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(57) Abstract: A thermonuclear reactor of the invention comprises an ion
cyclotron resonance heating system, the ion cyclotron resonance heating sys-
tem comprising: an antenna (1), the antenna having 4 signal ports, the anten-
na allowing a transfer of power from its 4 signal potts to an electromagnetic
field produced by the antenna in a vacuum chamber (2) of the thermonuclear
reactor; a multiple-input-port and multiple-output-pott tuning unit (4) hav-
ing 4 input ports and 4 output ports, each of the output ports being indirectly
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sion line (3); 4 high-power radio-frequency amplifiers (6), the output of each
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Method for automatically adjusting an 1on cyclotron resonance

heating system of a thermonuclear reactor

FIELD OF THE INVENTION

The invention relates to a method for automatically adjusting an ion cyclotron resonance
heating system of a thermonuclear reactor. The invention also relates to a thermonuclear reactor
implementing this method.

The French patent application No. FR2013149 of 14 December 2020, entitled “Procédé pour
régler automatiquement un systéme de chauffage a résonance cyclotronique ionique d’un

réacteur thermonucléaire” is incorporated by reference.

PRIOR ART

In what follows, X and Y being different quantities or variables, performing an action as a
function of X does not preclude the possibility of performing this action as a function of Y. In
what follows, “coupled” always refers to an electric coupling. When applied to two items such
as terminals, conductors, nodes, etc, “coupled” may indicate that the items are directly coupled,
that is to say connected to (or, equivalently, in electric contact with) one another, or that the
items are indirectly coupled, in which case an electric interaction different from direct coupling
exists between the items, for instance through one or more components. When applied to two
multi-terminal items, such as ports, connectors, etc, “coupled” may indicate that the items are
directly coupled, in which case each terminal of one of the items is directly coupled to one and
only one terminal of the other item, or that the items are indirectly coupled, in which case an
clectric interaction different from direct coupling exists between the terminals of the items, for
instance through one or more components.

Ton cyclotron resonance heating, also called “ICRH” or “ion cyclotron radio-frequency
heating”, is referred to as “chauffage a résonance cyclotronique ionique” or “chauffage
cyclotronique ionique” in French. Ion cyclotron resonance heating is one of the standard plasma
heating techniques used in thermonuclear reactors based on a magnetic confinement of the hot
plasma (these thermonuclear reactors are usually referred to as “tokamaks™). An ion cyclotron
resonance heating system may for instance operate in the 35 MHz to 65 MHz frequency range.
To obtain an heating power larger than 5 MW in this frequency range, it is advisable to use a
plurality of radio-frequency amplifiers, a multiport antenna, and a multiple-input-port and
multiple-output-port tuning unit. The multiple-input-port and multiple-output-port tuning unit
is used to obtain that cach radio-frequency amplifier sees an optimal or almost optimal load, for
any behaviour of the plasma, except, possibly, if an edge localized mode (also referred to as

ELM) occurs in the vacuum chamber of the thermonuclear reactor.
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Thus, in a thermonuclear reactor comprising an ion cyclotron resonance heating system, the
ion cyclotron resonance heating system may comprise:

an antenna, the antenna having » ports each referred to as “signal port”, where » is an
integer greater than or equal to 2, the antenna allowing, at a given frequency, a transfer
of power from the » signal ports to an electromagnetic field produced by the antenna
in a vacuum chamber of the thermonuclear reactor;

a multiple-input-port and multiple-output-port tuning unit having m input ports and » output
ports, where m is an integer greater than or equal to 2, the multiple-input-port and
multiple-output-port tuning unit comprising p adjustable impedance devices, where p
is an integer greater than or equal to m, the p adjustable impedance devices being
referred to as the “adjustable impedance devices of the tuning unit” and being such
that, at the given frequency, each of the adjustable impedance devices of the tuning
unit has a reactance, the reactance of any one of the adjustable impedance devices of
the tuning unit being adjustable by electrical means, each of the » output ports being
directly or indirectly coupled to one and only one of the signal ports; and

m high-power radio-frequency amplifiers, each of the high-power radio-frequency
amplifiers having an output, the output of said each of the high-power radio-frequency
amplifiers being directly or indirectly coupled to one and only one of the m input ports,
the output of said each of the high-power radio-frequency amplifiers being used to
apply an excitation to the input port to which it is directly or indirectly coupled.

The thermonuclear reactor further comprises a plurality of sensing units installed at different
places in the ion cyclotron resonance heating system, each of the sensing units comprising a
directional coupler used to sense two electrical variables in the ion cyclotron resonance heating
system, to obtain “sensing unit output signals”, each of the sensing unit output signals being
mainly determined by one of the electrical variables sensed in the ion cyclotron resonance
heating system.

According to the prior art, such a thermonuclear reactor is characterized in that, a “selected
frequency” being chosen, one applies m excitations to the m input ports, one and only one of the
excitations being applied to each of the input ports, cach of the excitations being an unmodulated
carrier having a frequency which is equal to the selected frequency.

According to the prior art, the sensing unit output signals are used to automatically adjust
the ion cyclotron resonance heating system, by utilizing an extremum-seeking control algorithm
which adjusts, by electrical means, the reactance of one or more of the adjustable impedance
devices of the tuning unit, to get closer to an extremum of a performance variable, the
performance variable being a real function of the sensing unit output signals. This type of
control system is slow. Thus, the prior art does not teach a fast and accurate method for
automatically adjusting the ion cyclotron resonance heating system of the thermonuclear reactor.

Consequently, according to the prior art, to avoid a degradation of the high-power radio-
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frequency amplifiers, in particular when an edge localized mode occurs, radio-frequency power
must be wasted in loads (sometimes referred to as “dummy loads’) whenever the adjustment is
not correct, and/or the high-power radio-frequency amplifiers must permanently operate at a
reduced output power, compared to their theoretical maximum output power.

