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Abstract— The tokamak is a magnetic-confinement device
where a plasma is confined with the final purpose of generating
power from fusion reactions. Unfortunately, working points
with favorable fusion conditions in tokamaks are normally
found in a region in which the plasma may be thermally
unstable. Therefore, regulation of the plasma temperature and
density to produce a certain amount of fusion power while
avoiding thermal instabilities, known as burn control, is one
of the key issues that need to be solved for the success
of burning plasma tokamaks such as ITER. Most previous
controllers make use of approximate linearization techniques.
In the present work, a model-based control approach us-
ing nonlinear techniques is proposed. This nonlinear control
approach avoids approximate linearization of the model, is
applicable to a greater range of operating conditions, and
is stable against a larger set of perturbations. In addition
to conventional actuation, like modulation of the auxiliary
power and modulation of the fueling rate, the in-vessel coil
system is considered as a new actuator. The in-vessel coils
have the capability to generate non-axisymmetric magnetic
fields that modify the plasma confinement, which influences
the plasma energy dynamics. A model is proposed to account
for the influence that the in-vessel coil actuation has on the
plasma confinement. Finally, the effectiveness of the controller is
demonstrated via a simulation study for an ITER-like scenario.

I. INTRODUCTION

A tokamak is a particular type of nuclear fusion reactor
that makes use of magnetic fields to confine a reactant
gas in a torus-shaped vessel, so that fusion reactions occur
frequently enough [1]. The reactants, typically deuterium (D)
and tritium (T), must be heated to extremely high tempera-
tures (~ 10 million degrees) by means of auxiliary sources,
so they overcome Coulombic repulsion forces and fuse. In
that process, Helium ions (a-particles) are produced, as well
as neutrons and energy. In order to have a commercially
viable tokamak power plant, operation at working points
with high fusion gain @ is required, where @ is the ratio
of fusion power to auxiliary power. The definition of these
working points by means of a desired plasma density and
temperature determines a target burn condition around which
the system needs to be regulated. ITER, the next step in
nuclear fusion research, may require operation at working
points characterized by low temperature and high density
where the burning plasma may be thermally unstable. While
operating at these working points, the fusion reactor can
suffer certain thermal runaway conditions, like excursions
(positive runaways in temperature) or quenches (negative
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runaways in temperature). In the case of an excursion, too
high temperatures are reached, which may lead to plasma
disruptions. In the case of a quench, low fusion power
and poor performance are found, potentially leading to a
complete shutoff of the reactor. Also, plasma disruptions may
be triggered during a quench, causing damage to the con-
finement vessel walls [1]. Therefore, control of the plasma
density and temperature, usually referred to as burn control,
is critical not only to regulate the desired amount of fusion
power, but also to prevent the fusion reactor from potentially
suffering thermal instabilities.

Past work considered different combinations of the avail-
able actuators for the regulation of the burn condition. Each
actuation method has its own advantages and drawbacks. For
example, in [2] only modulation of the auxiliary power was
used. This approach is appropriate as long as the desired
working point is not characterized by a too small value of
the auxiliary power; if that is the case, the plasma energy
cannot be decreased by means of modulation of the auxiliary
power, and a thermal excursion cannot be prevented if no
other actuator is used. Other work, like [3], proposed a
control approach based uniquely on the modulation of the
D-T fueling rate. This method is suitable provided that dis-
ruptive density limits are not reached. An additional actuation
option is the controlled injection of impurities, which can
be used to increase the radiative losses, cooling the plasma
and preventing thermal excursions. Comprehensive control
strategies using these three actuators were considered in [4].

In most previous pieces of work, the model was approx-
imately linearized to make use of linear techniques, which
limits the size of the perturbations that can be stabilized.
A nonlinear control design can guarantee a substantially
larger region of attraction than a linear control design. In our
previous works [5], [6], two different nonlinear controllers
using all the previously mentioned actuators were synthe-
sized. In [5], the model always considered a 50:50 D-T mix.
Moreover, the recycling effects caused by particles coming
from the plasma facing components of the confinement
vessel walls were not considered. In [6], both variations
in the D-T mixture and recycling effects were taken into
account in the model, and a controller based on isotopic
fuel tailoring was proposed. However, the combined use of
impurities injection and isotopic fueling may still be required
under certain conditions to reject thermal excursions and
stabilize the plasma energy.

