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Abstract— Tokamaks are torus-shaped devices where a high-
temperature, ionized gas (i.e. a plasma) is confined by means of
helical magnetic fields. The ultimate goal of tokamaks is produc-
ing net electrical energy by means of nuclear-fusion reactions
within the plasma. The shape of the plasma inside the tokamak
is closely related with its confinement characteristics and,
therefore, with the produced fusion power. In order to achieve
and maintain plasma shapes that maximize the fusion yield,
feedback controllers have been successfully developed during
the years. However, machine-protection and plasma-stability
requirements impose hard constraints on the plasma-shape
targets that can be safely achieved by a feedback controller.
In this work, a reference governor is proposed to provide, in
real time, plasma-shape targets that fulfill the aforementioned
safety requirements. The reference governor calculates such
plasma-shape targets in response to changes in the state of
the closed-loop system, as well as disturbances in the plasma
energy and current. The reference-governor design is based
on a dynamical model of the plasma electromagnetic response.
Simulation tests of the reference governor have been carried
out for different plasma scenarios in the DIII-D tokamak to
emulate realistic cases where safety may be compromised.

I. INTRODUCTION

Nuclear fusion is the process that powers the Sun and
the stars. In a nuclear-fusion reaction, light atoms (usually
hydrogen, helium, and/or its isotopes) combine to form
heavier atoms while releasing high amounts of energy per
mass unit. This process happens naturally in the stars because
large gravitational forces make the nuclei of the atoms
overcome the Coulombic force that repels them. Due to the
high temperatures necessary for nuclear fusion to happen,
the reactants are in plasma state (i.e. a gas where ions
and electrons are dissociated, so electrical currents can flow
through it). On Earth, ways of achieving nuclear fusion are
being studied for energy generation purposes. So far, one
of the most promising concepts is the so-called “tokamak”
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(a Russian acronym that stands for “toroidal chamber with
magnetic coils”), where a plasma is confined within a torus-
shaped machine by means of helical magnetic fields. A
diagram of the tokamak device is shown in Fig. 1.

The shape that the plasma achieves within the magnetic
cage created by the tokamak has a high impact on the
quality of the plasma confinement, as well as on the macro-
scopic stability of the plasma column (also referred to as
magnetohydrodynamic (MHD) stability [1]). For instance,
highly elongated plasmas (i.e. plasmas where the height
of the poloidal cross section is significantly larger than its
width, see Fig. 1) present an improved confinement [2], but
also tend to move vertically in an unstable manner (i.e. the
well-known vertical instability [1]). Therefore, the operation
and optimization of present and future tokamak designs
substantially relies on the shaping capabilities of a tokamak
as well as on the stabilization of the vertical plasma motion.
As a result, vertical stability and shape control is one of
the problems of major interest in nuclear-fusion research.
Feedback control of the vertical position and plasma shape
can usually be done in present tokamaks by a set of con-
ducting coils that surround the plasma (see Fig. 1) and exert
forces on it according to Lorentz’s law [1]. A large number of
vertical stability and shape controllers have been developed
and are currently operating in tokamaks all around the world.
Examples of such designs can be found for tokamaks such as
C-mod [3], DII-D [4], TCV [5], ASDEX-U [6], KSTAR [7],
JET [8], NSTX [9], JT60-SA [10], and EAST [11], among
many others. These controllers enable much of the present
and future fusion-research program. In fact, as of now, shape
control is one of the most mature fusion-control problems.

In addition to the maximization of the plasma confinement
and MHD stability, shape control is also necessary to prevent
undesired events that may risk the integrity of the tokamak
device. An example of such type of events is a plasma-wall
contact, i.e. the partial intrusion of the plasma into the solid
first-wall of the tokamak. During a plasma-wall contact, a
significant influx of impurities (usually atoms with higher
atomic mass than hydrogen) is normally found which may
deteriorate the plasma confinement. Moreover, damage to the
machine may occur due to high heat fluxes from the plasma
into the surrounding tokamak structures. Another example
are vertical displacement events, i.e. the vertical motion of
the plasma column due to its inherent vertical instability [1].
Such vertical motion often ends with a wall contact and/or
a disruption, i.e. a sudden loss of plasma confinement that
imposes high current and heat loads on the plasma facing
components. The avoidance of this type of events is of the
highest importance for the next generation of reactor-grade
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First wall
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Fig. 1. Diagram of a tokamak with: a) plasma, delimited by the magenta
boundary and with cross-section S, b) first wall and surrounding structures,
¢) toroidal coils (shown in green) which generate the toroidal magnetic field
By along the ¢ axis, and d) poloidal coils (shown in orange) which modify
the poloidal magnetic field By within the R-Z plane and enable plasma
shaping. The elongation is & 2 b/a, where b and a are the characteristic
height and length of the plasma, respectively. The inner gap g;y, (shown in
red) is the plasma-wall distance on the innermost part of the tokamak torus.
tokamaks led by ITER [12], currently under construction.
Advanced control algorithms, sometimes with supervisory
and exception handling capabilities, are necessary to ensure
the safety of the closed-loop system (i.e. the open-loop plant
composed of plasma and tokamak, plus the shape controller).
Examples can be found in [13], [14], [15], [16], [17], [18].