The specialist consequently understands that the prior art does not teach a method for
automatically adjusting an ion cyclotron resonance heating system of a thermonuclear reactor,
which maximizes the power that the ion cyclotron resonance heating system can deliver to the

plasma existing in the vacuum chamber of the thermonuclear reactor.

SUMMARY OF THE INVENTION

The purpose of the invention is a method for automatically adjusting an ion cyclotron
resonance heating system of a thermonuclear reactor, which maximizes the power that the ion
cyclotron resonance heating system can deliver to the plasma existing in the vacuum chamber
of the thermonuclear reactor.

The method of the invention is a method for automatically adjusting an ion cyclotron
resonance heating system of a thermonuclear reactor, the ion cyclotron resonance heating system
comprising an antenna and a multiple-input-port and multiple-output-port tuning unit, the
antenna having n ports each referred to as “signal port”, where » is an integer greater than or
equal to 2, the antenna allowing, at a given frequency, a transfer of power from the » signal ports
to an electromagnetic field produced by the antenna in a vacuum chamber of the thermonuclear
reactor, the multiple-input-port and multiple-output-port tuning unit having m input ports and
n output ports, where m is an integer greater than or equal to 2, the multiple-input-port and
multiple-output-port tuning unit comprising p adjustable impedance devices, where p is an
integer greater than or equal to m, the p adjustable impedance devices being referred to as the
“adjustable impedance devices of the tuning unit” and being such that, at the given frequency,
each of the adjustable impedance devices of the tuning unit has a reactance, the reactance of any
one of the adjustable impedance devices of the tuning unit being adjustable by electrical means,
cach of the » output ports being directly or indirectly coupled to one and only one of the signal
ports, the method comprising the steps of:

selecting a frequency referred to as the “selected frequency”;

applying m excitations to the m input ports, one and only one of the excitations being

applied to each of the input ports, each of the excitations being a bandpass signal
having a carrier frequency and a complex envelope, the carrier frequency of said each
of the excitations being equal to the selected frequency, the m complex envelopes of
the m excitations being linearly independent in the set of complex functions of one real

variable, regarded as a vector space over the field of complex numbers;
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sensing, at each of m or more places in the ion cyclotron resonance heating system, one or
more electrical variables, to obtain “sensing unit output signals”, each of the sensing
unit output signals being mainly determined by at least one of the electrical variables
sensed at one of said m or more places in the ion cyclotron resonance heating system;

estimating ¢ tuning parameters by utilizing the sensing unit output signals, where g is an
integer greater than or equal to m, each of the tuning parameters being a quantity
depending on an impedance matrix seen by the output ports; and

adjusting, by electrical means, the reactance of one or more of the adjustable impedance

devices of the tuning unit, as a function of the ¢ tuning parameters.

Said multiple-input-port and multiple-output-port tuning unit comprises m input ports and
n output ports. It is assumed that said multiple-input-port and multiple-output-port tuning unit
behaves, at said given frequency, with respect to its input ports and output ports, substantially
as a passive linear device, where “passive” is used in the meaning of circuit theory. More
precisely, said multiple-input-port and multiple-output-port tuning unit normally behaves, at said
given frequency, with respect to the » output ports and the m input ports, substantially as a
passive linear (n + m)-port device.

For instance, one or more of the g tuning parameters may be substantially proportional to
the absolute value, or the phase, or the real part, or the imaginary part of an entry of said
impedance matrix seen by the output ports, or of an entry of the inverse of said impedance
matrix seen by the output ports (this inverse being an admittance matrix seen by the output
ports), or of an entry of a scattering matrix seen by the output ports.

An impedance matrix presented by the input ports depends on said impedance matrix seen
by the output ports. Consequently, one or more of the ¢ tuning parameters may for instance be
substantially proportional to the absolute value, or the phase, or the real part, or the imaginary
part of an entry of said impedance matrix presented by the input ports, or of an entry of the
inverse of said impedance matrix presented by the input ports (this inverse being an admittance
matrix presented by the input ports), or of an entry of a scattering matrix presented by the input
ports.

For instance, it is possible that said m complex envelopes are such that the influence of any
one of the excitations on each of at least m of the electrical variables can be determined from the
knowledge of said m complex envelopes and of the sensing unit output signals. In the previous
sentence, “the electrical variables” means “the m or more electrical variables sensed at said m
or more places in the ion cyclotron resonance heating system”, and “can be determined” means
“can be determined with a sufficient accuracy, for instance a relative accuracy less than 5 per
cent, or less than 1 per cent”.

For instance, it is possible that the method of the invention further comprises the step of
using one or more of the sensing unit output signals, to activate one or more warning signals if

the presence of an edge localized mode is suspected or detected in the vacuum chamber of the
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thermonuclear reactor. In this case, it is possible that the method of the invention further
comprises the step of reducing a power of the excitations, for a given time, if one of the one or
more warning signals has been activated; and it is possible that the reactance of one or more of
the adjustable impedance devices of the tuning unit is adjusted as a function of the ¢ tuning
parameters and as a function of the possible activation of one or more of the one or more
warning signals.

For instance, it is possible that an average power of the excitations does not vary over time,
if there is no activation of one of the one or more warning signals.

For instance, it is possible that each of the excitations is an amplitude modulated carrier, the
modulation factor being for instance less than or equal to 4 percent for each of the excitations.
Such a modulation can be used to obtain that said m complex envelopes are linearly independent
in the set of complex functions of one real variable, and that an average power of the excitations
does not vary over time, if there is no activation of one of the one or more warning signals.

Forinstance, it is possible that each of the excitations is a phase modulated carrier, the phase
variation produced by the modulation being for instance less than or equal to 5 degree for each
of the excitations. Such a modulation can be used to obtain that said m complex envelopes are
linearly independent in the set of complex functions of one real variable, and that an average
power of the excitations does not vary over time, if there is no activation of one of the one or
more warning signals.