Injecting impurities has important drawbacks. Large per-
turbations in the plasma energy normally require the injection
of a large amount of impurities in order to avoid a thermal ex-



cursion. These particles remain in the plasma for a long time,
increasing the needed auxiliary power to compensate for the
radiative losses produced by the impurities and reducing Q.
These drawbacks require that alternative control methods be
studied. Based on some encouraging experimental results [7],
the use of the in-vessel coils comes up as an alternative
to reduce the plasma energy. The in-vessel coils, currently
available in present-day devices such as DII-D [8] and
expected in ITER [9], can reduce the confinement time of the
particles by generating non-axisymmetric magnetic fields in
the plasma. This reduced confinement time of the particles
implies an effective decrease in the energy confinement
time, resulting in a faster decrease of the plasma energy.
So far, most experiments and studies have used the in-vessel
coils for purposes different from burn control, such as the
control of instabilities like resistive wall modes or edge
localized modes [10], [11], or plasma position and shape
control [12]. In this work, a nonlinear feedback controller
for the regulation of the burn condition is proposed. The
main novelty of this controller is the inclusion of the in-
vessel coil system as an actuator, together with modulation
of the auxiliary power and modulation of the fueling rate.

The paper is organized as follows. The burning plasma
model is described in Section II. In Section III, the control
objective and the proposed control algorithm are stated. The
effectiveness of the controller is demonstrated in Section IV
via simulations. Finally, some conclusions and possible plans
for future work are presented in Section V.

II. MODEL DESCRIPTION

The model described in this work expands prior modeling
work [6] to include the effects of in-vessel coil actuation. All
the magnitudes referred to are volume-averaged magnitudes.

The balance equation for the a-particle density, n,, is

. n
Nag = _% + Sou (l)
(e}
where 7% is the a-particles confinement time, and S, is the
source of a-particles from fusion, which is given by

Sa =71 —=7)nhrlov), 2)

where npr is the total deuterium-tritium density (npr =
np + nr, where np is the deuterium density and nr is the
tritium density), 7 is the tritium fraction (y = nr/npr), and
(ov) is the DT reactivity, which is a function of the plasma
temperature, 7, and is computed by

a

—

where a; and r are constant scaling parameters [13].
The deuterium and tritium particle densities, np and nr,
are treated separately, and their balance equations are
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where p and 7r are, respectively, the deuterium and tritium
particles confinement times, Sy’ and S;’ are, respectively,

the deuterium and tritium particles injection rates, S& and
SR are the deuterium and tritium particles sources from
recycling, respectively, and f.g is a parameter that represents
the efficiency with which the recycled particles fuel the
plasma core. It is considered that Sy’ and Sy” can be directly
controlled and are inputs to the model. The recycling sources
for D and T are modeled as
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where frr, Rer and ~ppc are recycling parameters that
characterize the recycling effects [6].
The balance for the plasma energy, E, is given by
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where 7 is the energy confinement time, P, is the contri-
bution from a-particle heating, Ponm is the ohmic heating
power, Pr,q is the radiative power loss, P,y is the auxiliary
heating power and P = P, + Popm — Prag + Pax 1s the
total power. The expression for the «-particle power is
Po = Qav (1 =7)njr{ov) = QaSa, where Q, = 3.52
MeV is the energy of the a-particles produced by the
fusion reaction. The ohn%ic heating power is approximated as
Ponm = 2.8 X 10’9%, where I, is the plasma current, a
is the minor radius of the tokamak, 7" has to be given in keV
and Z, the effective atomic number of the plasma ions, is
given by

Zofr = (nD + nr +4n, + nIle)/ne. 9)

On the right hand side of (9), nj is the total impurity density,
and n. is the electron density, that can be obtained from the
neutrality condition as

Ne = Np + Nt + 2no + 210y, (10)

where Zy is the atomic number of the impurities. For the
radiative loss, the approximation given in [14] is used,
where the expression for P4 is taken as the combination
of bremsstrahlung, line and recombination losses, P4 =
Porem + Biine + Prec, and each component is given by

Poem = 48 x10757(> 0, Z})n VT, (11)
Pine = 18x107%() niZn. 772, (12)
Pee = (13)

41 x 1070 " niZ0)ne T2,
i

where 7" has to be given in keV.



