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ABSTRACT

The real-time regulation of a burning plasma’s temperature and density, or burn control, will be necessary to
produce high fusion power in future tokamaks like ITER. This is made more challenging due to the plasma’s
nonlinear characteristics and the interdependence between the core-plasma and edge-plasma regions. For
example, a raising plasma temperature leads to increasing reactivity and therefore to more alpha-particle
heating, which further increases temperature. Furthermore, a raise of the fusion power increases the heat
flow through the scrape-off-layer (SOL), which can compromise the integrity of the divertor without proper
safeguards. For control design, a model-based approach is attractive because it can directly incorporate the
nonlinear, coupled, burning-plasma dynamics into the design. To facilitate this design approach, a control-
oriented core-SOL-divertor (CSD) model is presented in this work. In this CSD model, a core-plasma model
captures the nonlinear dynamics of the core’s density and temperature, and a SOL-divertor model defines
the plasma conditions at the separatrix and divertor including the heat load on the target plates. The core-
plasma and SOL-divertor models are coupled through the exchange of various variables. In particular, the
SOL-divertor model yields the separatrix temperature and the influx of recycled particles into the core-plasma.
These variables influence the power and particle balances captured by the core-plasma model. In return, the
core-plasma model determines the intensity of the heat and particles fluxes across the separatrix, and this
outflow strongly impacts the SOL-divertor model. Therefore, the power and density of the core-plasma, which
can be readily modulated through external heating systems and pellet injection, can be viewed as control knobs
for the SOL-divertor region in addition to the gas puffing. In simulations of the CSD model, it is demonstrated
how external actuation can be utilized to meet burn control and divertor control objectives simultaneously.

1. Introduction

Both the nonlinear burn controller and the optimal actuator alloca-
tor [8,9], which work in tandem, used adaptive estimation techniques

For burning-plasma operations in ITER, careful regulation of the
core-plasma’s temperature and density, or burn control, will be nec-
essary to produce high fusion powers. Real-time burn control can be
achieved with model-based controllers [1-3], which directly incor-
porate the nonlinear, coupled dynamics of the burning plasma, that
determine the amounts of auxiliary heating and external fueling needed
to drive the plasma to desired regimes in temperature-density space
[4-6]. The controller’s requests for external heating and fueling can
be met with the following ITER actuators: neutral beam injection, ion
cyclotron heating, electron cyclotron heating, pellet injection, and gas
injection. In prior work [7-9], it was shown that optimal allocation
algorithms [10,11] can be employed to manage ITER’s suite of actua-
tor systems so that they produce the necessary quantities of external
heating and fueling despite the actuators’ dynamics and constraints.
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to overcome uncertainty in various complex phenomena such as the
particle confinement time and the fueling source from wall-recycling
(i.e., specific model parameters that were not known to the controller
were estimated in real-time).

The burn controllers presented in [7-9] were based on control-
oriented models that only included the plasma’s core region. In [6],
this core-plasma model was coupled to a two-point model [12] of the
scrape-off-layer (SOL), which relates conditions at an upstream sepa-
ratrix location to conditions at the divertor targets, and an analysis of
ITER’s operational limits in temperature-density space was performed.
These operational limits included the maximum allowable heat load
on ITER’s tungsten divertor (10 MW/m? [13]). Because the heat load
on the divertor increases with the power flowing across the separatrix,
achieving burn control objectives, such as a high fusion power output,

Received 31 October 2022; Received in revised form 2 March 2023; Accepted 4 March 2023

0920-3796/© 2023 Elsevier B.V. All rights reserved.


https://www.elsevier.com/locate/fusengdes
http://www.elsevier.com/locate/fusengdes
mailto:graber@lehigh.edu
https://doi.org/10.1016/j.fusengdes.2023.113635
https://doi.org/10.1016/j.fusengdes.2023.113635
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2023.113635&domain=pdf

V. Graber and E. Schuster

could threaten the integrity of the divertor. Various other coupled
dynamics between the plasma’s core and the SOL-divertor regions make
integrated burn and divertor control more difficult. For example, SOL-
divertor conditions determine the strength of the deuterium-tritium
(DT) wall-recycling and the impurity pollution which effect the ion
densities in the core-plasma region. Furthermore, divertor detachment
depends strongly on the upstream separatrix density and the power
flowing into the SOL from the core-plasma region.