For instance, it is possible that a numerical model is utilized in the step of adjusting, by
electrical means, the reactance of one or more of the adjustable impedance devices of the tuning
unit, as a function of the ¢ tuning parameters.

An apparatus implementing the method of the invention is a thermonuclear reactor
comprising an ion cyclotron resonance heating system, the ion cyclotron resonance heating
system comprising:

an antenna, the antenna having » ports each referred to as “signal port”, where » is an

integer greater than or equal to 2, the antenna allowing, at a given frequency, a transfer
of power from the » signal ports to an electromagnetic field produced by the antenna
in a vacuum chamber of the thermonuclear reactor; and

a multiple-input-port and multiple-output-port tuning unit having m input ports and » output

ports, where m is an integer greater than or equal to 2, the multiple-input-port and
multiple-output-port tuning unit comprising p adjustable impedance devices, where p
is an integer greater than or equal to m, the p adjustable impedance devices being
referred to as the “adjustable impedance devices of the tuning unit” and being such
that, at the given frequency, each of the adjustable impedance devices of the tuning
unit has a reactance, the reactance of any one of the adjustable impedance devices of
the tuning unit being adjustable by electrical means, each of the » output ports being

directly or indirectly coupled to one and only one of the signal ports;
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the thermonuclear reactor being characterized in that it further comprises means for:
selecting a frequency referred to as the “selected frequency”;
applying m excitations to the m input ports, one and only one of the excitations being
applied to each of the input ports, each of the excitations being a bandpass signal
having a carrier frequency and a complex envelope, the carrier frequency of said each
of the excitations being equal to the selected frequency, the m complex envelopes of
the m excitations being linearly independent in the set of complex functions of one real
variable, regarded as a vector space over the field of complex numbers;
sensing, at each of m or more places in the ion cyclotron resonance heating system, one or
more electrical variables, to obtain “sensing unit output signals”, each of the sensing
unit output signals being mainly determined by at least one of the electrical variables
sensed at one of said m or more places in the ion cyclotron resonance heating system;
estimating ¢ tuning parameters by utilizing the sensing unit output signals, where g is an
integer greater than or equal to m, each of the tuning parameters being a quantity
depending on an impedance matrix seen by the output ports; and
adjusting, by electrical means, the reactance of one or more of the adjustable impedance
devices of the tuning unit, as a function of the ¢ tuning parameters.
For instance, it is possible that a numerical model is utilized for adjusting, by electrical
means, the reactance of one or more of the adjustable impedance devices of the tuning unit, as

a function of the g tuning parameters.

BRIEF DESCRIPTION OF THE DRAWINGS

Other advantages and characteristics will appear more clearly from the following description
of particular embodiments of the invention, given by way of non-limiting examples, with
reference to the accompanying drawings in which:

- Figure 1 shows a block diagram of an ion cyclotron resonance heating system of a

thermonuclear reactor of the invention (first and second embodiments); and

- Figure 2 shows a block diagram of an ion cyclotron resonance heating system of a

thermonuclear reactor of the invention (third embodiment).

DETAILED DESCRIPTION OF SOME EMBODIMENTS

First embodiment.

As a first embodiment of a device of the invention, given by way of non-limiting example,
we have represented in Figure 1 the block diagram of an ion cyclotron resonance heating system

of a thermonuclear reactor of the invention, the ion cyclotron resonance heating system being
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intended to be able to deliver an average power of at least 10 MW, the ion cyclotron resonance
heating system comprising:

an antenna (1), the antenna having » = 4 ports each referred to as “signal port”, the antenna
allowing, at a given frequency chosen in the 50 MHz to 90 MHz frequency range, a
transfer of power from the » signal ports to an electromagnetic field produced by the
antenna in a vacuum chamber (2) of the thermonuclear reactor;

a multiple-input-port and multiple-output-port tuning unit (4), also referred to as “multiple-
antenna-port antenna tuner”, having m = 4 input ports and » output ports, the
multiple-input-port and multiple-output-port tuning unit comprising p adjustable
impedance devices, where p is an integer greater than or equal to m, the p adjustable
impedance devices being referred to as the “adjustable impedance devices of the
tuning unit” and being such that, at the given frequency, each of the adjustable
impedance devices of the tuning unit has a reactance, the reactance of any one of the
adjustable impedance devices of the tuning unit being adjustable by electrical means,
each of the » output ports being indirectly coupled to one and only one of the signal
ports through a coaxial transmission line (3);

m high-power radio-frequency amplifiers (6) which can each deliver 3 MW at the given
frequency, each of the high-power radio-frequency amplifiers having an output, the
output of said each of the high-power radio-frequency amplifiers being indirectly
coupled to one and only one of the m input ports through a coaxial transmission line
(5); and

a signal generation and control unit (7);

the thermonuclear reactor being characterized in that:

the signal generation and control unit selects a frequency referred to as the “selected
frequency”, in the 50 MHz to 90 MHz frequency range;

the signal generation and control unit delivers, to the high-power radio-frequency
amplifiers, signals such that the high-power radio-frequency amplifiers are used to
apply m excitations to the m input ports, one and only one of the excitations being
applied to each of the input ports, cach of the excitations being a bandpass signal
having a carrier frequency and a complex envelope, the carrier frequency of said cach
of the excitations being equal to the selected frequency, the m complex envelopes of
the m excitations being linearly independent in the set of complex functions of one real
variable, regarded as a vector space over the field of complex numbers;

m sensing units, which are not shown in Figure 1, are used to sense, at each of the m input
ports, one or more electrical variables, to obtain “sensing unit output signals”, each of
the sensing unit output signals being mainly determined by at least one of'the electrical

variables sensed at one of the m input ports;
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the signal generation and control unit estimates g tuning parameters by utilizing the sensing
unit output signals, where ¢ = 2m?, each of the tuning parameters being a real quantity
depending on an impedance matrix seen by the output ports; and

the signal generation and control unit adjusts, by electrical means, the reactances of the

adjustable impedance devices of the tuning unit, as a function of the g tuning
parameters.

