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ABSTRACT

Actively controlling the plasma temperature and density in future reactor-grade tokamaks will be a formidable
challenge due to the multi-dimensional, coupled, and nonlinear characteristics of the burning-plasma dynamics.
In ITER, the actuator systems that will be useful for temperature-density control (also known as burn control)
include neutral beam injection, ion and electron cyclotron heating, pellet injection, and gas puffing. In this
work, a nonlinear, model-based, burn-control algorithm is proposed. A model-based approach is attractive
because it directly incorporates the complex plasma dynamics into the burn-control algorithm. Using Lyapunov
techniques, the burn-control algorithm is synthesized from a control-oriented plasma model that is zero-
dimensional (0-D). The reduced dimensionality of this plasma model renders the burn-control design more
feasible. Nonetheless, this 0-D plasma model still captures the nonlinear response of the plasma energy and
density to deuterium-tritium (D-T) fusion, radiation, auxiliary heating, external fueling, and other phenomena.
More importantly, the control objective is indeed 0-D since the primary goal of a burn controller is usually
to regulate volume-averaged properties of the plasma (e.g., overall fusion power P, or fusion gain Q). This
makes 0-D models appropriate for control synthesis. However, the assessment of the effect of the proposed 0-D
burn-control algorithms on the spatio-temporal dynamics of the plasma is a critical step of the control-design
process. This work presents a one-dimensional (1-D) plasma model that is used in closed-loop simulations.
The presented simulation study demonstrates how the spatial profiles of the D-T fuel density, the fusion-born
alpha-particle density, the ion energy density, and the electron energy density evolve temporally under 0-D
burn control. By testing 0-D controllers in 1-D simulations, the effectiveness of 0-D burn-control techniques
can be investigated before implementation in actual tokamaks. Through investigations of this kind, control
issues can be identified and addressed, enabling iterative improvement of the burn-control designs.

1. Introduction

control algorithm [3,4]. In prior work [5], burn controllers were syn-
thesized from control-oriented models using Lyapunov techniques [6].

The purpose of burn control [1] in fusion reactors like ITER will
be to regulate the burning plasma’s kinetic properties, namely the
temperature and density, in real time. To drive the plasma system to the
desired temperature and density, burn controllers rely on a variety of
actuator systems that externally heat and fuel the plasma, including the
neutral beam injectors, the ion cyclotron system, the electron cyclotron
system, the pellet injectors, and the gas valves. Because the fusion
power is determined by the plasma’s temperature and density, burn
control can be used to achieve higher values of Q, which is the ratio
between the fusion power output and the auxiliary power put into
the plasma. The ITER project seeks to demonstrate the viability of
fusion power plants by executing an extended burn with Q = 10 [2].
Clearly, burn control will play an important role in completing ITER’s
objectives.

The advantage of a model-based approach to burn control is that
it directly incorporates the highly complex plasma dynamics in the
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These control-oriented models were zero-dimensional (0-D), which
made it more feasible to derive the model-based burn control laws.
Even with their reduced dimensionality, these 0-D models still capture
the nonlinear and coupled dynamics of the burning plasma. Regardless
of the practicalities of control synthesis, 0-D models are very appro-
priate for burn control design. This is because the primary goal of
burn control is the regulation of volume-averaged plasma properties
(e.g., energy and density). Indeed, the ITER project’s objective of
achieving =10 is 0-D.

Ahead of its construction, the burning plasma transport in ITER
is not entirely known. Under this uncertainty, adaptive control tech-
niques [7] are attractive. By estimating parameters that are considered
to be uncertain (i.e., they are not precisely known) in the control-
orientated model, adaptive controllers adapt the control laws in real
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time to improve their performance under the current plasma condi-
tions. Before ITER implementation, the aforementioned adaptive burn
control algorithms [5] should be evaluated in plasma simulations that
have a higher-fidelity than the control-oriented models used to de-
rive them. With their capability to adapt online, adaptive burn con-
trollers should be particularly adept in the uncertain environment of a
higher-fidelity simulation.

