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A B S T R A C T

The construction and operation of the JT-60SA tokamak is the main project currently carried out jointly by
Japan and the European Union under the Broader Approach agreement. Within the Integrated Project Team,
Japanese and European scientists are developing and testing a number of tools to support preliminary studies
and future operations of JT-60SA. Within this collaborative framework, European scientists are using a set of
assessed modeling tools to design and validate possible solutions for the plasma magnetic control system of JT-
60SA.

This paper introduces these tools and describes a possible control architecture to be used on the JT-60SA
tokamak. The effectiveness of the proposed architecture is shown by means of numerical simulations.

1. Introduction

The Broader Approach (BA) is an agreement between the European
Union and Japan that complements the ITER Project. BA aims to
accelerate the realization of fusion energy by carrying out R &D, and by
developing some advanced technologies for future demonstration
fusion power reactors (Tsunematsu, 2009).

The Satellite Tokamak Programme (STP) is the main project within
the BA umbrella; it includes the construction of the JT-60SA super-
conductive tokamak and its exploitation as an ITER “satellite” facility
(Shirai, Barabarschi, & Kamada, 2016; Spears, 2014). The STP is
expected to develop operating scenarios and address key physics issues
for an efficient start up of ITER and for providing a continuous support
to ITER experimentation. Furthermore it is expected that the operation
of JT-60SA will complement the one of ITER in all areas of fusion R&
D which are necessary to proceed with the design and realization of
DEMO (http://www.jt60sa.org/pdfs/JT- 60SA Res Plan.pdf).

The European contribution to the STP programme is significant and
it is not limited to the tokamak construction. Indeed, European
scientists are actively contributing to the definition of the JT-60SA
research plan (Giruzzi et al., 2016), and it is planned that the European
team will be actively involved in the operations, playing a relevant role.
For this reason, preliminary studies related to the exploitation of JT-

60SA are currently carried out in different fields by European scientists
in collaboration with Japanese colleagues.

Furthermore, the European Union aims at participating not only to
the physics exploitation, but also at giving engineering support during
the operations (Giruzzi et al., 2016; Innocente et al., 2015).

In this context the European fusion community is developing a
number of tools for the design and validation of control systems,
especially for magnetic axisymmetric control (Ariola & Pironti, 2016;
De Tommasi et al., 2011).

Axisymmetric magnetic control deals with the control of the
external magnetic field in a tokamak, which is necessary to achieve
and maintain the desired operational scenario, that includes the
desired current, and the desired shape and position of the plasma
column within the vacuum chamber. On top of that, in all modern high
performance tokamaks, due to elongated plasmas, magnetic control is
also mandatory in order to vertically stabilize the plasma column.
Moreover, for energetic reasons, the plasma should occupy as much
volume as possible; this means that the distance between the plasma
boundary and the facing metallic structures should be kept small and
should be robustly controlled. To sum up, magnetic control represents
the basic feedback control system that is needed in a tokamak since
early operation phases, including the commissioning of the power
supplies for the Poloidal Field (PF) coils, since magnetic control usually
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includes also the regulation of the current in the PF circuits (Sartori, De
Tommasi, & Piccolo, 2006; Yuan et al., 2013).

Within the European fusion community, the CREATE team has
gained a significant experience in developing tools for the design and
validation of magnetic control systems. The tools developed by
CREATE have been validated on a number of different experimental
devices (among the various see Albanese, Mattei, & Villone, 2004;
Chen et al., 2016; Villone, Vyas, Lister, & Albanese, 1997), and have
been successfully used to design magnetic control systems, for example
at TCV (Ariola, Ambrosino, Pironti, Lister, & Vyas, 2002) and JET
(Ambrosino, Ariola, Pironti, & Sartori, 2008; De Tommasi et al., 2012,
2014b; Marchiori et al., 2016). Furthermore, these tools are currently
used to propose an enhancement of the EAST plasma control system
(Albanese et al., 2016), and to perform preliminary studies and code
benchmarking for both ITER (Ambrosino et al., 2015; Neto et al., 2015;
Zabeo et al., 2014) and DEMO (Wenninger et al., 2015).