An average power of the excitations does not vary over time.

Each of the excitations is a bandpass signal (in French: “signal passe-bande”). This type of
signal is sometimes improperly referred to as “passband signal” or “narrow-band signal” (in
French: “signal a bande étroite”). A bandpass signal is any real signal s(¢), where ¢ denotes the
time, such that the spectrum of s(¢) is included in a frequency interval [ f. — W/2, fo + W/2],
where . is a frequency referred to as “carrier frequency” and W is a frequency referred to as
“bandwidth”, which satisfies W <2 /.. Thus, the Fourier transform of s(¢), denoted by S( /), is
non-negligible only in the frequency intervals [—f.— W/2, =f-+ W/2] and [ f. — W2, f+ W/2].
The complex envelope of the real signal s(7), also referred to as “complex baseband equivalent”
or “baseband-equivalent signal”, is a complex signal s,(¢) whose Fourier transform Sz ( /') is
non-negligible only in the frequency interval [- W/2, W/2] and satisfies Sz ( /) =k S(f-+f) in
this interval, where £ is a real constant which is chosen equal to the square root of 2 by some
authors. The real part of s,(7) is referred to as the in-phase component, and the imaginary part
of s, (#) is referred to as the quadrature component. The specialist knows that the bandpass signal
s(t) may for instance be obtained:

- as the result of a phase and amplitude modulation of a single carrier at the frequency f-;

- as a linear combination of a first signal and a second signal, the first signal being the product
of the in-phase component and a first sinusoidal carrier of frequency f.-, the second signal being
the product of the quadrature component and a second sinusoidal carrier of frequency £, the
second sinusoidal carrier being 90° out of phase with respect to the first sinusoidal carrier;

- in other ways, for instance without using any carrier, for instance using directly a filtered
output of a digital-to-analog converter.

The frequency interval [ /. — W/2, f-+ W/2] is a passband of the bandpass signal. From the
definitions, it is clear that, for a given bandpass signal, several choices of carrier frequency f
and of bandwidth W are possible, so that the passband of the bandpass signal is not uniquely
defined. However, any passband of the bandpass signal must contain any frequency at which the
spectrum of s(¢) is not negligible.

The complex envelope of the real signal s(f) clearly depends on the choice of a carrier
frequency f.. However, for a given carrier frequency, the complex envelope of the real signal
s5(#) is uniquely defined, for a given choice of the real constant k.

One and only one of said m excitations is applied to each of the input ports, the m

excitations being applied simultaneously. Each of said m excitations is a bandpass signal having
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a passband which contains the selected frequency. The selected frequency being considered as
the carrier frequency, each of the excitations has one and only one complex envelope, the m
complex envelopes of the m excitations being linearly independent in E, where E is the set of
complex functions of one real variable, regarded as a vector space over the field of complex
numbers.

The ¢ tuning parameters are sufficient to allow a determination of an impedance matrix
presented by the input ports (which depends on the impedance matrix seen by the output ports).
The wording “are sufficient to allow a determination of an impedance matrix presented by the
input ports” does not imply that an impedance matrix presented by the input ports is determined,
but it is possible that an impedance matrix presented by the input ports is determined.

The information carried by the sensing unit output signals must be sufficient to allow the
signal generation and control unit to estimate the ¢ tuning parameters. The sensing units may
for instance be such that, for any one of the input ports, the sensing unit output signals comprise:
a first sensing unit output signal proportional to a first electrical variable, the first electrical
variable being a voltage across said any one of the input ports; and a second sensing unit output
signal proportional to a second electrical variable, the second electrical variable being a current
flowing in said any one of the input ports. Said voltage across said any one of the input ports
may be a complex voltage and said current flowing in said any one of the input ports may be a
complex current. Alternatively, the sensing units may for instance be such that, for any one of
the input ports, the sensing unit output signals comprise: a first sensing unit output signal
proportional to a first electrical variable, the first electrical variable being an incident voltage
(which may also be referred to as “forward voltage™) at said any one of the input ports; and a
second sensing unit output signal proportional to a second electrical variable, the second
electrical variable being a reflected voltage at said any one of the input ports. Said incident
voltage at said any one of the input ports may be a complex incident voltage and said reflected
voltage at said any one of the input ports may be a complex reflected voltage.

The specialist understands how such sensing unit output signals can be processed to for
instance obtain that the 2m? tuning parameters describe an impedance matrix presented by the
input ports (for instance, m? tuning parameters being cach a real number proportional to the real
part of an entry of this impedance matrix, and m? tuning parameters being each a real number
proportional to the imaginary part of an entry of this impedance matrix), or to for instance obtain
that the 2m? tuning parameters describe a scattering matrix presented by the input ports (for
instance, m? tuning parameters being each a real number proportional to the absolute value of
an entry of this scattering matrix, and m? tuning parameters being each a real number
proportional to a phase of an entry of this scattering matrix). For instance, suitable explanations
are provided in Appendix C of the article of F. Broyd¢ and E. Clavelier entitled “A Typology
of Antenna Tuner Control Schemes, for One or More Antennas”, published in Excem Research
Papers in Electronics and Electromagnetics,no. 1 (doi: 10.5281/zenodo.3902749) in June 2020.
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In what follows, in line with the “IEC multilingual dictionary of electricity” edited by the
Bureau Central de la Commission Electrotechnique Internationale in 1983, “open-loop control”
means control which does not utilize a measurement of the controlled variable, and “closed-loop
control” (which is also referred to as “feedback control”) means control in which the control
action is made to depend on a measurement of the controlled variable.