In the prior work [5], the proposed adaptive burn controllers were
evaluated in 0-D simulations. Although this work presents an adaptive
burn controller that is similar to those found in this prior work, this
work extends previous efforts by presenting a one-dimensional (1-D)
plasma model that is used to test the burn controller in closed-loop
simulations. The presented simulation study demonstrates how the
plasma’s kinetic profiles evolve temporally under 0-D burn control.
Through studies of this kind, the capability of the model-based burn
control can be assessed and improved upon before implementation in
actual tokamaks.

A key contribution of this work is indeed a 1-D numerical code,
which is an upgrade to the control-oriented plasma transport simulator
COTSIM [8,9], that enables closed-loop burn control simulations. The
1-D code solves separate transport equations for the ion temperature,
the electron temperature, and all of the ion species (deuterium, tritium,
alpha-particles, and impurities). Furthermore, COTSIM can run faster
than real time, and it is specifically designed to support complex,
nonlinear feedback-control laws. Therefore, the 1-D code presented
in this work is suitable for the kind of iterative burn control design
that should be initiated ahead of ITER operation. Other fast tokamak
simulators include RAPTOR [10] and METIS [11], which was originally
a module for a suite of codes called CRONOS [12]. Kinetic control
with pellet injection has been studied for EU-DEMO [13] using the so-
called “tokamak flight simulator” Fenix [14], which incorporates the
1-D transport code ASTRA [15].

This paper is organized as follows. The control-oriented, 0-D model
of the burning plasma is presented in Section 2. In Sections 3 and 4,
control objectives are drawn and the 0-D plasma model is used to
synthesize a nonlinear burn controller. Then, the 1-D burning plasma
model is presented in Section 5. Section 6 explains how the aforemen-
tioned 0-D burn controller is implemented in the 1-D simulation study
presented in Section 7. Finally, conclusions and potential future work
are discussed in Section 8.

2. The 0-D plasma model for control synthesis

In this section, the 0-D plasma model is presented. Although this 0-D
model is very similar to that presented in prior work [5], it is provided
here in its entirety because Sections 3-6 make several references to
the equations presented in this section. Both the control objectives
(Section 3) and the control laws (Section 4) are based on the 0-D
model’s equations. More importantly, the 1-D plasma model (Section 5)
shares some equations with the 0-D model. Finally, Section 6 provides
an explanation for the implementation of 0-D burn control in 1-D
plasma simulations that requires an understanding of both models.

The plasma system includes four ion species: deuterium (D), tritium
(T), alpha-particles («), and impurities (I). The densities of these ion
species are governed by

) np . n
np =_T_ _Sa+Saux,D’ Ny =_T_a+Sa’ (€3]
D a
) nr . ny
np=——-— Sa + Saux,T’ np=—-—+=+ Ssp’ (2)
T T

where the notation x denotes the time derivative of x such that
x=dx/dt. In (1)-(2), each term is in units of m~3s~1. The burn con-
troller, which is presented in Section 4, provides the commands for the
external injection rates of deuterium S,,, 5 and tritium S, 7.

With the density of each of the ion species defined by (1) and (2),
the quasi-neutrality condition defines the electron density as

n,=ng+2n,+Znp, 3
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where ny = np+np. In (3), Z; is the average atomic number of
the various impurity species within the plasma (excluding the alpha-
particles). For ITER, these impurities can include seeded species such
as neon or nitrogen [16,17] and eroded tungsten coming from the first
wall and divertor [18]. The source of impurities from the plasma-facing
components is given by

Sep=11"ne/7y C))

where f;” is the sputtering fraction and the energy confinement time
;¢ is defined later in this section.

