal Field (PF)
feedback currents that are needed to keep the shape as constant
as possible in the presence of unexpected events; iii) a PF
current controller which evaluates the PF voltages needed to
track the feedback currents calculated by the shape controller;
iv) the plasma current controller which has the aim of keeping
the plasma current close to its reference. The controller
performance has been assessed in the presence of a given set
of events. In this paper we will present the results for a
so-called loss of power which occurs during a plasma H-L
back-transition. In the closed-loop simulations, simplified yet
realistic models of the actuators and of the magnetic diagnostics
are included.

2. Description of the plant and controller architecture

The interaction between the plasma and conducting
structures surrounding can be approximately described around
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an operational point by the following linearized time-invariant
model

Lixpr + LioXe + EpW = upp + kysiiys| (1a)
L]gf(pp + Lzzxe + Rzgxe + EzW = 0, (lb)

where we use the fact that in DEMO the active coils are
superconductive and hence there is no resistive term in the first
equation. All the quantities indicate deviations with respect to
a nominal value. With the vector xpr we denote the currents
in the 11 PF active coils; with the vector x, the currents in the
passive circuits and the plasma current. The vector w contains
the two parameter /; and ,, which are related to the plasma
current; in this model they act as disturbances, since they cannot
be manipulated. Finally the vector upr contains the voltages
provided by the main converters, which have the task to supply
the currents needed for scenario and shape control, whereas
uys; is the voltage provided by the fast converter acting on
the imbalance circuit (see Fig. 1), whose task is to supply the
current needed for vertical stabilization. The imbalance circuit
VS1 makes use of 4 coils; the vector kyg; in (1a) is used to
select the coils.

The main converters VP2 — VPS5 and the imbalance circuit
converter VS1 act on the same coils PF2 — PF5. Hence
differently from other tokamaks, where there are coils dedicated
to the vertical stabilization of the plasma configuration, in this
case it is not possible to have a structural decoupling between
the plasma current, position and shape position controller, and
the vertical stabilization controller. Since it is convenient to
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Figure 1: The imbalance circuit used for DEMO vertical stabilization. This
circuit uses 4 of the 11 PF coils
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Figure 2: A schematic representation of the plasma control feedback scheme

have the possibility to decouple these two controllers, and
to design them separately, in this paper we will resort to a
geometric decoupling based on a suitable decomposition of the
state subspace constituted by the 11 PF coil currents.

As shown in Figure 2, the controller has the following
structure

e Plasma current, position and shape controller. This
controller also integrates with the supervisor providing
the feedforward (Irp) currents needed to track a desired
plasma scenario. This controller is in turn divided in three
components: i) Current decoupling controller; ii) Shape
controller; iii) Plasma current controller.

e Vertical stabilization controller

The current decoupling controller acts on an intermediate
timescale; its task is to evaluates the voltages to be applied
to the plant in order to track the reference PF coil currents
which are the sum of the scenario feedforward currents (Irr)
and the feedback current deviations (/rp) coming from the
shape controller to compensate for unforeseen disturbance.
The shape controller acts on a slower timescale with respect
to the current decoupling controller. The plasma current
controller has the aim of keeping the plasma current close
to its reference minimizing the cross-coupling with the shape
controller. Finally, the vertical stabilization controller acts on
the fastest time scale and uses as actuator the imbalance circuit
converter.

3. Controller design

3.1. Design of the current decoupling controller

The design of the current decoupling controller is done on
a plasmaless model, by neglecting the presence of the eddy

currents in such a way that in dry discharges (i.e. discharges
with no plasma) the current references are tracked with a certain
accuracy. When the plasma is present, assuming that it has
been vertically stabilized with a suitable separate loop, it acts
as a disturbance for this feedback system. Indeed the dynamic
evolution of the eddy current is usually much faster than the
evolution of the current flowing in the PF coils; hence a singular
perturbation approach can be used to reduce the model as it
has been shown in [3]. Moreover the presence of the plasma
produces only slight modification affect the inductance matrix
L]] (see (la))

Under these assumptions, the system equations are then
reduced to

LiiXpr = upr + kysiuysi - 2

The equation of the current decoupling controller are given by
upr = LitA(XpFref — XpF) 3

where A = /1, being 7 an assigned value determining the time
constant of a first order circuit which describes the map between
the references and the actual values of the PF coil currents.
Substituting (3) in (2), the closed loop system equations (again
neglecting the eddy currents and the plasma current) are

Xpr = —Axpr + Axpprep + bysiuysy , 4

where byg| = Ll‘l1 kys1. Recalling that there are 11 active coils,

the controllability subspace from the input uyg is given by
Xys1 = R[bvm Abys Alobvm] = Rlbvsi1].

It follows that the space of the active coil currents is

decomposed in two subspaces

R” =XVSI@X¢51 (5)

where

dim(Xys) =1,  dim(Xig,) = 10. (6)

From this, it is clear that the VS 1 power supply will generate
currents which are proportional to the vector byg; this fact will
be used in the shape controller design.

3.2. Design of the vertical stabilization controller

The vertical stabilization controller is designed on the basis
of overall system equation (1) considering the presence of the
current decoupling controller (3). Hence the equations read

Liyxpr + LiaXe + L1 Axpr + E1W
= Li1AXpryef + kysittysi (7a)
Lixxpr + LosX, + Roox, + Eow =0. (7b)

From equation (7a) it is clear that the effect of the current
decoupling controller is to introduce a resistance matrix (equal
to L1 A) in the PF coil circuits. As it is shown for example
in [3], when the coils used to vertically stabilize the plasma are
superconductive, a constant gain feedback loop on the plasma
vertical speed is sufficient to obtain a stable closed loop system;
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Figure 3: The six gaps that are controlled in DEMO

this is no more true when the stabilizing coils are resistive. In
these cases the proportional gain on the vertical loop has to be
combined with a proportional gain on the currents of the active
coil circuits (see for example [6] for the JET tokamak, and [2]
for the ITER tokamak).