The nominal reactance of each of the adjustable impedance devices of the tuning unit is, at
a given point in time, determined by the signal generation and control unit as a function of a
“tuning unit adjustment instruction”, which is generated inside the signal generation and control
unit. A new tuning unit adjustment instruction is generated repeatedly. For instance, a new
tuning unit adjustment instruction may be generated periodically, for instance every 20
microseconds. Each of the tuning unit adjustment instructions may be of any type of digital
message. Each of the tuning unit adjustment instructions is used by the signal generation and
control unit to determine “tuning control signals”, which are delivered to the multiple-input-port
and multiple-output-port tuning unit to control the reactances of the adjustable impedance
devices of the tuning unit.

The ion cyclotron resonance heating system uses a closed-loop control scheme based on a
model, in which at least one of the tuning unit adjustment instructions is determined as a
function of:

one or more quantities determined by the selected frequency;

one or more variables determined by one or more of the previous tuning unit adjustment

mstructions; and

the g tuning parameters.

The model is a numerical model which describes the effect of the tuning control signals on
the reactances of the adjustable impedance devices of the tuning unit. The numerical model may
also be such that it takes into account the effect of one or more temperatures measured in the ion
cyclotron resonance heating system, on the reactances of the adjustable impedance devices of
the tuning unit.

Some model-based closed-loop control schemes, suitable for controlling a multiple-antenna-
port antenna tuner of a radio transmitter, are disclosed in international application number
PCT/IB2019/051501 of 25 February 2019 (WO 2019/180520), entitled “Method of automatic
adjustment of a tuning unit, and apparatus for radio communication using this method”, and are
discussed in Section XI of'said article entitled “A Typology of Antenna Tuner Control Schemes,
for One or More Antennas”, where they are referred to as “type 1 subtype ¢”. The specialist
understands how he can adapt the teaching of this international application and this article, to
the present ion cyclotron resonance heating system of a thermonuclear reactor of the invention.
In particular, the specialist understands that the thermonuclear reactor of the invention
implements a very fast and very accurate method for automatically adjusting an ion cyclotron

resonance heating system of a thermonuclear reactor.
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Thus, there is no need to waste radio-frequency power in loads whenever the adjustment is
not correct, and/or to operate the high-power radio-frequency amplifiers at a reduced output
power, compared to their theoretical maximum output power. Since the multiple-input-port and
multiple-output-port tuning unit is such that it can provide, at said selected frequency, for
suitable values of the tuning control signals, a low-loss transfer of power from the input ports
to the output ports, it follows that the invention maximizes the power that the ion cyclotron
resonance heating system can deliver to the plasma existing in the vacuum chamber of the

thermonuclear reactor.

Second embodiment.

As a second embodiment of a device of the invention, given by way of non-limiting
example, we have represented in Figure 1 the block diagram of an ion cyclotron resonance
heating system of a thermonuclear reactor of the invention, the ion cyclotron resonance heating
system comprising:

an antenna (1), the antenna having » = 4 ports each referred to as “signal port”, the antenna
allowing, at a given frequency, a transfer of power from the » signal ports to an
electromagnetic field produced by the antenna in a vacuum chamber (2) of the
thermonuclear reactor;

a multiple-input-port and multiple-output-port tuning unit (4), also referred to as “multiple-
antenna-port antenna tuner”, having m = 4 input ports and » output ports, the
multiple-input-port and multiple-output-port tuning unit comprising p adjustable
impedance devices, where p is an integer equal to m(m + 1), the p adjustable
impedance devices being referred to as the “adjustable impedance devices of the
tuning unit” and being such that, at the given frequency, each of the adjustable
impedance devices of the tuning unit has a reactance, the reactance of any one of the
adjustable impedance devices of the tuning unit being adjustable by electrical means,
each of the n output ports being indirectly coupled to one and only one of the signal
ports through a transmission line (3); and

m radio-frequency amplifiers (6), each of the radio-frequency amplifiers having an output,
the output of said each of the radio-frequency amplifiers being indirectly coupled to
one and only one of the m input ports through a transmission line (5);

the thermonuclear reactor further comprising a signal generation and control unit (7), and being
characterized in that:

the signal generation and control unit selects a frequency referred to as the “selected
frequency”;

the signal generation and control unit delivers, to the radio-frequency amplifiers, signals
such that the radio-frequency amplifiers are used to apply m excitations to the m input

ports, one and only one of the excitations being applied to each of the input ports, each
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of the excitations being a bandpass signal having a carrier frequency and a complex
envelope, the carrier frequency of said each of the excitations being equal to the
selected frequency, the m complex envelopes of the m excitations being linearly
independent in the set of complex functions of one real variable, regarded as a vector
space over the field of complex numbers;

n sensing units, which are not shown in Figure 1, are used to sense, at each of the » output
ports, one or more electrical variables, to obtain “sensing unit output signals”, each of
the sensing unit output signals being mainly determined by at least one of'the electrical
variables sensed at one of the » output ports;

the signal generation and control unit uses one or more of the sensing unit output signals,
to activate one or more warning signals if the presence of an edge localized mode is
suspected in the vacuum chamber of the thermonuclear reactor;

the signal generation and control unit reduces a power of the excitations by substantially 20
per cent, for a given time equal to one millisecond, if one of the one or more warning
signals has been activated;

the signal generation and control unit estimates g tuning parameters by utilizing the sensing
unit output signals, where g = 2n?, each of the tuning parameters being a real quantity
depending on an impedance matrix seen by the output ports; and

the signal generation and control unit adjusts, by electrical means, the reactances of the
adjustable impedance devices of the tuning unit, as a function of the g tuning
parameters and as a function of the possible activation of one or more of the one or
more warning signals.