The balance equation for the total impurity density, ny, is
expressed as

- _%+S}“j+sfp. (14)

1
where 7 is the impurity particles confinement time, S;" is
the controllable rate of injection of impurities and S;* is the
source of impurities arising from confinement vessel walls
sputtering that cannot be directly controlled, and is given by

spn
S =T+ A, (15)
Ti
where n is the total plasma density,
n=n;+n.=2np+2nr+3n,+ (Z1+ )n;, (16)

where n; = np + nr + ns + 1y is the ions total density, and
(7 is a parameter that represents the fact that there is always
some content of impurities in the plasma.
The expression that relates 7" with n and E is

E= gnT. (17)

For 7, many scalings have been proposed, like in [15]. Most
of them have a shape given by 7z = Hy x K x P~~, where
e Hy is a constant that represents differences in the
possible experimental conditions that are not included in
the rest of the parameters of the scaling. It is normally

a measure of the plasma confinement quality.

e K is a nonlinear function of the machine parameters,
which are considered to be known and constant in this
model, and also of other variables such as ~ and/or n..
The shape of this function depends on the scaling used.

o N is a constant that depends on the scaling used.

In this work, the effect of the in-vessel coil actuation on
7g is modeled by modifying Hy. The modified energy
confinement time is denoted as 7, and is given by

7h = Hjp(Ieois) X K x PN, (18)

where I.,s is the electric current driven through the in-
vessel coils, and the function HJ; (1) is determined from
experimental data. A suitable expression is

H;i[ (Icoils) = AI2 + BIcoils + Ca

coils
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where A, B and C are experiment-based [7] coefficients that
must be determined to best fit the behavior of 7z when
the in-vessel coils are operated. It is considered that 7z,
and then H7j;(Iois), are maximum at a desired working
point when the in-vessel coils are not operated, i.e., the in-
vessel coils cannot improve the plasma confinement at the
desired working point. Then, when I.q;s = 0, it is found that
H}(0) = Hy = C. Also, it is considered that there is a
minimum value achievable for H7; (Icois) which corresponds
to the maximum current that can be driven through the in-
vessel coils, J™Max

coils*
Using the notation introduced, (8) becomes
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Finally, it is assumed that all particle confinement times scale
with 77, as

* * % * * * * %
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where k), kp, kr and ki are scaling constants, and the
superscript (*) indicates that the scaling constant takes into
account the related particle recycling effects. Therefore, it is
considered that 7 and 7" include the recycling effects for
these type of particles, while 7, and 7 do not include those
effects, which are explicitly modeled using (6) and (7). Note
that, for 7, the superscript (*) is not related to the recycling
effects, but to the in-vessel coil actuation.

III. CONTROL ALGORITHM
A. Control Objective

The primary control goal is to drive the burning plasma to
a desired working point (starting from either another working
point or a certain set of perturbed initial conditions), and
maintain the system at that working point. The achievable
working points of the reactor are characterized by the equi-
librium of the model equations (1), (4), (5), (14) and (20),
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where the bar in all variables indicates equilibrium values.
The set of equations (22) that characterizes the equilibrium
consists of five equations and nine unknowns. In the normal
operation of a fusion reactor, it is desired that S{" = 0.
Hence, it is necessary to specify three more variables to solve
for the equilibrium.

By introducing n, = g + Mo, Np = Np + Nip, NT =
it + fir, i1 = 7y + 7y and E = E + E, where the tilde
in all variables indicates deviation values with respect to the
equilibrium values, the dynamic equations (1), (4), (5), (14)
and (20) are rewritten as
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Driving this autonomous, nonlinear system (23) to zero
equates to driving the original system (1), (4), (5), (14) and
(20) to the desired equilibrium.



B. Controller Design

The control strategy proposed in the present work inte-
grates the following three actuation methods: modulation of
the auxiliary power modulation, actuation of the in-vessel
coils and modulation of the D and T fueling rates.

First, the controller attempts to regulate the plasma energy
deviation by modulating the auxiliary power. The equation
for F in system (23) is reduced to

3 1 .
E=—(—+Kg)E, (24
T
just by setting
E .
— =+ P=—KyE, (25)
T

where Kg > 0 is a design parameter. As 77 > 0, equation
(24) yields that the energy subsystem is exponentially stable
as long as condition (25) is fulfilled. This is achieved with
the control law

~ E
—KgFE — — — Py — Popm + Praa.
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Then, by setting P,y = Pixa the stability of the en-

ergy subsystem is assured. However, there exist physical
saturation limits for P,y, and it may not be possible to

set Pux = Pan®. The maximum and minimum achievable

values for P,y are denoted by P and PMn, respectively.