This work presents a control-oriented core-SOL-divertor (CSD)
model. It was developed to facilitate the design of nonlinear, model-
based controllers that can achieve burn control and divertor control
objectives simultaneously. The CSD model couples together three mod-
els for separate regions of the burning plasma: the core-plasma region,
the SOL (the two-point model), and the divertor-plasma region. This
model improves upon that presented in prior work [6] in a number
of ways to make it more suitable for control design. Most significantly,
this work adds a model for the neutral inventory in the divertor-plasma
region. With this upgrade, the ionic outflow from the plasma’s core,
the divertor leakage into the plasma’s core, the particle pumping from
ITER’s cyropumps, and external gas injection are now considered. In
addition, the radiative cooling from impurities in the divertor-plasma
region can now be regulated with impurity gas injection.

This paper is ordered as follows. The complete CSD model is pre-
sented in Section 2. Respectively, Sections 2.1, 2.2, and 2.3 provide
the core, SOL, and divertor regions of the CSD model. In Section 3, the
results from open-loop simulations demonstrate the potential that the
CSD model has for nonlinear control design. Finally, conclusions and
plans for future work are stated in Section 4.

2. The core-SOL-divertor model

The presented core-SOL-divertor (CSD) model is illustrated in Fig. 1.
The CSD model includes a two-chamber model [12,14] that consists of
two reservoirs: the core-plasma chamber (Section 2.1) and the divertor-
plasma chamber (Section 2.3). The divertor-plasma chamber has a
neutral-particle content of N9 that leaks at the rate of ¢° particles/s
into the vacuum surrounding the core-plasma chamber, and only a
fraction y? of ¢? ends up contributing to the ionic fueling of the
core-plasma chamber. The core-plasma chamber (the confined plasma
bounded by the separatrix) with ion density n; loses ions at the rate ¢*
into the scrape-off layer (SOL). Because the SOL is a conduit of particles
and not a reservoir in this CSD model, the SOL immediately transfers
the ionic outflow into the divertor-plasma chamber.

The two-chamber model is coupled to a two-point model of the
SOL (Section 2.2) through the exchange of various parameters. The
primary control knobs of the two-point model that originate from the
core-plasma chamber are the power entering the SOL Pg,; and the
separatrix density n,. Both control knobs can be readily modulated
with core-plasma actuators such as neutral beam injection and pellet
injection. The two-point model outputs the separatrix temperature T,
as an input to the core-plasma chamber. The two-point model also
determines the heat load on the divertor targets g,,,, the target tem-
perature T,, and the particle-recycling influx into the divertor-plasma
chamber (¢™). Particles can also be injected into the divertor-plasma
chamber through gas puffing, and pumping serves as a sink term in
the divertor-plasma’s neutral content. The concentration of impurities
in the divertor-plasma chamber determines the radiative cooling below
the X-point which is an input to the two-point model.

2.1. The core-plasma chamber

The domain of the core-plasma chamber is defined by the toroidal
magnetic flux coordinate y where the magnetic axis is at y = 0 and the
separatrix is at y = y,. For burning plasmas in ITER, the radial profiles
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for the ion and electron temperatures are expected to be uncoupled and
parabolic [15,16] such that

Tit,w) = (Tig = T =y /) + T, @
T,(t,y) = (T, — T —w/wy)* + T, @)

where T, and T, are the ion and electron temperatures at the mag-
netic axis. At the separatrix, the ion and electron temperatures are
assumed to be the same at T,,.

The volume-averaged ion and electron energy densities are given by
E; = %ni(Ti) and E, = %ne(TE) where

i

k [AC v\’ k
(T;(®) >=—/ [(T,-,o—Tu)<1——> +T,1"dy, 3
Yo Jo Yo
for j € {i,e}. For k = 1, (T}}) = % jy0+§Tu. The total ion density n
is the sum of the deuterium density nj, the tritium density n;, the
alpha-particle density n,, and the impurity density n;. Because of the
quasi-neutrality condition, the electron density is n, =np+np+2n,+Z;n;
where Z; is the atomic number of the impurity species. Assuming that
the particle density profiles are flat [15], n,(t,w) = n,(t) = n, where n,
is the separatrix density.
The ion and electron energy densities are governed by

. E;

Ei=__l+fipa+Pei+Paux¢i’ 4
TE,i

. E,

Ee:_T +fePa_Pei_Prad+Pahm+Paux,e’ (5)
Ee

where each term is in units of W/m?. Auxiliary power systems (e.g.,
neutral beam injectors) heat the ions and electrons at rates of P,,, ; and
P, ., respectively. The ohmic heating and the radiation losses [17] are
given by

_3
Pon =28x 1077, I2a™ (T, ?), 6

L
Py =55%x1072, . .n2(T}2), )

where the temperature is in units of keV, I, = 15 MA is the plasma
current, a = 2 m is the plasma minor radius, and the effective atomic
number is Z,;, = (np + ny +4n, + Z?n,)/ne. The collisional power
exchange between the ions and electrons [17,18] is given by
_3 (T)-(T)

n,——m—.