The article of F. Broyd¢ and E. Clavelier entitled “Some Properties of Multiple-Antenna-
Port and Multiple-User-Port Antenna Tuners”, published in IEEE Trans. on Circuits and
Systems — I: Regular Papers, Vol. 62, No. 2, pp. 423-432, in February 2015, and Section XI
of said article entitled “A Typology of Antenna Tuner Control Schemes, for One or More
Antennas” explain the advantage of having p greater than or equal to m(m + 1).

The ¢ tuning parameters are sufficient to allow a determination of the impedance matrix
seen by the output ports. The wording “are sufficient to allow a determination of the impedance
matrix scen by the output ports” does not imply that the impedance matrix seen by the output
ports is determined, but it is possible that the impedance matrix seen by the output ports is
determined.

The information carried by the sensing unit output signals must be sufficient to allow the
signal generation and control unit to estimate the ¢ tuning parameters. The sensing units may
for instance be such that, for any one of the output ports, the sensing unit output signals
comprise: a first sensing unit output signal proportional to a first electrical variable, the first
electrical variable being a voltage across said any one of the output ports; and a second sensing

unit output signal proportional to a second electrical variable, the second electrical variable
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being a current flowing out of said any one of the output ports. Said voltage across said any one
of the output ports may be a complex voltage and said current flowing out of said any one of the
output ports may be a complex current. Alternatively, the sensing units may for instance be such
that, for any one of the output ports, the sensing unit output signals comprise: a first sensing unit
output signal proportional to a first electrical variable, the first electrical variable being an
incident voltage (which may also be referred to as “forward voltage™) at said any one of the
output ports; and a second sensing unit output signal proportional to a second electrical variable,
the second electrical variable being a reflected voltage at said any one of the output ports. Said
incident voltage at said any one of the output ports may be a complex incident voltage and said
reflected voltage at said any one of the output ports may be a complex reflected voltage.

The specialist understands how such sensing unit output signals can be processed to for
instance obtain that the 2#* tuning parameters describe an impedance matrix seen by the output
ports, or to for instance obtain that the 2»? tuning parameters describe a scattering matrix seen
by the output ports. For instance, suitable explanations are provided in Appendix C of said
article entitled “A Typology of Antenna Tuner Control Schemes, for One or More Antennas”.

The nominal reactance of each of the adjustable impedance devices of the tuning unit is, at
a given point in time, determined by the signal generation and control unit as a function of a
“tuning unit adjustment instruction”, which is generated inside the signal generation and control
unit. A new tuning unit adjustment instruction is generated repeatedly.

The specialist knows how the sensing unit output signals can be used to detect the presence
of an edge localized mode in the vacuum chamber of the thermonuclear reactor, for instance
based on the presence of fast and large variations of reflection coefficients.

The ion cyclotron resonance heating system uses an open-loop control scheme, this control
scheme being consequently based on a model. The open-loop control scheme is such that: if one
of the one or more warning signals is activated, then no new tuning unit adjustment instruction
is generated; and if none of the one or more warning signals is activated, then a new tuning unit
adjustment instruction is generated periodically, as a function of one or more quantities
depending on the selected frequency, and as a function of the ¢ tuning parameters.

The model is a numerical model which describes the effect of a tuning unit adjustment
instruction on the reactances of the adjustable impedance devices of the tuning unit, and/or on
the characteristics of the multiple-input-port and multiple-output-port tuning unit. The numerical
model may also be such that it takes into account the effect of one or more temperatures
measured in the ion cyclotron resonance heating system, on the reactances of the adjustable
impedance devices of the tuning unit, and/or on the characteristics of the multiple-input-port and
multiple-output-port tuning unit.

Some model-based open-loop control schemes, suitable for controlling a multiple-antenna-
port antenna tuner of a radio transmitter, are disclosed in international application number
PCT/IB2015/057161 of 17 September 2015 (WO 2017/033048), entitled “Method for
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automatically adjusting a tuning unit, and automatic tuning system using this method”, and are
discussed in Section XI of said article entitled “A Typology of Antenna Tuner Control
Schemes, for One or More Antennas”, where they are referred to as “type 3”. The specialist
understands how he can adapt the teaching of this international application and this article, to
the present ion cyclotron resonance heating system of a thermonuclear reactor of the invention.
In particular, the specialist understands that the thermonuclear reactor of the invention
implements an accurate and very fast method for automatically adjusting an ion cyclotron
resonance heating system of a thermonuclear reactor.

Thus, there is no need to waste radio-frequency power in loads whenever the adjustment is
not correct, and/or to permanently operate the radio-frequency amplifiers at a reduced output
power, compared to their theoretical maximum output power. Since the multiple-input-port and
multiple-output-port tuning unit is such that it can provide, at said selected frequency, for
suitable adjustments of the reactances of the adjustable impedance devices of the tuning unit,
a low-loss transfer of power from the input ports to the output ports, it follows that the invention
maximizes the power that the ion cyclotron resonance heating system can deliver to the plasma

existing in the vacuum chamber of the thermonuclear reactor.

Third embodiment (best mode).