Along this line of advanced-control research for enhanced
system performance and protection, this work proposes the
use of a reference governor [19] to ensure closed-loop
safety for the shape-control problem in tokamaks. Safety
is specified by means of limits on parameters such as, for
example, plasma-wall gaps (i.e. the distance between the
plasma boundary and the tokamak first wall at some points)
or elongation, see Fig. 1. The reference governor calculates,
in real time, plasma-shape targets that maintain the closed-
loop system safe. Such targets are updated in response to
changes in the system state and disturbance levels. The tar-
gets from the reference governor are provided to a feedback
controller, which is in charge of regulating the plasma shape
and maintaining vertical stability. The reference governor is
based on a linear, time-invariant (LTI) model obtained with
GSDesign [20], which models the electromagnetic response
of the plasma to changes in the voltage applied to the toka-
mak coils as well as disturbances in the plasma current and
energy. Simulations are carried out to test the performance
of the overall control scheme, i.e. the combination of the
reference governor and the plasma-shape feedback controller.
Realistic cases, such as plasma-wall contacts and vertical-
displacement events, are considered. A first case is studied
for the avoidance of a plasma-wall contact in the DIII-D
tokamak. A second case for the avoidance of a vertical-
displacement event is emulated with a linear, time-variant
(LTV) model provided by GSUpdate [20]. Therefore, in
the second case, the LTV model used for the simulation is
more general than the LTI model used within the reference
governor. In addition, two plasma scenarios are used to test
the scheme under different plasma conditions.

This paper is organized as follows. The dynamical model
of the electromagnetic plasma response is given in Section II.
The reference governor is presented in Section III. The sim-
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ulation study is included in Section IV. Finally, conclusions
and possible future work are presented in Section V.

II. DYNAMICAL MODEL OF THE PLASMA
ELECTROMAGNETIC RESPONSE

A. Open-loop Dynamics

The model for the reference governor is obtained using
GSDesign [20]. The model characterizes how the plasma
shape and vertical position change in response to variations
in the coil voltages and plasma disturbances near a given
equilibrium. Such plasma equilibrium respects the MHD
momentum equation [1] within the R-Z plane (see Fig. 1) in
steady state as given by Vp = j x B, where p is the plasma
pressure, ; is the current density, and B is the magnetic
field. The model is valid around an equilibrium from a real
plasma discharge in a tokamak. This particular equilibrium
is denoted as “nominal equilibrium” in the rest of this paper.

The dynamical model in GSDesign is given by

dzx

- = !
i Az + Bu + B'w, (1)

where the following model variables are defined. First, x
contains the currents that flow through the magnetic coils
(denoted as I. = [I.1,...,I,. |7, where n. is the total
number of magnetic coils used for control), as well as the
currents that may be driven within the other conducting
structures of the tokamak (denoted by I, = [I,.1, ..., Iy n, ] 7
where n, is the total number of conducting structures).
Therefore, € R+ Second, u = [Ve1, ..., Ven.]T con-
tains the voltages applied to the poloidal-field coils, V. ;, for
i =1, ...,n.. Therefore, u € R™. Third, y contains different
descriptors of the plasma shape, such as the elongation and
the distance between the plasma boundary and the tokamak
first wall (i.e. gaps). The number of outputs is denoted by
Ny, so y € R™v. Finally, the disturbance w & R3 contains
three plasma variables: total current, [, = |, Sy j~d§¢ (where
Sy is the poloidal cross section of the plasma, shaded in
magenta within Fig. 1), poloidal beta, 3, = @;*7030 fv pdV
(where Ry is the value of the radial coordinate R at the torus
axis, see Fig. 1, and V is the plasma volume), and internal
inductance, [; = m [y, B3dV (where By is the poloidal

y=1yo+Cz+ D'w,

magnetic field). It can be noted that Bp is a proxy for the
plasma thermal energy (8, o pV), and [; characterizes the
spatial distribution of By within the plasma. Finally, A, B,
B’, C, D', and yq are constant, and gy, characterizes the
model output when x = w = 0.