= 7'
2 Ty;

P,

ei

(8)
The energy relaxation time in (8) is determined by

3z 27rsé(T3/2> Z » ©)
Ty=———— ) ——,
“ ety/m,InA; n,Z2

p
where e=1.622x1071°C, m,=9.1096x 103'kg, and £,=8.854x10712F/m.
With T}, in units of Kelvin, Aj:1.24x107Tz{)2/(n§/ 72, for j€(i.e}.
For the summation over p € {a,D,T,1I}, m,, Z,, and n, indicate the
mass, atomic number, and density of each ion species. The alpha power
P, is proportional to the fusion reaction rate density S, = npn;(ov).
Therefore, P, = Q,S, where Q, = 3.52 MeV. The DT reactivity [19] is
given by

(ov) = G(T; 0) X Cy[£/(m, 2T e, 10

i T0(Cy + T o(Cy + T, 0Co)) 17!
w=T: —
w0 14T 0(C3 +T;(Cs + T; o C7))

>

where £ = (Bé/4a))'/3, m,c2, Bg, and C; for I€(1,...,7} are constants.
The temperature-dependent correction factor G(T;) accounts for the
volume-averaging procedure [4]. The fusion-born alpha particles un-
evenly heat the plasma’s ions and electrons. In prior work [7], it was
shown that the fraction of the alpha power deposited into the ions f;
in (4) can be modeled as [17,20]

_ AaTe,O nPZI% (3\/2111 Ai >2/3

€= —— an
T PR e A, e,
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Fig. 1. The core-SOL-divertor (CSD) model couples of three different models: the core-plasma chamber (Section 2.1), the two-point model (Section 2.2), and the divertor-plasma
chamber (Section 2.3). In the diagram, the black arrows indicate the various inputs and outputs for each of the models. The external actuators are the auxiliary heating, pellet

injection, gas injection, and pumping.

11 l—x(])/2+x0 2 4 PRI
fi=—|zIh———— +—(tan —+—)],

S VT TR e
where x = €, /€., €4, = Q, is the fusion-born alpha particle’s initial
energy, and A, = 4 is its atomic mass. The summation is taken over
the ion species p € {a, D,T, I}. In (5), the electron-heating fraction is
fe=1-fi

In (4) and (5), the ion and electron energy confinement times (zj;

and 7 ,) are proportional to the global energy confinement time 7
such that 7p; = {;7p and 7, = {7y ({; and {, are constants). The
IPB98(y,2) scaling law for H-mode plasmas [21,22] is

_KHIO93R197B015M019 0.58 078A841Pt;r069’

(12)

where K = 0.0562, H indicates the confinement quality of the plasma,
R = 6.2 m is the plasma major radius, B is the toroidal magnetic field,
M =3y +2(1-y), y =np/(np +np), € = a/R, k = 1.7 is the vertical
elongation at the 95% flux surface, and 7, = n,/10'°. The listed values
are for ITER. The plasma power balance gives the total power in MW:

+ P+ P, — Pug)V x 1075, 13)

10! ( aux,i aux e

where ¥ = 840 m3 is the plasma volume in ITER. When the to-
tal plasma power P, (13) exceeds the threshold power scaling law
P, =43M 1 BO772(n, /10%0)0-782 R0-999 40975 the plasma transitions from
L-mode to H-mode [23].