As a third embodiment of a device of the invention, given by way of non-limiting example
and best mode of carrying out the invention, we have represented in Figure 2 the block diagram
of an ion cyclotron resonance heating system of a thermonuclear reactor of the invention, the
ion cyclotron resonance heating system being intended to be able to deliver an average power
of at least 10 MW, the ion cyclotron resonance heating system comprising:

an antenna (1), the antenna having » = 8 ports each referred to as “signal port”, the antenna
allowing, at a given frequency chosen in the 35 MHz to 65 MHz frequency range, a
transfer of power from the » signal ports to an electromagnetic field produced by the
antenna in a vacuum chamber (2) of the thermonuclear reactor;

a multiple-input-port and multiple-output-port tuning unit (4), also referred to as “multiple-
antenna-port antenna tuner”, having m = 4 input ports and » output ports, the
multiple-input-port and multiple-output-port tuning unit comprising p adjustable
impedance devices, where p is an integer greater than or equal to 2m, the p adjustable
impedance devices being referred to as the “adjustable impedance devices of the
tuning unit” and being such that, at the given frequency, each of the adjustable
impedance devices of the tuning unit has a reactance, the reactance of any one of the
adjustable impedance devices of the tuning unit being adjustable by clectrical means,
each of the » output ports being indirectly coupled to one and only one of the signal
ports through a coaxial transmission line (3) containing a window acting as a vacuum

and tritium barrier; and
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m high-power radio-frequency amplifiers (6) which can each deliver 3 MW at the given
frequency, each of the high-power radio-frequency amplifiers having an output, the
output of said each of the high-power radio-frequency amplifiers being indirectly
coupled to one and only one of the m input ports through a coaxial transmission line
(5);

the thermonuclear reactor further comprising a signal generation and control unit (7), and being
characterized in that:

the signal generation and control unit selects a frequency referred to as the “selected
frequency”, in the 35 MHz to 65 MHz frequency range;

the signal generation and control unit delivers, to the high-power radio-frequency
amplifiers, signals such that the high-power radio-frequency amplifiers are used to
apply m excitations to the m input ports, one and only one of the excitations being
applied to each of the input ports, each of the excitations being a bandpass signal
having a carrier frequency and a complex envelope, the carrier frequency of said each
of the excitations being equal to the selected frequency, the m complex envelopes of
the m excitations being linearly independent in the set of complex functions of one real
variable, regarded as a vector space over the field of complex numbers;

sensing units, which are not shown in Figure 2, are used to sense, at cach of m or more
places in the ion cyclotron resonance heating system, one or more electrical variables,
to obtain “sensing unit output signals”, each of the sensing unit output signals being
mainly determined by at least one of the electrical variables sensed at one of said m or
more places in the ion cyclotron resonance heating system;

the signal generation and control unit uses one or more of the sensing unit output signals,
to activate one or more warning signals if the presence of an edge localized mode is
detected in the vacuum chamber of the thermonuclear reactor;

the signal generation and control unit estimates g tuning parameters by utilizing the sensing
unit output signals, where ¢ is an integer greater than or equal to m, each of the tuning
parameters being a quantity depending on an impedance matrix seen by the output
ports; and

the signal generation and control unit adjusts, by electrical means, the reactance of one or
more of the adjustable impedance devices of the tuning unit, as a function of the ¢
tuning parameters and as a function of the possible activation of one or more of the
oneg or more warning signals.

The ¢ tuning parameters are sufficient to allow a determination of the impedance matrix
seen by the output ports and a determination of an impedance matrix presented by the input
ports. The wording “are sufficient to allow a determination of the impedance matrix seen by the
output ports and a determination of an impedance matrix presented by the input ports” does not

imply that the impedance matrix seen by the output ports and/or an impedance matrix presented
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by the input ports are determined, but it is possible that the impedance matrix seen by the output
ports and/or an impedance matrix presented by the input ports are determined.

The nominal reactance of each of the adjustable impedance devices of the tuning unit is, at
a given point in time, determined by the signal generation and control unit as a function of a
“tuning unit adjustment instruction”, which is generated inside the signal generation and control
unit. A new tuning unit adjustment instruction is generated repeatedly.

The ion cyclotron resonance heating system uses a model-based open-loop control scheme
in which, if one of the one or more warning signals is activated, then no new tuning unit
adjustment instruction is generated; and if none of the one or more warning signals is activated,
then a new tuning unit adjustment instruction is generated periodically and as a function of:

one or more quantities depending on the selected frequency; and

a determination of the impedance matrix seen by the output ports, or any equivalent

information (for instance, an admittance matrix seen by the output ports, a scattering
matrix seen by the output ports, etc).

In addition, a slower extremum-seeking control algorithm is used to adjust the parameters
of the model used by the model-based open-loop control scheme, to obtain a perfect adjustment
of'the ion cyclotron resonance heating system. This extremum-seeking control algorithm adjusts
these model parameters, to get closer to an extremum of a performance variable, the
performance variable being a real function of the impedance matrix presented by the input ports,
or of'any equivalent information. The specialist understands how this extremum-seeking control
algorithm can be implemented. The specialist understands that the thermonuclear reactor of the
invention implements a very fast and very accurate method for automatically adjusting an ion
cyclotron resonance heating system of a thermonuclear reactor.

Thus, there is no need to waste radio-frequency power in loads whenever the adjustment is
not correct, and/or to operate the high-power radio-frequency amplifiers at a reduced output
power, compared to their theoretical maximum output power. Since the multiple-input-port and
multiple-output-port tuning unit is such that it can provide, at said selected frequency, for
suitable adjustments of the reactances of the adjustable impedance devices of the tuning unit,
a low-loss transfer of power from the input ports to the output ports, it follows that the invention
maximizes the power that the ion cyclotron resonance heating system can deliver to the plasma

existing in the vacuum chamber of the thermonuclear reactor,

INDICATIONS ON INDUSTRIAL APPLICATIONS

Inall embodiments described above, the multiple-input-port and multiple-output-port tuning
unit has m = 4 input ports, but this is not at all a characteristic of the invention. In all
embodiments described above, cach of the output ports is indirectly coupled to one and only one

of the signal ports through a transmission line, but this is not at all a characteristic of the
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invention. In all embodiments described above, each of the input ports is indirectly coupled to
the output of one and only one radio-frequency amplifier through a transmission line, but this
is not at all a characteristic of the invention.