Defining the source of alpha-particles, the fusion reaction rate den-
sity is given by
S, =npnr(ov) = y(1 = y)ny (ov), (5)
where the tritium fraction is

n

y=—=,. (6)

ng
In (5), the DT reactivity (ov) is a highly nonlinear function of the ion
temperature 7; (expressed in keV):

(ov) = Clon[E/(m,*T)e™, &= (BZ/4w)'/?,

T,(C, + T,(C, + T,Ce)) |7

T3 7,(C, + T/(Cs + T,C)) @

w=T,~[1—

where Bg, m,c2 and of for j € {1,...,7} are constants [19]. This
approximate model for .S, assumes that the alpha-particles thermalize
instantaneously [3].

Finally, the total ion density, the total plasma density, and the
effective atomic number are given by

n=ng+n,+np, C))
n=n;+n,=2nyg+3n,+(Z; + Dny, )

ny +4n, +Z;n,

Zyrr = " 10)

With each term expressed in units of W/m3, the ion energy and the
electron energy are governed by

. E;
Ei=—— 4+ ¢y P+ P+ P, an
TE,i
X E, _
Ee == + ¢n¢Pa
TE.e

_Pei_Pbr+Pah+Paux,e’ (12)

where the ion temperature and the electron temperature are given by
T, = %Ei/(nH +n,+np)and T, = %Ee/ne. The controlled auxiliary
power is P, ; and P, .. The radiation losses, the ohmic heating, and
the ion—electron collisional power exchange [2,20] are defined as

aux,i

P, =55x1072,, n2\/T,, a3

Py =28%x107°Z, ;120,72 14
3

Pei = Ene(Te _T[)/Te[- 1s)

In (13) and (14), T, is expressed in keV, I » is the plasma current, and a
is the plasma minor radius. In (15), the energy relaxation time is given
by

B 3z 27:5(2)Te3 /2

Tei =

m

 for D.T,a.I}, 16
P, %z; pel } (16)
where e, =1.622x107" C, m,=9.1096x1073! kg, £,=8.854x10"'2 F/m,
and T, is expressed in J. In the summation, m,, Ny, and Z , are the mass,
density, and atomic number of each ion species. The natural logarithm
is given by A, = 1.24 x 107Tk3/2/(n11(/223ff) for k € {i,e} where T} is in
units of K.

The alpha-particle power is defined as P,=E,.S, where .S, is given
by (5) and E,=3.52 MeV. The fraction of P, deposited into the plasma’s
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ion population is given by

1

1—x2+x 2x} — 1
b= g 2 2|, a7
Yo L (1+xg)2 \/5 \/5

where xy=¢,, /¢, is the ratio between the alpha-particle’s initial kinetic
energy (g,, = E,) and the critical energy. The critical energy [21] is
defined as

_ T, /3/zlnAN\Y? [ 122
=mel/3A e <\/_”—) <Zu>7 (18)
p

“23\ 4, A,

for p € {D,T,a,I}. In (18), m, is expressed in amu, and A, is the
atomic mass of each ion species (e.g., A, = 4). A derivation of (17)
can be found in [22]. The fraction of P, deposited into the electrons is
Gy =1—,.

The global energy confinement time [23,24] is given by 7y = Hr}}
where H is a constant and ;¢ is a scaling law:

3¢ = S (19)
E
(P X V)00

0.0562[1?'93 BE[)_.IS MO-19 R1.97 ,0.58,.0.78 ,0.41

For ITER, I, = 15 MA, By =53 T is the toroidal field, R=6.2 m is
the plasma major radius, ¢ = a/R, a = 2 m, k=1.7 is the vertical
elongation at 95% flux surface, and V, = 757 m? is the total plasma
volume. In (19), n, is expressed in units of 10" m=3, M =3y +2(1 —y),
and the total plasma power (MW/m?) is given by the power balance:
P =P,;+Py.,— P+ P+ Py In (1)~(2) and (11)-(12), the
confinement times are proportional to the global energy confinement
time (zp): 7,=k,7p for pe {D,T,a,1} and 7, =7 for k € {i,e}.