For (6)-(9), the solutions of (3) for k = -3/2, k = 1/2, and k = 3/2 can
be found. With T, =T, , — T,, they are

1
(T, %) , a4
T,\/T.o
L ,/T2+TAT +TA
(I7) = 2 3 \/_ (15)

3 2
(Tg)_ZT:()"' 3, / 3 T ln
8\/_ <\/_+\/ ) (16)

An estimate for the volume-average of P,; (8) is taken because finding a
closed-form solution was not tractable. Since P,; does not appear in the
power balance (13), it does not directly influence z or the power enter-
ing the SOL from the core-plasma chamber (see Section 2.2). Therefore,

the impact of taking an estimative approach, which is comparable to
that taken in [4], is minimal.
The response models for the particle densities are

ﬁa=—Z—“ @ma, a7
ﬂD:—Z—§+%—Sa+S'g1, 18
ﬁrz—z—:+¢—5a+sl;el, 19
A== ';_j + Df? + 57, 20)

where each term is in units of m=3s~1. The particle confinement times
are proportional to (12) such that 7, =, for p € {a,D,T, 1} (each &
is constant). The particle fluxes (particles/s) flowing from the divertor-
plasma chamber (Section 2.3) into the core-plasma chamber are de-
noted as qubl? for p € {a.D,T,1} where y? « 1 is the shielding
factor [14]. ITER’s pellet injection systems introduce particles directly
into the plasma’s core at rates of S”el S"el, and S”d The dynamics
of the ITER actuators can be 1nc0rporated into the CSD model. For
example, the aforementioned pellet injection systems were modeled
in [9] to include a delay for the travel time of the pellets, and their
fueling efficiencies were modeled to decrease with increasing plasma
temperature. Furthermore, the neutral beam power, which enters as
P,.; and P, , in (4)-(5), was modeled to include a thermalization
delay and uneven heating of the ion and electron populations. While
these actuator dynamics could have been included in the presented CSD
model, they were left out for brevity. In addition, the actuator dynamics
in [9] were modeled separately from the plasma model such that they
can be readily applied to the presented CSD model.

2.2. The two-point model

Connecting upstream separatrix conditions (at the outer-midplane)
to downstream separatrix conditions at the divertor target, the two
point model [12] is defined by particle, pressure and power balances
along the SOL:

2” T fmom u u’ 2D
Seonaqy L
1,2 =gy DL 22)
Ko
(1 - fpow)QH = J/sntTtCSI’ (23)
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where n, and n, are the upstream and downstream densities, 7, and
T, are the upstream and downstream temperatures, ¢, is the parallel
power flux density, k, = 2000 is the parallel conductivity coefficient,
v, = 7 is the sheath heat transmission coefficient, c,; is the plasma sound
speed, and L is the connection length (half of the along-field distance
between the two divertor plates). The correction factors f.,.i> fmoms
and f,,, model the inclusion of convection, frictional collisions with
neutrals, and radiation and charge exchange losses below the X-point,
respectively.

In [12], the two-point model (21)-(23) was reformulated in terms of
the upstream separatrix density n, (m~3) and the power flowing across
the separatrix from the plasma’s core into the SOL Pg,; (W). With flat
radial density profiles, n, = n, can be readily controlled with DT pellet
injection into the plasma’s core (Sf; ! and S;el from (18) and (19)). The
power flowing into the SOL is given by Pgy; = P,,, % 10° from (13). It
can be readily controlled with external heating into the plasma’s core
(P,,; and P, , from (4) and (5)). Alternatives to regulating the power
balance (13) include impurity pellet injection [24] to increase P,,; (7)
and isotopic fuel tailoring [2] to decrease P, by changing the tritium
fraction y = ny /(np+ny). Therefore, n, and P, outputs of the core-
plasma chamber, can be viewed as control knobs for the two-point
model.

The upstream separatrix temperature 7, is an input to the core-
plasma chamber (1)-(2) that is given by

2/9
T = 72 fcondpéo]_l‘ (24)
w=\\ 8§23 SOL 2 ’
7 Jen, y7 " xgaR*(By/B),

L

where T, is calculated to be in eV, ;(fo is the anomalous cross-field
heat thermal diffusivity, and (B,/B), and (B,/B), are ratios of the
poloidal field over the total field at the upstream and downstream loca-
tions, respectively. The expected values for ITER [25,26] are L=75 m,
730t =1 m?s71, (By/B), =03, and (B,/B), = 0.075. The downstream
(i.e., on the divertor target) temperature (eV) is given by

(= fpou)? m;

_ -3 pow i
T, = 2.67% 10 (—8 =
fr%mm . }/389

cond

0 8
PO Kk’
% soro ' (25)

8 10

2
no (;(fOLﬁ L3(By/B) a® RY

The average ion mass is given by m; = Zp npmp/n,- for p € {a,D,T,I}.
Phenomena that are characteristic of the detached regime, such as
ion-neutral friction, become more significant at low 7, [12]. There-
fore, divertor detachment is assumed to be achieved when the target
temperature falls below T, <7 eV [27] in the presented CSD model.