If Pusat > pPmax’the controller keeps Py = PR, but
the energy subsystem stability cannot be guaranteed. If the
energy subsystem is not stabilized after some time even with
Pux = PR, it is likely that more auxiliary power needs to
be installed in the machine to reach such working point, or
that the machine parameters need to be improved. If, on the
contrary, Puisat < pminthe controller keeps Py, = Pmin,
and the energy subsystem stability cannot be guaranteed only
by means of modulation of the auxiliary power. In that case,
the controller makes use of the in-vessel coils. The equation

for E in system (23) is reduced to

X 1 ~
E=—-(—+K.,)E, (27)
TE
just by setting
E A .
-——+P"M=-K_F, (28)
TE

where K., > 0 is a design parameter and the superscript
(-)™in denotes that P is computed with P, = PMM As
T > 0, equation (27) yields that the energy subsystem is
exponentially stable as long as condition (28) is fulfilled,
which can be achieved by setting the energy confinement
time 75, to
E

pmin K, E’
which, in conjunction with (18) and (19), allow for the com-
putation of I'™% which is the value of I, that stabilizes

coils ?
the energy subsystem. If the in-vessel coils saturate, that is, if

(29)

TH =

Iinsat > Jmax | the controller cannot guarantee the stability of
the energy subsystem. In order to further reduce the plasma
energy, alternative techniques such as isotopic fueling or
impurities injection could be considered. Then, barring those
situations that require too large injections of auxiliary power
or too large decreases of the plasma energy and, therefore,
there is not enough actuation capability, it can be assured that
the plasma energy subsystem is stabilized just by modulation
of the auxiliary power and in-vessel coil actuation.

To stabilize both D and T density subsystems, the con-
troller uses modulation of the fueling rate. By choosing Sp’

and Sp° as

inj,un n n
ginjonsat ?D — feitSR + S, — Kpfip, (30)
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where Kp, Kt > 0 are design parameters, the np and nr
equations in (23) are reduced to
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achieving exponential stability for both D and T density
subsystems (7p, 7t > 0). However, physical saturation limits
also exist which may make impossible to set Sp’ = Sp™*™*
and Sy’ = Sp""™*. Barring those situations in which the D
and T fueling injectors are saturated for too long periods of
time, it can be assured that the D and T density subsystems
are stabilized just by modulation of the fueling rate.

To finally close the controller design, it is shown that
N — No and ny — ny in time, provided that stability of the
energy and D and T subsystems is achieved, i.e., np — fip,
nt — fir and E — E. First, by defining 7y = n; — f;'n,
and taking into account that S;” = 0, (14) can be rewritten
as

iy + f Ispn

*

X sp -
m+ fitn = .
I

+ 5P, (34)
and using (15), it is found that ny = —%, ie., ny — 0 ex-
ponentially fast (7;* > 0), and then, n; — Iff Pn exponentially
fast. Second, by focusing on (1), it can be noted that positive
perturbations in n, (7, > 0) decrease the first term —2’—5}.
For the second term S, it can be noticed that as np — ﬁD
and nt — 7, then npr — nipr and v — 4. Thus, from (2),
So = (1 —7)fpr{ov). For the range of interest, (ov) is an
increasing function of 7', equation (3). Taking into account
that n; — f;*n, (10) and (16) yield

3(Na + Na) + 27ipT
1-fP1+2)

lim n=
n—fi'n

(35)

It can be noted that n, > 0 will imply an increase in n.
Thus, using £ — E, equation (17) becomes

T= (36)
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Fig. 1. Time evolution for (a) plasma temperature 7, (b) S, (c) tritium fraction -y, (d) plasma density n, (e) c-heating power P, and (f) fusion gain Q.

and it can be concluded that T decreases, and also that (ov)
decreases. Then, S, decreases too. On the other hand, for
negative perturbations in n, (72 < 0), —2¢ increases, and
n decreases, T increases, (ov) increases and S,, increases.
This allows to write equation (1) as ﬁa = —@aNa, Where
@ 1s some positive function. As ¢, > 0, the a-particles
density subsystem is exponentially stable. Therefore, it can
be concluded that n, — 0 and n, — 7. To finish this
stability proof, from equation (35), it can be seen that, n —

3na+2fipT & P __ =
T frtgy = and finally, that n; — f{"n = ny.