3. The burn control objectives

The controller will regulate all six states of the nonlinear sys-
tem (x = [E, E, n, np ny n;]") using the four controlled inputs
=[Py Puxe Saux.p Sauxr]’)- Tracking all six states is desirable be-
cause the fusion power (P, = 5x P,) depends on the ion temperature,
the fuel density, and the tritium fraction. Therefore, there are several
operating points with the same fusion power, and full temperature and
density control is required to achieve a particular operating point. The
equilibrium values (denoted x and @) can be determined by setting the
nonlinear system to steady-state (d/d¢t=0 in (1)-(2) and (11)-(12)) and
solving the closed system for the chosen references r = [E; E, 7 ¥]. The
control objective is to drive the states x to the desired values x such that
the control error X = x — X is brought to zero. The nonlinear system is
rewritten such that X = 0 is the origin:

. E +E

Ei=_91 Isc I+¢aPa+Pei+Paux,i’ (20)
E

. E+E, .

Ee =_92T+¢aPa_Pei_Pbr+Poh+Paux,e’ (21)
E

. n,+1

ﬁa=_ 3 asca+sa’ (22)
“E

. fip +iip

np=-— 94T - Sa + Saux,D’ (23)
TE

. ar + i

fir == 05— — Sy + Syt 24
E

. ny+n

ﬁ[ =_06%+Ssp’ (25)
“E

where the plasma confinement quality is assumed to be uncertain such

. T
that H, &, ¢,, kp, kg, k,, and k; are lumped into 0 = [0, 0, ... 6] .
The controller’s estimate of 6 is denoted as §, and the estimation error
isd=6-0.
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4. The adaptive burn control laws

In this section, the control laws for u and the adaptive update
law for § are presented. The controller was designed using Lyapunov
stability theory [6]. Consider the dynamic system y= f(y), which has an
equilibrium at the origin. A Lyapunov candidate function V,(y), which
can be viewed as a representation of the system’s energy, can be chosen
to synthesize a feedback controller. If the controller is designed such
that the system’s energy is always dissipated (Vy(y) <0 for all y #0),
then the origin is asymptotically stable. Therefore, an asymptotically
stabilizing controller can be designed by first choosing an appropriate
Lyapunov candidate function V,(y) and then defining control laws that
render V,(y) <0 for all y#0.

Consider the following Lyapunov function:

V =GB} +ICE; + IC7 + i+ 07110, (26)

where k;, k,, k,, and I are positive and constant. For brevity, the
derivation of the control laws from (26) is omitted from this work.
A nearly identical adaptive controller was designed in prior work [5],
which includes details on the control synthesis and stability analysis.
For this work, the asymptotically stabilizing control laws are

. E; -
Paux,i ZHITTIC _¢(1Pa _Pei_KlEi’ (27)
E
B )
Paux,e=921_.7_¢aPa+Pei+Pbr_Poh_KEEe7 (28)
E
1[5 ng . np A Hp .
s ,D=-[393f+294f+295—,,+(Z,+1)96f
aux B TAE‘ T;; T.SEL T.SEL
+S(t_2Saux,T_(Z] + I)Ssp_KNﬁ]’ (29)
A Ap 3(sn (Z+1) , ng
Saux,T:05¥+Sa+7[§<93é_srx>+ esr—g
(Z;+1) Ky . N
- 2 = - Kyy, (30)

where K;, Ki, Ky, and K are positive constants. These control laws
are augmented with the following adaptive update law that guaran-
tees that the origin is asymptotically stable when the parameters are
uncertain (0 # 0):

—(E,/T)KPE,
—(E,/T)K2E,
—3i(ng,/ T'l‘; )

-2 - ((kfﬂ’)/ny)](nn/fif)
—-[2i—(y - 1)(kf}7)/"H]("T/TEE)
—i(Zy + Dng/7y)

(€19)

The approximation 0 ~ 6 is made under the assumption that the
uncertain parameters are varying slowly over time in comparison to
the system’s characteristic time (6 ~ 0).