The peak heat load on the targets (W/m?) is given by

_ _2(By/B)
aep =1.61 X 1072(0S )(feong) 0 #

12 2
Psor \’ (%o (Bo/B)

x SOL 2 14 7 ° (26)
en, x| LIR9 g9

To avoid damaging ITER’s divertor targets, the power flux density
should be kept below 10 MW/m? [13]. The term cosf accounts for
target slanting which can reduce the plasma wetted area A,,. The
angle between the target’s surface and the connecting magnetic field
lines is complementary to the effective angle g. The plasma wetted area
(m?) on the targets is given by

(By/B), -
Awet = 4”R((BZTOI‘>’1¢1H(COS ﬂ) 1’ (27)

where the power decay length (m) is

279 . 89743
j'll” _(fcand) 75/9

X (By/B);*°a" "R (28)

-5/9 -2/9
(e”quOL)NgPso/L K /912/9
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Deuterium, tritium, and helium particles recycle at a rate of (parti-
cles/s):

Gre = R X I, X (By/ B) Ay (29)
where p € {a,D,T}, R™ is the recycling coefficient that models

the wall-pumping effect. For p € {a, D,T}, the particle flux densities
(m~2s71) at the target are given by

2/3
r B = 71/37[ fr%mm fcand yse7/3
pd 2\ (= fpow) m,
§ (n;Lzasz(foL(Be/B)u >‘/3

2 2
PSorky

(30)

The recycling sources (29) are inputs to the model of the divertor-
plasma chamber (Section 2.3).

TOKAM3X-EIRENE simulations of WEST have been shown to agree
with the two-point model when appropriate values are used for the
correction factors [28]. In the detached regime, f,,.0 = 1, fiom = 0.2,
and Soow =05 for the specific plasma studied in [28]. In the attached
regime, f.q0 = 1, fuom = 0.8, and f,,,, = 0.1. In the presented CSD
model, the assumption is made that both f,,, and f,,, are con-
stant, while £, is variable. The correction factor for the downstream
radiative power losses [12,27] is modeled as

1/2
ldcy, Lyn’L
,=1-(1-——" , 31
Foou ( o 31

where the parallel power flux density (W/m?) is given by

o
x| ——2— ) 32)
2 I
L5(By/B), R9 ad
and the average radiative cooling rate L is assumed to be 10733 W/m>

[29]. The downstream impurity concentration ¢, is an output from the
divertor-plasma chamber (Section 2.3).

2.3. The divertor-plasma chamber

The divertor-plasma chamber consists of balance equations for the
neutral-particle inventories [12,14]:

NI = =y PP = g + e, 33)
N@v =@t —yPph — ph™ + pree + ¢, (34)
N = ¢t =y PP — g™ + P + P, (35)
N = gt — y DD — phtmr 4 s, (36)

where each term is in units of particles/s, and NI‘,“” for p € {a,D,T, 1}
are the neutral-particle populations in the divertor-plasma chamber.
From (17)-(20) in the core-plasma chamber model (Section 2.1),
¢; = "p/r, x V for pe {a,D,T, 1} are the ionic outflows across the
separatrix. The external gas puffing rates for fueling and impurity
injection are given by ¢%", ¢5*, and ¢5*'. The recycling sources ¢,
qb’D“, and qﬁ’T"‘ are given by (29) in Section 2.2.

The influxes of particles from the divertor-plasma chamber to the
core-plasma chamber (Section 2.1) are given by qu.'),? = yPN I"“” /P
for p € {a, D, T, I} (these terms appear in (17)-(20)) where z? is the
divertor retention time. Particles are also removed from the divertor-
plasma chamber (and the two-chamber model as a whole) through
pumping. While the cyropumps in ITER will be able to ramp their
speed in real-time from 0 to 100% in 10 s [30], the overall effec-
tiveness of the pumping is dependent on the local neutral pressure.
Therefore, the pumping losses can be modeled as ¢"" = N ;“ v JzPump for
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(c) Increasing the pellet injection rate (S’,’je,]lﬂ) increases the separatrix density (n,) which causes the heat load (ggep) to fall below 10 MW /m?.