Under the steady-state conditions reached at the nominal
equilibrium, the components of [, are usually much smaller
than I. (i.e. I, >> I, ~ 0), and dI,/dt ~ 0. This allows
for calculating an equilibrium value for u (denoted as ) that
maintains a given set of equilibrium coil currents, I.., with
dI./dt = 0. The value of % can be obtained from (1), which

can be rewritten at the nominal equilibrium as
Bu = —A[lL,0]". 2)

Because of the physics and circuit equations embedded in
GSDesign, B is full rank, so (2) has a unique solution.
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Nominal and deviation variables are defined as 7z £

1,0\, @ 2 [I,,,1;, B,)" (where I,,, 3, and [; correspond to
the nominal equilibrium), § = yo + CZ + D', I:C £r1.-1.,
21, i2c—z, a2 u—u02w—w and 2 y—7.
Therefore, (1) is rewritten as

%f = Az + Ba + B'w,
B. Closed-loop Dynamics

=Ci+ D (3

y

For most plasma shapes of interest, the matrix A has one
positive eigenvalue that corresponds to the vertical-instability
growth rate, v, [1]. Therefore, the open-loop dynamics (3)
is unstable, and feedback control is usually employed to
stabilize the plasma vertical position as well as for overall
shape control. In this work, a linear-quadratic-integral (LQI)
controller is employed. The goal is to make the closed-loop
system vertically stable, and also to make g track a desired
target denoted by 7. The LQI controller is obtained from [21]

4)
&)

where Q € R(wetnutny)x(netnotny) apnd B ¢ RMeXne
are design matrices, z = [Z, [(F — §)dt]”, and K €
R7ex(netnotny) s the controller matrix which is found by
solving (4)-(5). Under feedback, (3) becomes

dt

(oo}
m];n/ (2"Qz + @" Ra) dt, subject to
0

System dynamics (3) with u = Kz

(6)
(7

where Acr, Ber, Bgp, Cor, Dgp, eor, and wey, are
defined within Appendix I, together with the details of the
derivation of the closed-loop, state-space model (6)-(7).

~ o,
= AcrZcr + Ber™+ Bopicer,

~ _ ;o
y=CcrTcr + Depicr,

III. REFERENCE-GOVERNOR ALGORITHM

The reference-governor algorithm in [19] can be applied
to (6)-(7) if such dynamical model fulfills the following
assumptions: 1) Agp is asymptotically stable, and 2) the
pair (Acr,Ccr) is observable. The first assumption is
fulfilled due to the LQI controller, which ensures vertical
stability under feedback (see Section II-B). For the second
assumption, the open-loop system (1) provided by GSDesign
is fully observable, but the closed-loop system (6)-(7) is not
(see Appendix I). However, (6)-(7) has n. + n, observable
states, so it is possible to find an observable realization [22],

dz )

dt

where & € R 1™ is the observable state (which is different
from Zop in general), §y = gy, ¥ = 7, W = Wcr, and Ae
I&(nc—i-nv)><(nc-‘,-nU)7 B c ]R(TLC—‘,-n“)><7LC7 é/ c ]R(nc+n7,)><37
C € R™w*(netm) and D' = DY, are the model matrices
corresponding to the observable state-space realization.

For a generic variable denoted by g, its time derivative is
discretized as dq/dt =~ [q(t + At) — q(t)]/At, where At is
the discretization time-step. Therefore, (8) is discretized as

©))
(10)

= Ai + Bf+ B'w, §=Ci+Dw,

Ep1 = Aqlp+ Bafy + By,
G = Cay, + Dby,
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), Aq & T+AtA,
D’, and I is the

where gy, % q(t = kAt) (fork = 0,1, ...,
By £ AtB, B, £ AtB', Cy £ C, D),
identity matrix of size n. + n,,.