5. The 1-D plasma model for control simulations

Due to the plasma’s toroidal symmetry, a coordinate system can be
defined on the poloidal cross section [2,25]. As shown in Fig. 1, there
are nested toroidal surfaces of constant poloidal magnetic flux. These
magnetic flux surfaces are indexed using the mean effective minor
radius

p=\®/xBr, (32)

where @ is the toroidal magnetic flux and By is the toroidal field at the
magnetic axis. With the normalized radius being defined by p = p/p,
where p = p, at the last closed flux surface, the domain of the system
extends from the magnetic axis at p = 0 to the plasma boundary at
p=1. Using this coordinate system, the transport equations presented



V. Graber and E. Schuster

toroidal direction

poloidal direction
magnetic flux surfaces

Fig. 1. Cross-sectional view of a tokamak’s magnetic configuration where the poloidal
magnetic flux is constant on the flux surfaces.

in this section define the 1-D profiles for the ion temperature, electron
temperature, deuterium density, tritium density, alpha-particle density,
and impurity density.

Similarly to the 0-D density response models (1)-(2), there are four
particle transport equations (one for each of the ion species) in the 1-D
model. For p € {D,T,a,1},

on, _ 1 _ iA [ﬁI-AI%G D, anf, L
o ppHIP F op ?
on
P bdr,
— =0, 1,1) = nb@, 33
% |50 n,(1,0) = nj (33)

where each term is in units of m=3s~! [12,26]. Using the particle trans-
port equations, the 1-D profiles for the ion densities np(4,1), ny(,1),
n,(p,1), and n;(p,r) can be solved. The electron density n,(j,t) and the
total ion density n;(p,t) are defined by (3) and (8), respectively. At the
plasma boundary, nf,d"y (¢) is the density of a particular ion species. For
ion species p, D,(4,1) is the particle diffusion coefficient. The geometric
factors F(p), G(p), and H (p) are related to the configuration of a specific
magneto-hydrodynamic (MHD) equilibrium [1]. In (33), the source
terms (F;"’) for each of the ion species are

Fll)m = Laux,p — I, (€2))
L N I (35)
r'=r,, (36)
re=r,, (37)

where I, (5.1 and I, (p,t) are found by computing (4) and (5) over

{p10 < p < 1}. For example, I',(p,1)=np(p,)np(p,1)(cv)(T;(5.1)). The

controlled external fueling rates are I',, p(4,?) and I, 7(p,1).
Similarly to the 0-D energy response models (11)-(12), there are

two heat transport equations (one for the ions and one for the electrons)

in the 1-D model. For k € {i, e},

390 1 a9 [.A%* Ty or

2= R 5 [”T(*k"ko_ﬁ)] e

aT,

£l =0, To(1,0) =T, (38)
0P |p=0 ¢ k
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where each term is in units of W/m?3 [12,26]. Using the heat transport
equations, the radial profiles for the ion temperature T;(p,¢) and the
electron temperature 7,(j,t) can be solved. At the plasma boundary,
T[bd’y (t) and T (t) are the ion and electron temperatures. The thermal
diffusion coefficients for the ions and electrons are y;(5,t) and y,(j,1).
In (38), the source terms (Q;{"’ ) for the ions and electrons are

Q;o’ = ¢aQa + Qei + QH“X-'-’ (39)
Qtem = (iaQa - Qei - Qbr + QOh + Qaux,e’ “o

where Q,(p,1)=E,T,, and the ¢, (?) is a volume-averaged quantity (17).
Respectively, 0,,(5,1), Q,,(p.1), and Q,,(p, 1) are determined by comput-
ing (13), (14), and (15) over the domain {5 |0 < p < 1}. The controlled
auxiliary powers are Q,,, ;(5,?) and Q. .(p,1).