Within the dedicated workpackage of the Eurofusion activities, the
CREATE tools are currently exploited to perform preliminary studies
on the plasma magnetic control of JT-60SA. In particular, this paper
reports on a possible architecture for this control system that has been
designed and validated in simulation by exploiting the CREATE
modeling codes.

It should be noticed that the equilibrium codes presented in this
paper can be effectively used also to benchmark the scenarios studies
made by the Japanese scientists (Miyata, Suzuki, Ide, & Urano, 2014);
an example of comparison between equilibria is given in this paper.

The paper is structured as follows: Section 2 gives a description of
the JT-60SA PF coils system and introduces to the main axisymmetric
magnetic control problems. Section 3 describes the tools that have been
developed to design and validate magnetic control systems. A possible
architecture for the magnetic control system of JT-60SA is proposed in
Section 4, while some preliminary simulation results obtained using
the proposed tools are presented in Section 5. Eventually, some
conclusive remarks are given.

2. Magnetic control in JT-60SA

In this section, first a brief description of the main characteristics of
the JT-60SA tokamak and, in particular, of its PF coils is given; these
coils, indeed, represent the actuators used by any magnetic control
system. In the second part, the reader is introduced to the main
axisymmetric magnetic control problems, i.e. plasma current, position
and shape control.

2.1. The JT-60SA PF coils system

The JT-60SA tokamak is currently under construction in Naka, in
the Ibaraki Prefecture of Japan, as a part of STP. The plasma in the JT-
60SA vacuum chamber will have a major radius of 2.96 m and a minor
radius of 1.18 m, with an overall plasma volume of 132 m3 (Spears,
2014). The maximum plasma current envisaged for JT-60SA is 5.5 MA
for a plasma with a relatively low aspect ratio (elongation κ = 1.93 and
triangularity δ = 0.53), and 4.6 MA for an ITER-shaped plasma (κ = 1.8
and δ = 0.43). The maximum pulse duration will be about100 s (http://
www.jt60sa.org/pdfs/JT- 60SA Res Plan.pdf).

After the machine upgrade, JT-60SA will have a PF coils system
consisting of two sets of superconductive coils: the Equilibrium Field
Coils (EF1–6) made of Niobium–Titanium (NbTi), and the Central
Solenoid (consisting of four independent coils, named CS1–4) in
Niobium–Tin (Nb Sn3 ). Furthermore, two in-vessel Fast Plasma
Position copper Coils (FPPC1–2) will also be installed. Fig. 1 shows
the PF coils layout of JT-60SA.

As it will be shown later, the PF coils represent the actuators used
by the magnetic control system; for the sake of completeness, it is
worth to mention that there exist in literature proposals to exploit the
PF coils also for other control tasks (see the example in Pajares &

Schuster, 2016 the authors propose to use the in-vessel coils for burn
control).

2.2. Axisymmetric control problems in tokamak

Plasma control is one of the crucial issues to be addressed in order
to achieve the high performances in tokamak operations. In particular,
magnetic axisymmetric control is an essential feature to achieve and
maintain the desired operational scenario, and is needed since the very
early plasma operation, including part of the integrated commission-
ing.

The magnetic control problem can be conceptually separated into
three principal aspects (Ariola & Pironti, 2016):

• Position control.

• Plasma current control.

• Shape control.

Position control mainly deals with the control of the plasma vertical
instabilities which affect elongated plasma configurations. The task of
plasma vertical stabilization is usually carried out by exploiting the in-
vessel coils, which are able to guarantee a faster response due to the
fact that the electromagnetic field generated does not have to penetrate
the metallic vessel structures. Such coils are placed inside the vessel, as
near as possible to the plasma, in order to react fast and stabilize the
plasma. Being installed inside the vessel, these are copper coils, since it
would be impossible to keep superconductive in-vessel at the requested
temperatures.

In order to make the design of the other controllers straightforward
and to achieve better performances, it is a good practice to design this
controller with a relatively large frequency bandwidth, which translates
into a fast response and a decoupling from the other control actions
(De Tommasi et al., 2011, Section 3).

Plasma current control takes care of regulating the plasma current

Fig. 1. JT-60SA poloidal cross-section and layout of the Poloidal Field coils system.
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