0}
L

A. Reference-Governor Synthesis and Control Law

As depicted in Fig. 2, the function of the reference gover-
nor is to substitute the desired target # (which is potentially
unsafe) with a safe target denoted by ©. To do this, the
reference governor takes % as an input, together with the
set of potential disturbances w, and the safe set where gy
must lie. The design of the reference governor in this work
is mostly based on the algorithm presented in [19]. Here, a
less formal derivation with some additions is provided.

Desired ‘ Saf 1 x
target # afe target i
- shape v (c)jpen-lgop
Reference ynamics _
governor + ax — AR+ Bii+ B’
- dt
5 —CR4 D
Set of y=Cx+
safe
Fig. 2. Diagrams of the traditional closed-loop system for shape control

(top) and with the addition of a reference governor (bottom).

At each sampling time t = kAt, the reference governor
updates © according to the control law given by

(0<Kgpg <1) (1D

where Krg is the reference-governor gain. By means of
(11), the goal is to ensure that g remains within the safe
set, [Y™ Y™e%] at all future times under feedback, i.e.

keZt, (12)

for all W™ < w < W™ where W™, Wmer ¢ R3
characterize the limits of the potential disturbances experi-
enced by the system, and Y™¥" Y™ ¢ R™ characterize
the boundaries of the safe output set. To rewrite (12), a
“disturbance-free” version of (9) is used with wy = 0, i.e.

13)

Opt1 = Ok + Kra (Fr — Ok)

szn S Z’J‘k S Y’I’TL(ZI,

* * ~ * -
xy 1 = Agxy + Baby, x4 = 2o,

where z7; is the “disturbance-free” state, and & is the initial
state (which is the same for (9) and the disturbance-free case
(13)). Using (10) and the definition of z* in (13), the k =1
constraint in (12) becomes

lemin S Cdf»UT S lemcwc7 Yab € [Wmin’ Wmuw]’ (14)

where Ylmin Y Ymin ~ DIdUJ{n”L and Ylmaz L ymaz
D/ wi**® are the output limits modified by the effect of W
through D/, in (10), ~ denotes the Minkowsky subtraction
[19], and wi™™ and wi"** are found by solving two linear
programs given by

min D)w™", subject to W™ < ™" < WM
wpin
max D/w]"**, subject to W™ < @' < WM,
e

Similarly, all k£ > 2 constraints in (12) can be expressed as

Yy < Cgary < Yo (15)
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Fig. 3.

where Ymin £ ymin CdA’Cj’?B;wZ”" and Y;mew £
Vet ~ CyAR2 Blaii@® are the safe output limits modi-
fied by the effect of «w through (9), and w**" and w;*** are
found by solving the following linear programs,

max Cy AR 2 Blw™™ | subject to W™ < " < WWmae,

min
w k

min CyA%™2 Biwi™®, subject to W™ < wia® < Jmee,
wrer

The reference governor tries to maximize the gain Kprg
defined in (11) while fulfilling (14)-(15), i.e. it tries to make
the safe target v as close as possible to the desired target
7 while keeping ¢ safe for all values of w. Such task can
be formulated as a linear optimization problem. By defining
the sets Y} delimited by Ykmi” and Y;"%* (k € Z*), and a
finite time t* = (k + Ak)At (where Ak € Z1), the linear
program at each sampling time ¢t = kAt is given by

max Kra, subject to (11) and (16)
w1 = Agx] + Balg1, VI € [k + 1,k + Ak), a7
&t = &y, (18)
Cazx] € Yy, Viek+1,k+Ak), (19
Hy [’f}k + Kra (fk - f)k)] €Yy, (20)

where Hy = Cy(I — Aq) !By is the static gain of (9)-(10),
and Y, is a set that lies in the interior of the intersection of
all the sets Yy up until t*, i.e. Y C int (ﬂﬁj’i* Yk). From
(17)-(20), it can be seen that the reference governor needs to
sample 7, &1 and Uy (i.e. the safe target from the previous
sampling time) and needs to know the limits ymin ymaz
W™in and W™ which are embedded within the sets Y.

IV. SIMULATION STUDY

For these simulations, the DIII-D tokamak is considered.
Some machine parameters of interest are a = 0.6 m, Ry =
1.7 m, and By € [1.7,2.1] T. Two cases are studied: the
avoidance of a plasma-wall contact (Section IV-A) and the
prevention of a vertical-displacement event (Section IV-B).