In this work, the thermal diffusion coefficient for the electrons
2.(p, 1) (m?/s) is given by [8,27,28]:

tot
Pe.bdry

0.6
Xe=Fer X [am < ) (RBygo5) "%a™0?

e,0
+ayy, nio(RBT)me_’}.zf <1+ ian> R—“q;;ﬁ] ,
e,

, P n.o2R(xp;Br)* >
Fer =877 —— pe3
ebdry

132(495"'%) 41)

n, 9% 2
e Vol

where the MHD safety factor at 95% flux surface is assumed to be
gos = 3 [23]. The profile P!*(j,t) is the total power (MW) enclosed
within the magnetic-flux surface with mean-effective minor radius 4.
It is found by solving
p
P (p1) = / 0 (5.0 %% (3)0p. 42)
0 9p

at each value of p. In (41), Pe’"b’ iy = P!(1,1) at the boundary, n,y=n,(0,1)
at the magnetic axis, Z,,, is the volume average of (10), V®(3,?) is
the gradient of @ from (32), and / is the radial grid over the domain
0 < p < 1. The constants a5, a;5,, and «, are tunable parameters [8].
In the transport equations (33) and (38), the ion thermal diffusion
coefficient and the particle diffusion coefficients for the four ion species
are assumed to be proportional to (41) such that y;(3,1) = 0, x.(5,1)
and D,(p,0)=pu,x,(p,t) for p € {D,T,a, I}. This work excludes the
neoclassical contribution to y, (note that (41) models the anomalous
contribution) due to the assumption that the anomalous contribution
is much greater than the neoclassical contribution, which is supported
by experimental observations [29].

6. 0-D burn control in 1-D space

As discussed in Section 1, the primary goal of burn control is
the regulation of volume-averaged plasma properties, and recall from
Section 3 that the proposed nonlinear burn controller is designed to
track the volume-averaged references r = [E; E, /i 7]. Therefore, the
control laws for P, ; (27), Py, (28), S, p (29) and S,y (30) are
computed using volume-averaged quantities in a 1-D simulation. These
control laws determine the value of the controlled inputs in the particle
transport equations (33) and the heat transport equations (38): I'p(4, 1),
Ir(p. 1), Oy i(p.1), and Q,,, (. 1). Fig. 2 illustrates how the 0-D burn
controller operates in 1-D plasma simulations.

In a 1-D simulation, the volume-averaged energies, densities, and
source terms are found through integration:

E0=1 [ 3nG.0T,000v for jeliel, 3)

pJV

nj(t)=Vi/nj(,s,z)aV for je{D.T,a I}, (44)
pJV

P,(r):VL/VQ}.(ﬁ,r)aV for j€{a,ei,br,oh), (45)
p

$,0=5 [ 1oy for jetas, (46)
Vo Jv
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Evolve 1-D
Auxiliary Heating Plasma Dynamics
and

Fuel Injection

F

Paux - Qaux

Saux - Faux

~N

30 1 o[ _H*G( oT
> ——[nT] = “=|P—= )(na—ﬁ +Qt0t

State-feedback

Temperature: T(t) « T(p,t)
Density: n(t) « n(p,t)
Volume-averaging:

1
Xao(®) = 17 f X(p,0)dv
pJv

Fig. 2. This block diagram describes the framework for the closed-loop simulations presented in Section 7. Before the simulation, the control laws P, and S, (27)—-(30) are
synthesized from the 0-D plasma model: (1), (2), (11) and (12). In the 1-D simulation, the controller’s heating and fueling commands map onto the controlled inputs Q,,, (48) and
I, (49). These controlled inputs evolve the simulated 1-D plasma dynamics: (33) and (38). The loop is closed by taking the volume-average of the 1-D plasma quantities (43)—(46)
and feeding them back to the burn controller. The control laws are computed using these volume-averaged quantities. Note that the subscripts that differentiate whether a quantity
is related to the ion population, electron population or a particular ion species have been omitted from the diagram.

where Vv, is the total plasma volume. In (27)-(30), the confinement
time 7} is also computed using volume-averaged quantities. When
solving (43)-(46), the volume average of quantity X(j,7) is rewritten
as

