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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 [2] of the DEMO 2017 Single-

Null configuration. The design follows the guidelines presented

in [1], and it consists of various loops: i) a Vertical Stabilization

fast controller; ii) a shape controller; iii) a PF and CS current

controller; and iv) the plasma current controller. 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

an operational point by the following linearized time-invariant

model

L11 ẋPF + L12 ẋe + E1ẇ = uPF + kVS 1uVS 1 (1a)

L12 ẋPF + L22 ẋe + R22xe + E2ẇ = 0 , (1b)
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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 xPF we denote the currents

in the 11 active coils (6 PF coils and 5 CS coils); with the

vector xe the currents in the passive circuits and the plasma

current. The vector w contains the two parameter li and βp,

which are assumed to be disturbances, as explained in [2].

Finally the vector uPF contains the voltages provided by the

main converters, which have the task to supply the currents

needed for scenario and shape control, whereas uVS 1 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 VS 1 makes use

of 4 PF coils; the vector kVS 1 in (1a) is used to select the coils.

The main converters VP2 − VP5 and the imbalance circuit

converter VS 1 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

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 and CS coil currents.

As shown in Figure 2, the controller has the following

structure:
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Figure 1: The imbalance circuit used for DEMO vertical stabilization. This

circuit uses 4 PF coils. The imbalance current Iimb is given by Iimb = IPF2 +

IPF3 − IPF4 − IPF5.
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Figure 2: A schematic representation of the plasma control feedback scheme.

IFF indicates the scenario feedforward currents, whereas IFB indicates the

feedback current deviations; V are the total voltages provided by the main

converters.

a) Plasma current, position and shape controller. This

controller also integrates with the supervisor providing the

feedforward (IFF) 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.

b) 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 and CS coil

currents which are the sum of the scenario feedforward currents

(IFF) and the feedback current deviations (IFB) 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 and CS 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 modifications to the inductance

matrix L11, which do not affect the non-singularity of the

matrix. Under these assumptions, the system equations are then

reduced to

L11 ẋPF = uPF + kVS 1uVS 1 . (2)

The equation of the current decoupling controller are given by

uPF = L11Λ(xPF,re f − xPF) (3)

where Λ = I/τ, being τ 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 and CS

coil currents. Substituting (3) in (2), the closed loop system

equations (again neglecting the eddy currents and the plasma

current) are

ẋPF = −ΛxPF + ΛxPF,re f + bVS 1uVS 1 , (4)

where bVS 1 = L−1
11

kVS 1. Recalling that there are 11 active coils,

the controllability subspace from the input uVS 1 is given by

XVS 1 = R

[

bVS 1 ΛbVS 1 · · · Λ
10bVS 1

]

= R[bVS 1] .

It follows that the space of the active coil currents

is decomposed in two subspaces XVS 1 and X⊥
VS 1

where

dim(XVS 1) = 1 and dim(X⊥
VS 1

) = 10. From this, it is clear

that the VS 1 power supply will generate currents which are

proportional to the vector bVS 1; 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

L11 ẋPF + L12 ẋe + L11ΛxPF + E1ẇ

= L11ΛxPF,re f + kVS 1uVS 1 (5a)

L12 ẋPF + L22 ẋe + R22xe + E2ẇ = 0 . (5b)

From equation (5a) it is clear that the effect of the current

decoupling controller is to introduce a resistance matrix (equal

to L11Λ) in the PF and CS 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; 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 [4] for the JET

tokamak, and [5] for the ITER tokamak).

In DEMO the current generated by the VS 1 converter is

spread (with different weights) to the four coils PF2 − PF5,
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