Fig. 2. Simulation (a) shows how impurity gas puffing can be used to achieve divertor detachment in the core-SOL-divertor (CSD) model (Section 2) by lowering the target
temperature below 7 eV. Simulations (b) and (c) show how external core-plasma actuation (auxiliary heating and pellet injection) can be employed to tune the “control knobs" of
the two-point model (the power entering the SOL and the separatrix density) in order to protect the divertor target from high heat loads.

p € {a, D, T, I} where " is the characteristic pumping time. Both ”
and 7P"? are phenomenological quantities that absorb unknown rela-
tions. Their values can be obtained by fitting the model to experimental
data or transport simulations. For example in [14], 1-D simulations
were used to obtain ¥ = 80 ms (for neon) and z”"*? =100 ms (for argon)
for specific DIII-D plasmas with NBI heating. In addition, nonlinear
adaptive control techniques [7,8] can be employed to estimate z° and
TP4MP in real-time.

In Section 2.2, the correction factor for the power losses along the
SOL (31) depends on the concentration of the impurities in the divertor-
plasma chamber which includes both helium and the Z; impurity
(e.g., neon):

div div div
Nimpurities Na‘ + N]
¢z = div = di div div div’ (€7
) iv
Ntoral Not + ND + NT + NI

3. Simulation study of core-SOL-divertor model

Using the presented CSD model (Section 2), three simulations were
completed to illustrate how external actuation can be employed to
meet divertor control objectives. All three simulations were open-loop
such that the outputs of the external actuators were predefined before
the start of the simulation (i.e., an algorithm was not controlling the
actuators in real-time). The impurity species was neon (Z; = 10) which
will be available for both pellet and gas injection in ITER [30] (impurity
pellet injection was not used in these simulations). The constants
defining the core-plasma’s confinement qualities were set to H = 1.1,

¢ =1.15,¢,=085,¢, =6, {p =3, & =3, and ¢; = 8.7. The following
constants that are relevant to the SOL and divertor-plasma were set to
g =85° yP =001, R =0.01, 7" = 0.05s, 2 = 0.5 S, foom = 0.8,
and f.,,q = 1.

The primary results of the simulations are shown in Fig. 2. In
simulation (a), the objective is to bring the divertor-plasma to the
detached regime. This is achieved by injecting neon gas (¢5”) into
the divertor-plasma chamber (36) which increases the divertor-plasma’s
impurity concentration (37). The injected neon improves the radiative
cooling (31) which drops target temperature (25) below 7 eV. The
drawback of using neon gas puffing to transition from the attached
regime to the detached regime is that some of the neon will leak
into the core-plasma chamber and possibly erode the fusion power
production.

In both simulation (b) and simulation (c), the objective is to drop
the heat load on the divertor targets (26) below the safety limit of
10 MW/m?2. The approach in both simulations is to control the condi-
tions in the SOL and divertor-plasma regions through the use of external
core-plasma actuation. In simulation (b), the total auxiliary heating
(Pauux = Paxi + Py ) into the core-plasma (4)-(5) is lowered so that
the power flowing across the separatrix into the SOL (Pgo; = P,y
from (13)) decreases. This is rapidly drops the heat load on the target
below the safety limit because qdef’ x P;;/z. In simulation (c), the DT
pellet injection (Sf;} = Sf;l + S;e ) into the core-plasma (18)-(19) is
increased so that the separatrix density (n,) rises and the heat load falls
below 10 MW/m?>.
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4. Conclusions and future work

The open-loop simulations in Section 3 show how the control knobs
of the SOL-divertor plasma, the power entering the SOL and the sepa-
ratrix density, can be manipulated with core-plasma actuation systems
(e.g., neutral beam injection and pellet injection) to meet divertor con-
trol objectives. Because the presented core-SOL-divertor (CSD) model
is control-oriented, it can be used to facilitate the development of
nonlinear burn controllers. Therefore, future work will be done to
design nonlinear, model-based controllers that can address integrated
burn and divertor control challenges. Furthermore, adaptive control
techniques may be employed to overcome the uncertainty in quantities
such as the divertor retention time (zP).

The presented CSD model can be further developed in a number of
ways. Firstly, the characteristic pumping time z?"? (Section 2.3) can
be modeled to be inversely proportional to the controllable pumping
speed of ITER’s cyropumps. Secondly, the impurity sputtering source
from the particle bombardment [31] on ITER’s tungsten divertor can
be added to the divertor-plasma chamber model (Section 2.3). Thirdly,
the CSD model can be fitted to high-fidelity physics simulations of ITER
to obtain phenomenological quantities such as 72, R, and y?.
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