A. Plasma-Wall Contact Avoidance

In this section, the control scheme is tested in simulations
that use the same model as in (1), i.e. both the LQI controller
and the reference governor know exactly the model matrices
A, B, B’, C, and D', and the vector .

(b) inner gap region at ¢ = 10 ms

(c) inner gap region at ¢ = 20 ms

Simulation for plasma-wall contact avoidance in DIII-D high-gy,;» plasma: inner gap evolution and plasma shape within inner-gap region.

The simulation scenario of this section corresponds to
DIII-D shot 172538, which belongs to the high-g,,;,, scenario
(a candidate for steady-state operation in ITER [23]). The
plasma parameters in w are given by I, = 1.05 MA,
[; =0.79, and 8, = 1.59. The output in this case is y = gin,
where g;,, is the inner gap (see Fig. 1). An LQI controller (see
Section II-B and Appendix I) is used to vertically stabilize
the plasma and also regulate g;,. The inner-gap target is
r = 2.4 cm, which is smaller than its nominal value of
Y = gin = 4.7 cm. This choice for r tries to emulate an
experimental situation in which it is desired to reduce g;,
as much as possible while still having g;, > 0, which can
be beneficial for certain MHD instabilities [1]. However, a
perturbation w # 0 introduced emulating a loss of plasma
confinement, so [; is increased from its nominal value of 0.79
up to 0.97, whereas 3, decreases from 1.59 to 1.24. These
changes for w occur within the first 20 ms of the simulation,
and they are expected to also push the plasma toward the
wall and reduce g;,, even more, possibly making g;, = 0.
Therefore, within the reference governor, a lower limit on
gin is imposed given by Y™" = 0.7 cm. The goal of the
simulation is testing how the reference governor modifies r
so that g;,, remains within the safe limit specified by Y"™",
and the plasma does not make contact with the wall.

Fig. 3(a) shows g;, without and with the reference gov-
ernor, together with the targets v and r, and the limit
Y™ Without the reference governor, the undesired contact
(9in =~ 0) happens briefly when ¢ ~ [15,20] ms. Later, g;y,
is driven to r. With the reference governor, the inner-gap
target v is increased with respect to r when ¢ =~ [0, 15] ms.
Although g;,, does not converge toward v within such period
of time, contact between the plasma and the wall is avoided.
In fact, g;, > Yiuin > 0 at all times. Before the end of the
simulation, g;,, converges toward v. Fig. 3(b) and Fig. 3(c)
show zoomed-in views in the R-Z plane of the inner-gap
region of the plasma at ¢ = 10 ms and ¢ = 20 ms. The first
wall of DIII-D is also shown. Although the initial shapes
in the inner-gap region are the same, the modifications to v
made by the reference governor yield a higher g;,, and the
plasma is further away from the first wall (see Fig. 3(b)).
Because of this, later on, a temporary plasma-wall contact
can be appreciated without the reference governor which
is avoided in the case with the reference governor (see
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Fig. 3(c)). Finally, at the end of the simulation, the inner gap
is almost identical with and without the reference governor
(see Fig. 3(a)) because v — r (i.e. Krg — 1).

B. Vertical-Displacement Event Avoidance

In this section, the reference governor is tested in simula-
tions where the open-loop dynamics (see Fig. 2) is obtained
with GSUpdate [20], which provides a LTV model given by

% — A(t)z + B(tyu+ B(t)w, 21
y = yo(t) + C(t)z + D(t)'w, (22)

where all the variables have same meaning as in Section II,
but A, B, B/, C, D, and gy, change in time. GSUpdate
can accurately simulate phenomena where the plasma equi-
librium varies significantly, such as vertical displacement
events, and has enabled the model-based design of vertical
stability and shape controllers [20]. Therefore, the LTV
model (21)-(22) used in this section is more general than
the LTI model (1) from Section II, which is still used for the
design of the reference governor and LQI controller.