The method of the invention is suitable for automatically adjusting an ion cyclotron
resonance heating system of a thermonuclear reactor. The thermonuclear reactor may for
instance be an experimental thermonuclear reactor, or a thermonuclear reactor of a power station
or power plant. Since the invention maximizes the power that the ion cyclotron resonance
heating system can deliver to the plasma existing in the vacuum chamber of the thermonuclear

reactor, it improves the efficiency of the thermonuclear reactor.
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CLAIMS

1. A method for automatically adjusting an ion cyclotron resonance heating system of a
thermonuclear reactor, the ion cyclotron resonance heating system comprising an antenna (1)
and a multiple-input-port and multiple-output-port tuning unit (4), the antenna having » ports
each referred to as “signal port”, where # is an integer greater than or equal to 2, the antenna
allowing, ata given frequency, a transfer of power from the » signal ports to an electromagnetic
field produced by the antenna in a vacuum chamber (2) of the thermonuclear reactor, the
multiple-input-port and multiple-output-port tuning unit having m input ports and » output ports,
where m is an integer greater than or equal to 2, the multiple-input-port and multiple-output-port
tuning unit comprising p adjustable impedance devices, where p is an integer greater than or
equal to m, the p adjustable impedance devices being referred to as the “adjustable impedance
devices of the tuning unit” and being such that, at the given frequency, each of the adjustable
impedance devices of the tuning unit has a reactance, the reactance of any one of the adjustable
impedance devices of the tuning unit being adjustable by electrical means, each of the » output
ports being directly or indirectly coupled to one and only one of the signal ports, the method
comprising the steps of:
selecting a frequency referred to as the “selected frequency”;
applying m excitations to the m input ports, one and only one of the excitations being
applied to each of the input ports, each of the excitations being a bandpass signal
having a carrier frequency and a complex envelope, the carrier frequency of said each
of the excitations being equal to the selected frequency, the m complex envelopes of
the m excitations being linearly independent in the set of complex functions of one real
variable, regarded as a vector space over the field of complex numbers;
sensing, at each of m or more places in the ion cyclotron resonance heating system, one or
more electrical variables, to obtain “sensing unit output signals”, each of the sensing
unit output signals being mainly determined by at least one of the electrical variables
sensed at one of said m or more places in the ion cyclotron resonance heating system;
estimating ¢ tuning parameters by utilizing the sensing unit output signals, where g is an
integer greater than or equal to m, each of the tuning parameters being a quantity
depending on an impedance matrix seen by the output ports; and
adjusting, by electrical means, the reactance of one or more of the adjustable impedance

devices of the tuning unit, as a function of the ¢ tuning parameters.

2. The method of claim 1, wherein an average power of the excitations does not vary over

time.
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3. The method of claim 1, further comprising the step of using one or more of the sensing unit
output signals, to activate one or more warning signals if the presence of an edge localized mode

is suspected in the vacuum chamber of the thermonuclear reactor.

4. The method of claim 3, wherein an average power of the excitations does not vary over

time, if there is no activation of one of the one or more warning signals.

5. The method of any one of the previous claims, wherein a numerical model is utilized in the
step of adjusting, by electrical means, the reactance of one or more of the adjustable impedance

devices of the tuning unit, as a function of the ¢ tuning parameters.

6. A thermonuclear reactor comprising an ion cyclotron resonance heating system, the ion
cyclotron resonance heating system comprising:
an antenna (1), the antenna having » ports each referred to as “signal port”, where # is an
integer greater than or equal to 2, the antenna allowing, at a given frequency, a transfer
of power from the » signal ports to an electromagnetic field produced by the antenna
in a vacuum chamber (2) of the thermonuclear reactor; and
a multiple-input-port and multiple-output-port tuning unit (4) having m input ports and »
output ports, where m is an integer greater than or equal to 2, the multiple-input-port
and multiple-output-port tuning unit comprising p adjustable impedance devices,
where p is an integer greater than or equal to m, the p adjustable impedance devices
being referred to as the “adjustable impedance devices of the tuning unit” and being
such that, at the given frequency, each of the adjustable impedance devices of the
tuning unit has a reactance, the reactance of any one of the adjustable impedance
devices of the tuning unit being adjustable by electrical means, each of the » output
ports being directly or indirectly coupled to one and only one of the signal ports;
the thermonuclear reactor being characterized in that it further comprises means for:
selecting a frequency referred to as the “selected frequency”;
applying m excitations to the m input ports, one and only onc of the excitations being
applied to each of the input ports, cach of the excitations being a bandpass signal
having a carrier frequency and a complex envelope, the carrier frequency of said each
of the excitations being equal to the selected frequency, the m complex envelopes of
the m excitations being linearly independent in the set of complex functions of one real
variable, regarded as a vector space over the field of complex numbers;
sensing, at each of m or more places in the ion cyclotron resonance heating system, one or
more electrical variables, to obtain “sensing unit output signals”, each of the sensing
unit output signals being mainly determined by at least one of the electrical variables

sensed at one of said m or more places in the ion cyclotron resonance heating system;
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estimating ¢ tuning parameters by utilizing the sensing unit output signals, where g is an
integer greater than or equal to m, each of the tuning parameters being a quantity
depending on an impedance matrix seen by the output ports; and

adjusting, by electrical means, the reactance of one or more of the adjustable impedance

5 devices of the tuning unit, as a function of the ¢ tuning parameters.

7. The thermonuclear reactor of claim 6, wherein an average power of the excitations does not

vary over time.

8. Thethermonuclear reactor of claim 6, wherein one or more of the sensing unit output signals
are used to activate one or more warning signals if the presence of an edge localized mode is

10 suspected in the vacuum chamber of the thermonuclear reactor.

9. The thermonuclear reactor of claim 8, wherein an average power of the excitations does not

vary over time, if there is no activation of one of the one or more warning signals.

10. The thermonuclear reactor of any one of the claims 6 to 9, wherein a numerical model is
utilized for adjusting, by clectrical means, the reactance of one or more of the adjustable

15 impedance devices of the tuning unit, as a function of the ¢ tuning parameters.
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