1 1! v
Xau(’)=7/X(ﬁJ)5V=7/ X(p, f)?(ﬁ)aﬁ- 47)
pJV pJ0 4
Once the controller’s commands for P, ;, Puxes Squxp and Sy, 1 are
determined, the controlled inputs into the 1-D transport equations are
given by

Quuej (P11 = P ;(O0V, X Agey(p) for j € (i), (48)

T j (5, )= Sy, j (0, X Agep(p) for jE{D, T}, (49)

where A,,,(p) is the radial deposition profile of the external heating and
. A 1 R -

fueling. If A,,,(p) is chosen such that /j, A,,,0V = Adep‘;—‘;apzl m3,

then taking the volume average of Q,,, ;(3.1) from (48) gives P, ;(3,1):

1 N 1 A
7 / Qaux,j(p’ I)ﬁV = 7 / Paux,j(t)VPXAdfP(p)aV
pJV p IV

POV, R
= xR / Agep(POV = Py ;(0).
14

Yy

(50)

Similarly, the volume average of I',,, ;(3,?) from (49) can be found to

be Sy (A1)

ux,j

825 ]
g /
g 2 e
g .
£15 -1
) -="
g 1 P i Rhb LT —
0.2 0.4 0.6 0.8 1

(a) Radial profiles for F', G, and H

7. Simulation study

In this section, the 0-D burn controller (Section 4) is tested in a
1-D simulation of the plasma model presented in Section 5. For this
simulation, the radial profiles for F, G, H, Z—If, and A,,, are shown in
Fig. 3. For the proportionality between the various diffusion coefficients
and y, (41), 0;, Hp, Hr> Mg and u; were set to 1.2, 2, 3, 4, and 6,
respectively. In addition, p, = 2.615, Z;=13, A;=27, f}’ = 001,
a5 =75 x 10°, a;5, = 1.25 x 10?!, and «,=0.5. The controller’s initial
estimate for each element of # was set to 1. Finally, the boundary
conditions for the 1-D transport equations (33) and (38) were set to
be equal to T/ = 0.1 keV, T,.”d’y = 0.1 keV, n'g’y =7.76 x 10'® m3,
)" =6.98x10'8 m~3, n)™ =4.85x10'7 m=3, and "' =1.62x10'" m~3.

Because the proposed control design avoids linearization around a
particular operating point, the controller can drive the plasma from one
operating point to another. To show this in the simulation, the con-
troller is tasked with tracking three different sets of volume-averaged
references. Between ¢+ = 50 s and ¢ = 100 s, the values for the ref-
erences are set to be E; = 1.20 x 10° J/m3, E, = 1.91 x 10° J/m3,
n=6.02x10'"" m=3, and y =0.5. After =100 s the references are changed
to E; = 1.23x10° J/m3, E, = 2.30x 10° J/m3, n = 6.25x 10" m~3,
and y = 0.52. Finally, the references are set to E; = 9.42 x 10* J/m3,
E,=1.69 x 10° J/m3, n=5.87 x 10" m=3, and y=0.45 after =150 s.

% (m?,)’ A(lep (105/11’13)

