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One of the most promising approaches to achieving
fusion of the light elements, as a potential large-scale
energy source for the next century, is based on the
magnetic confinement of an ionised high temperature
plasma. Most of the current research in magnetic
confinement makes use of toroidal plasma configur-
ations in experiments known as tokamaks. Theoretical
results have predicted that the characteristics of a
tokamak plasma can be made more favourable to
fusion if the cross-section of the plasma is appropri-
ately shaped. However, the accurate generation of
such plasmas, and the real-time control of their
position and shape, represents a demanding problem
involving the simultaneous adjustment of the currents
through several control coils on time scales as short
as a few tens of microseconds. In this paper, we
present results from the first use of neural networks
for the control of the high temperature plasma in a
tokamak fusion experiment. This application requires
the use of fast hardware, for which we have developed
a fully parallel custom implementation of a multilayer
perceptron, based on a hybrid of digital and analogue
techniques. Our results demonstrate that the network
is indeed capable of fast plasma control in accordance
with the predictions of software simulations.
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1. Introduction

When the nuclei of light elements (such as isotopes
of hydrogen) fuse they release huge amounts of
energy. However, in order to fuse, the nuclei must
collide with considerable kinetic energy to overcome
their mutual Coulomb repulsion. In the sun, the
very high temperatures provide the nuclei with the
necessary kinetic energy. Over the last few decades,
a considerable research effort worldwide has been
aimed at trying to recreate similar conditions in the
laboratory, as a potential large-scale energy source
for the next century. Despite the enormous technical
difficulties which must be overcome, the last few
years have seen considerable progress, due in large
part to the development of sophisticated devices
known as ‘tokamaks’. In these experiments, isotopes
of hydrogen are raised to very high temperatures
(up to a few hundred million degrees K) where
they form a highly ionised plasma. Strong magnetic
fields are used to confine the plasma against its
own internal pressure, and additional magnetic
fields are used to control its position and shape.
At the heart of a tokamak experiment is a toroidal
vacuum vessel in which the plasma is generated.
Early tokamaks produced plasmas whose toroidal
cross-sections were circular. However, there is
considerable interest in generating plasmas with
more complex cross-sectional shapes, as these offer
the possibility of significantly improved performance
in terms of the physical conditions needed for
fusion. However, the accurate generation of such
plasmas, and the real-time control of their position
and shape, represents a demanding problem involv-
ing the simultaneous adjustment of the currents
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through several control coils on time scales as short
as a few tens of microseconds.

In this paper, we describe an approach to the
control of plasma position and shape in a tokamak
based on feedforward neural networks. We also
present results from the first successful use of neural
networks in this application. In the next section we
give a brief introduction to the principles of magnetic
confinement, and in Sect. 3 we describe the problem
of plasma feedback control, and review the principal
conventional approaches to its solution. We then
introduce an alternative approach based on feedfor-
ward neural networks. In Sect. 4 we describe the
network architecture and training procedure, and
in Sect. 5 we present results from software simula-
tions of the network. The combined requirements
of high bandwidth and high precision have led
us to develop a fully parallel custom hardware
implementation of the multilayer perceptron,
described in Sect. 6, based on analogue signal
processing, together with digitally stored synaptic
weights. First results from real-time feedback control
of the plasma in the COMPASS tokamak are
presented in Sect. 7, and a brief discussion is given
in Sect. 8.

2. Magnetic Confinement

To release the energy available from fusion, the
nuclei of light elements, usually isotopes of hydro-
gen, must be forced together against their electro-
static Coulomb repulsion. This can be achieved by
raising appropriate isotopes to very high tempera-
tures so that the kinetic energy of the nuclei, with
some help from quantum tunnelling, allows them
to fuse. The average kinetic energy per nucleon
needs to be of order 10* electron volts, corresponding
to a temperature of 108K, for the probability of
fusion to be significant. Under these conditions,
the hydrogen atoms are fully ionised and form an
electrically conducting plasma. Economic pro-
duction of power requires the fusion process to be
self-sustaining so that the energy released by the
fusion reactions maintains the extremely high tem-
peratures, and the plasma is said to have reached
‘ignition’. This in turn requires the density of the
plasma to be high (so that the rate of reaction is
high), and it requires the heat produced to be well
confined (so that it does not leak away too
quickly). The quantitative condition for ignition was
developed by Lawson [1], who showed that the
triple product of the density, temperature and
energy confinement time (the characteristic time
for energy to be transported out of the plasma)
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must exceed a threshold value. Currently, the best
plasma conditions achieved are about a factor of
5-10 short of this threshold.

To achieve such conditions in practice, the high
temperature plasma must be contained and thermally
insulated. Since the plasma is ionised, it can carry
electrical currents and can therefore be controlled
and shaped by magnetic fields. The high pressure
of the plasma (governed by the product of density
and temperature) can then be balanced by the
pressure of the magnetic field. This is called
‘magnetic confinement’. The principal experimental
device for research into this approach to controlled
fusion is the tokamak, which consists of a toroidal
vacuum vessel containing a small quantity of hydro-
gen which is ionised and heated by a large toroidal
electric current. This current is induced by trans-
former action using a time-varying magnetic field,
which is itself generated by currents flowing through
external coils. The plasma current also generates a
magnetic field which contributes to the confinement
of the high pressure plasma. A strong magnetic
field, generated by large ‘toroidal-field’ coils, serves
to stabilise the plasma, and additional magnetic
fields, generated by currents flowing through ‘poloi-
dal-field’ coils, control the plasma shape and pos-
ition. Each plasma pulse (or shot) in COMPASS
typically lasts a few hundred ms, while in large
tokamaks the plasma can be sustained for several
tens of seconds, and one Japanese tokamak is even
able to operate in steady state.

Figure 1 shows a cross-section of the COMPASS

Fig. 1. Cutaway drawing of the COMPASS tokamak experiment
at Culham Laboratory showing the D-shaped cross-section
toroidal vacuum vessel. The overall height of the experiment is
around 3 m.

