IV. SIMULATION RESULTS

A simulation study is carried out to show the performance
and disturbance rejection capability of the controller. The
machine parameters are taken as I, = 15,0 MA, a =2.0m, R
= 6.2 m (major radius), By = 5.3 T (toroidal magnetic field),
ko5 = 1.7 (elongation at the 95% flux surface/separatrix), and
V =837 m? (plasma volume). The energy confinement time
scaling (k,, = 0.082) used is

TE — kTE I{}k{><I;.02B’%.15]\40.5R1.6,%9750.19><(})‘/)—0.477 (37)

where M is the effective mass of the plasma in amu [15].
The recycling parameters are f;¥ = 0.02, Retr = 0.9, Yprc
=04, frr = 0.7 and fer = 0.3, and k) = 7, kp = 3, kr =
3, kf = 10 and Zy = 4. The actuator limits are shown in
Table I. It is assumed that the in-vessel coils have the same
capability to modify H7j; as in the experiments carried out
in [7]. Based on such assumption, and using Hy = 0.75,
which is a reasonable value for this scenario, the expression
for H}; (Ieoiis) is found to be

Hi(Ioiis) = 0.01031312,, — 0.099375 Lgis + 0.75. (38)

Also, it is convenient to introduce the plasma [y =
1.33upaE/(I,Br) as a magnitude to define the plasma
equilibrium, where p is the vacuum magnetic permeability.

In this simulation study, the system starts from a perturbed
initial condition and is first driven to a working point
characterized by T = 9 keV, fx = 2 and ¥ = 0.4. The initial
conditions are -20% in 1., +10% in np and 7T, and +15% in
E. No initial perturbation in nj is considered. At ¢ = 60 sec.,
the system is driven to a second working point characterized
by T =12 keV, BN =2.75 and 4 = 0.5. At t = 140 sec., the
system is driven to a third working point defined by 7' = 10.5
keV , BN = 2.5 and 4 = 0.45. Fig. 1 shows evolutions for 7,
B> ¥, 1, Py, and @ in open loop and closed loop simulations,
together with the reference to the system. The required inputs
Sp’, St, Ieoiis and Py are shown in Fig. 2. Note that, in
spite of the saturation of Sp’, St” and P,y for short periods
of time, the controller successfully stabilizes and drives the
system between working points, rejecting the perturbation
in the initial conditions. Also note that, as suggested in [7],
really small values of I seem to be necessary to control
the plasma energy, and the activation of the in-vessel coils
is required during small time windows.

TABLE 1
ACTUATOR LIMITS
Variable Value
Pmax 73 MW
Py 5/7 x PRy
Pmax 2.25 x 10 Wm—3s~!

aux
max ~Qmax
SR
max gmax
Spx, SY
‘max
coils

3 x SR 3 x SR
3 x 1018m—3s—2
4 kA

V. CONCLUSIONS AND FUTURE WORK

A nonlinear controller that is capable of stabilizing the
densities of the different particles and the energy of a burning
plasma in a tokamak reactor has been proposed. The control
algorithm allows the plasma to be driven between consid-
erably distant working points, rejecting great perturbations
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Fig. 2. Time evolution for (a) deuterium injection rate ng, (b) tritium injection rate Srj, (c) auxiliary power Pyux, and (d) in-vessel coil current Igjs.

in the initial conditions. Such performance is not expected
when linear techniques are used.

The inclusion of the in-vessel coils to control the plasma
energy improves the effectiveness and widens the applicabil-
ity of the controller when trying to avoid thermal instabilities.
The in-vessel coils are especially effective as an actuator
when a short-time release of energy is needed to avoid a
thermal excursion. Moreover, the simulation results suggest
that the injection of impurities can be avoided with careful
control of the in-vessel coils. The drawbacks associated with
the use of impurity injection are prevented, allowing for a
faster system dynamics.

The model used for 7z has an experimental and physical
basis. However, such model needs further development to
assure that it correctly represents the actual plasma behav-
ior under different conditions and working points. Deeper
research on such model would be a step towards a more
efficient and smart burn control. Furthermore, it is necessary
to study potential interferences when using the in-vessel
coils for other purposes, as plasma vertical position control
or suppression of other instabilities, making this actuator
unavailable for burn control.
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