In DEMO the current generated by the VS1 converter is
spread (with different weights) to the four coils PF2 — PF5,
and, because of the inductive coupling, to all the other coils.
Our choice was to feedback together with the vertical speed the
projection of the actual PF coil current on the Xygs; subspace.
Hence the voltage applied to the VS 1 converter is given by

. T R
uys1 = kiz+ kT xpr = kiz + kaxysi, (8)
where z indicates the plasma centroid vertical position and

Ty = bys1/lIbvsill, 9)

is an orthonormal basis of Xyg;.

3.3. Design of the shape controller

The plasma shape in DEMO is controlled by means of six
plasma-wall gaps (see Fig. 3), whose deviations with respect to
the nominal values can be described by the linear equation

8 =Caxpr+Cpx, + Fow. (10)

Once the plasma is stabilized by the vertical stabilization
controller, on a slow timescale the dynamic system describing
the evolution of the gaps can be approximated by

(11a)
(11b)

Xpr = —Axpr + AXppyref
g =Cgxpr.

The references on the PF coil currents are used to control the
selected plasma-wall gaps. Since we want a minimal interaction
between the shape and the vertical stabilization controllers, the
current references generated by the shape controller should lie
on the subspace X‘iSl (see (5)).

Let T, be a matrix whose columns are an orthonormal basis
of the Xj,¢, subspace. Recalling that T is a basis of Xy
(see (9)) it holds that

T, = 0.

Hence we can write

xpr = Tixys1 + ToXpr (12a)
XPFref = TZ-%PF,ref . (12b)
From (12a) it is straightforward to obtain that
Xpr = T; xpF .
Therefore from (11), recalling that A = %I , we obtain
Xpp = —AXpp + AXpprer (13a)
g =CuTaxpr + CoT1xys1 . (13b)

The plasma-wall gap controller is chosen to be a multivariable
PI controller in the form

v
Zprses = Kp(grer — 8) + K1 L7! [E] * (8ref — &) - (14)

The current component xyg; in (13b) is generated by the VS'1
converter; it acts as a disturbance for the plasma-wall gap
controller. Finally the reference to the current decoupling
controller is given by (12b)

XPFref = TZXPF,ref .

3.4. Design of the plasma current controller

The last loop to be designed is a PI controller on the plasma
current. The gains of the PI controllers have been obtained by
means of a parametric optimization aimed at minimizing the
cross-coupling with the other loops, especially with the shape
controller. The settling time has been chosen in the order of
40-50s.

4. Simulation results

The controller performance has been assessed in the presence
of a given set of events: i) the Vertical Displacement Event
(VDE) of the plasma column, which consist of an instantaneous
vertical displacement along the eigenvector associated to the
unstable mode; ii) a so-called loss of power which occurs
during a plasma H-L back-transition; iii) ELMs. In this paper
we will present the results for the loss of power.

The closed-loop simulations have been carried out under the
following conditions:

e taking into account voltage saturations on the PF voltages;

¢ including a simplified, yet realistic model for the actuators,
consisting of a first-order filter plus delay in the form
16;;7 , Where the values for the delay 7; and the time
constant 7, have been derived from a study conducted in
ITER [5];

e assuming that the various geometric controlled quantities,
i.e. the centroid vertical position and the six gaps, are
reconstructed basing on the measurements of magnetic
sensor located inside the vessel;
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Figure 5: Control power during a loss of power

e absence of noise on the sensor measurements.

The loss of power disturbance is defined as a 8, drop of
about 0.4 in 4 s while /; is more or less constant.

Fig. 4 and Fig. 5 show the results of a linear simulation in
presence of the loss of power disturbance, in terms of controlled
gap deviations and control power. Under the conditions
specified before (use of magnetic in-vessel sensor with no
noise), the disturbance is fully controllable, but with a peak
active power of about 700 MW. It remains an open issue at
this time whether and how the DEMO operator will be able
to provide this amount of control power at any time. Hence the
conclusion on the controllability of the plasma will depend on
the provision of control power. The controller performance
have been then tested using the nonlinear evolution CREATE-
NL [1] model. The nonlinear simulation confirms the linear
prediction: the minimum plasma-first wall distance is of
about 24 cm at equilibrium and becomes of about 6 cm after 4
seconds the disturbance is applied, as shown in Fig. 6, where
the plasma boundary is shown att = 0 and at ¢t = 4 s.

5. Conclusions

In this paper we have presented the preliminary design of a
current, position and shape controller for the DEMO tokamak.
The controller performance have been tested using the model
of the DEMO 2017 Single-Null configuration. At the present
stage there are many critical issues that need to be tackled in
order to ascertain whether the present DEMO configuration is
controllable or not:

Figure 6: Closed-loop behavior in the presence of a loss of power using
the CREATE_NL code. The figure shows the plasma boundary before the
disturbance is applied (in blue) and the boundary after 4 s, when the plasma—
wall distance reaches its minimum of about 6 cm

e in our design we rely on the availability of magnetic
sensors located inside the vessel. It is still an open
issue whether these sensors can survive the harsh
DEMO conditions. The use of alternative sensors, such
as microwave reflectometry and other diagnostics like
polarimetry/interferometry need to be investigated;

e the present list of disturbances to be rejected by the
controller is still preliminary. Anyway some of the
disturbances seem to be hardly controllable: the plasma
gets very close to the first wall or even touches it and/or
the needed control power is very large and the possibility
of providing such large amount needs to be ascertained.
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