(b) Radial profiles for OV /9p and Agep

Fig. 3. (a) Radial profiles for the geometric factors F, G, and H. (b) Radial profiles for 0V /dp and the actuator deposition Agep-
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Fig. 4. (a)-(d) The nonlinear burn controller drives the volume-averaged quantities (solid-blue lines) to their reference values r=[E; E, i 7] (red-dashed lines). (e)-(f) The burn
controller’s commands for external heating and fueling: P, ;, Puye> Suxp> and S, 7. (8)-() The radial profiles for n, (5,1, x.(p,?), T,(p,t), and T,(p,?) at =100 s (black-dotted
line), t=150 s (blue-dashed lines), and r=200 s (red-solid line). Note that the nonlinear burn controller receives new reference targets r=[E, E, i 7] at t=100 s and =150 s.
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The results of this simulation are shown in Fig. 4. As shown in Fig.
4(a)-(d), the 0-D burn controller is able to track the volume-averaged
references for E;, E,, n, and y in the 1-D plasma simulation. The
controller tracks the references by computing the necessary external
heating and fueling from the control laws (27)-(30). The values of
the control commands P, ;, Pyye> Sax.p, and S, are shown in
Fig. 4(e)—(f). These control commands evolve the 1-D plasma system
through the controlled inputs O, ;> Qux.e> Laux.p> and I, 7 as defined
by (48) and (49). The evolution of the kinetic profiles is shown in
Fig. 4(g)-(j). Specifically, the radial profiles for the electron density
n.(p, 1), the electron thermal diffusion coefficient y,(p,7), the electron
temperature 7,(3,7), and the ion temperature T;(j,f) are plotted at
t = 100 s immediately before the references are swapped for the first
time (black-dotted line), + = 150 s immediately before the references
are swapped again (blue-dashed lines), and the end of the simulation
t=200 s (red-solid line).

8. Conclusions and future work

In this work, a nonlinear burn controller was designed from the
0-D plasma dynamics presented in Section 2. In Section 7, this O-
D controller was used in closed-loop simulations of the 1-D plasma
dynamics presented in Section 5. This simulation study demonstrated
the capability of the controller in achieving its objectives in a 1-D en-
vironment. Also, it illustrated how the spatial profiles for temperature
and density evolve temporally under 0-D burn control. While this work
focuses on ITER, the 1-D model can be modified for present tokamaks,
permitting the evaluation of kinetic control techniques ahead of an
experiment.

The presented 1-D model can be used to assess various 0-D con-
trollers from prior work, including those augmented with actuator
allocators [5,30] that can optimally manage a suite of actuator systems
(e.g., two neutral beam injectors, the ion and electron cyclotron sys-
tems, two pellet injectors, and the gas valves for ITER [16]). These
actuator allocators were designed to handle actuator saturation and
delays. Furthermore, observers that can estimate the plasma state
with limited real-time measurements [31] can also be tested in 1-D
simulations.

For future work, numerous improvements may be made to the
1-D burn control simulations. For example, the following items can
be added to the model: a self-consistent equilibrium calculation, a
temperature pedestal model, separate transport equations for the fast
alpha-particles, and an improved model for the source of impurity par-
ticles. Furthermore, the particle diffusion coefficients could be modeled
independently from the electron thermal diffusion coefficient (y,), and
the transport models can be updated to include separate diffusion and
convection terms. Finally, coupling the 1-D plasma model with mod-
els for the edge-plasma regions could enable integrated burn-divertor
control simulations. For example, SOLPS parameterizations [17] or the
two-point model [32] can provide boundary conditions for the trans-
port equations (33) and (38) in addition to the divertor heat load. This
work has already been completed for the 0-D plasma model [33,34].

In this work, the auxiliary heating and external fueling were as-
sumed to have the identical radial deposition profiles (4,,, in Fig.
3(b)). To improve the 1-D simulations, future work will focus modeling
more realistic deposition profiles for each of the different actuator
systems. In addition, the actuator deposition profiles can be modeled
as physics-based functions that change depending on the plasma condi-
tions (e.g., pellet penetration may vary with changes in plasma density
and temperature). Once each of the actuators are modeled with unique
deposition profiles, future work may also include the control of kinetic
profiles using 0-D burn control techniques. For plasma fueling, the gas
fueling system’s deposition profile will be limited to the plasma’s edge,
while the pellet fueling will penetrate further into the plasma’s core.
Therefore, these two actuators can be used in conjunction to control
the density at two different radial positions. By controlling the density
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at two radial positions, the density profile can be shaped. Similarly,
the temperature profile can be shaped by controlling the energy at two
radial positions via neutral beam heating and off-axis electron cyclotron
heating.
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