The simulation scenario corresponds to shot 184250,
which has an ITER-like shape scaled to fit within the DIII-D
vessel. The plasma parameters are I, = 0.98 MA, [; = 1.31,
and 3, = 0.27. This simulation is a partial emulation of
the experiment reported in [17]. The output is y = [x,7.]T
where « is the elongation (see Fig. 1) and ~, is the vertical-
instability growth rate. An LQI controller (see Section II-B)
is used to vertically stabilize the plasma while also primarily
regulating x but not v, (i.e. the terms in ) corresponding to
k are designed to be much higher than those corresponding
to 7,). The elongation target in r is ramped at a rate of
0.2 s~! from its nominal value of & = 1.75. In addition,
within the reference governor, an upper limit on 7, of 1500
rad/s is imposed, whereas a limit for « is not specified, i.e.
Y™ = [00,1500 rad/s]”. Because elongated plasmas are
more unstable, it is expected that -, increases as the LQI
controller ramps up « [17]. The goal of the simulation is
testing how the reference governor modifies r so that ~,
remains below Y™%* to avoid a vertical displacement event.

Fig. 4 shows x together with the associated components
of the targets v and r (see Fig. 4(a) and Fig. 4(b)) and
v, with its limit in Y"™** (see Fig. 4(c)) obtained with
(solid blue) and without (red dashed) the reference governor,
which is abbreviated as RG in the figures of this section.
The simulation is executed for ¢ € [0,0.32] s. Due to the
relatively high variations in x during the simulation without
the reference governor, Fig. 4(a) shows k in ¢t € [0,0.28] s,
and Fig. 4(b) shows « in ¢ € [0.27,0.315] s. Fig. 5 shows
the plasma shape with and without the reference governor
at different time instants, together with DIII-D’s first wall.
In Fig. 4(a), from ¢ = 0 until ¢ ~ 0.21 s, xk is ramped
up both with and without the reference governor, so the
plasma follows the same evolution in both cases with r = v
(ie. Krc = 1). When t £ 0.21 s, the reference governor
identifies a potential safety violation due to the proximity of
the limit Y (see Fig. 4(c)), and caps v to about 1.8. After

bl
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this, v is kept constant by the reference governor as shown
in Fig. 4(a) and Fig. 4(b) (v # r, so Krg goes from 1 to
0), so that v, < Y™ (see Fig. 4(c)). Because the reference
governor keeps v constant, changes to the plasma shape are
minimal when ¢ g 0.21 s. On the other hand, without the
reference governor, x keeps increasing to track 7, and some
oscillations are found at ¢ ~ 0.28 s with a partial loss of
vertical control (see Fig. 4(b) and Fig. 5(a)) due to the large
v, above Y% (see Fig. 4(c)). Recovery of the plasma shape
is achieved shortly after, as shown in Fig. 4(b). However, at
t =~ 0.315 s, oscillations are found again (see Fig. 4(b) and
Fig. 5(b)) where the plasma moves vertically and touches
the wall with a total loss of control. Eventually, the plasma
collapses to a small, almost circular shape (x ~ 1) limited
on the wall (see Fig. 5(c)) very different from the desired «.

V. CONCLUSIONS AND FUTURE WORK

A model-based reference governor is proposed in this
work to ensure tokamak-plasma safety when doing shape
control. Updates to the plasma-shape target are calculated
online by the reference governor, which takes into account
real-time changes to the system state and disturbances.
Because the reference governor is an external loop to the
feedback controller, independent design of both components
is possible. Successful performance is shown in simulations
to prevent undesirable events such as plasma-wall contacts
and vertical-displacement events. Even when the reference
governor does not have perfect knowledge of the plasma
dynamics (as in Section IV-B), safety is ensured as long
as the modeled dynamics remains representative of the true
system dynamics. This is an advantage of the model-based
design. Future work may include experimental tests of the
algorithm in DIII-D, as well as simulations in ITER and other
reactor-grade tokamaks.

APPENDIX I
STATE-SPACE MODEL UNDER LQI CONTROL

The LQI control law (5) can be rewritten as

i = K17+ Ko /(f — ) dt, (23)
where K contains the first n. + n, columns of K, and
K contains the last n, columns of K, so K = [K;, K.

Substituting (23) into the state equation of (3),
dx

(A+BK1)9E+BK2/fdt—BKg/gjdt—&-B’w, (24)

dt

and using the output equation of (3) to substitute y in (24),
di
ditc = (A+ BK,)i + BK, /fdt - BKQC’/:irdt

— BK,D' / wdt + B'w. (25)

Differentiating with respect to time, (25) can be rewritten as

d

a T1| A+BK1 7BK20 1
dt |z2 o I O To
r / dw
(][5 57 E] o
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Fig. 5. Plasma shape during simulations for vertical-displacement avoidance without (red dashed) and with the reference governor (solid blue).
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