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Abstract

For ITER operations, the range of desirable burning-plasma regimes with high fusion power
output will be restricted by various operational constraints. These constraints include the
saturation of ITER’s various heating and fueling actuators such as the neutral beam

injectors, the ion and electron cyclotron heating systems, the gas puffing system, and the
deuterium—tritium pellet injectors. In addition to these actuator constraints, the H-mode power
threshold, divertor detachment, and the heat load on the divertor targets may apply limitations to
ITER’s operational space. In this work, Plasma Operation Contour (POPCON) plots that map
the aforementioned constraints to the temperature-density space are used to investigate which
constraints are most limiting towards accessing regimes with high fusion power output. The
presented POPCON plots are based on a control-oriented core-edge model that couples the
nonlinear density and energy response models for the core-plasma region with SOLPS4.3
parameterizations for conditions in the edge-plasma regions (scrape-off-layer and divertor).
Using this control-oriented core-edge model, a nonlinear burn controller, which aims to regulate
the plasma temperature and density in the core-plasma region, is constructed in this work. This
controller is augmented with an online optimization scheme that governs the control references
such that the plasma can be guided towards regimes with high fusion powers while protecting
the divertor targets from dangerously high heat loads. A closed-loop simulation study illustrates
the capability of this burn control scheme.
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1. Introduction

The development of sophisticated algorithms that can regulate
a burning plasma’s temperature and density, which is the pur-
pose of burn control, will be crucial for ITER’s success [1].
Without effective burn control, alteration of the burn con-
dition could result in undesirable transients. A model-based
approach to burn control design [2-5] is advantageous because
it directly incorporates the nonlinear and coupled dynam-
ics of the plasma. Burn control is made more challenging
due to the sensitivity of the core-plasma region to the edge-
plasma regions and vice versa. For example, divertor detach-
ment depends materially on the particle density and the total
power balance in the core-plasma region. Moreover, achieving
burn control objectives and protecting the divertor targets from
high heat loads will need to be carefully balanced because
an increase in the fusion reaction rate intensifies the power
flowing into the scrape-off-layer (SOL) and onto the divertor
targets. The peak heat load on ITER’s tungsten (W) divertor
should remain below 10 MW m~2 to avoid catastrophic melt-
ing [6]. While prior work used Lyapunov techniques [7] to
design nonlinear burn controllers [8§—10] from models of the
core-plasma region, the burn condition can also be stabilized
using artificial neutral networks that are developed using sim-
ilar models [11].

A control-oriented model that couples the core region of
burning deuterium—tritium (D-T) plasmas to the SOL and
divertor regions is proposed in this work. This model is used
to investigate desirable burning plasma regimes for D-T ITER
operations and to develop a nonlinear burn control solution.
In this model, the plasma’s core region, which spans from
the magnetic axis to the last-closed-flux-surface (LCFES), is
governed by nonlinear, zero-dimensional response models for
the plasma’s density and temperature. These models balance
the transport of particles and heat coming in and out of the
plasma’s core. Meanwhile, the edge-plasma region, which
extends beyond the LCFS, is governed by scaling laws that
were generated by parameterizing the results of high-fidelity
SOLPS4.3 simulations of ITER [12]. SOLPS4.3 is a sophist-
icated plasma boundary transport code package, and the para-
meterized simulations were carried out for high-power, D—
T operations with a full-tungsten divertor. Furthermore, the
edge-plasmaregion was assumed to be seeded with either neon
or nitrogen impurities. In this work, the core-plasma model
and the edge-plasma scaling laws are coupled through the
exchange of various parameters. The edge-plasma scaling laws
determine the particle influx across the separatrix (including
the D-T fuel) and the ion and electron separatrix temperat-
ures that enter into the core-plasma model. The divertor tar-
get heat load and the degree of detachment are also determ-
ined by the scaling laws. These scaling laws depend on the
power entering the SOL and the outflow of particles across the
separatrix, which are determined by the core-plasma region’s
energy and density response models. The core-plasma actuat-
ors include auxiliary heating and pellet injection, and the edge-
plasma actuators include gas fueling and particle pumping.

In prior work [13, 14], a core-SOL-divertor (CSD) model
was developed by coupling the energy and density response

models of the core-plasma region to a two-point model [15]
of the SOL-divertor region (the model in [14] also included
a neutral-particle response model for the divertor-plasma
region). Similarly to the SOLPS4.3 parameterizations [12], the
two-point model connects conditions at the separatrix to con-
ditions near the divertor. In contrast to the model proposed
in this work, the model in [14] relied on phenomenological
quantities, such as the divertor retention time, which absorb
many unknown relations (similarly to the global energy con-
finement time but without any widely used scaling laws that
can be extrapolated to ITER and other future machines [16]).
The values of these phenomenological quantities would have
to be obtained by fitting the CSD model to either experi-
mental data or transport simulations. By using parameteriz-
ations derived from high-fidelity SOL-divertor simulations of
ITER, the model proposed in this work avoids this obstacle.
Fusion reactor performance can be evaluated using Plasma
Operation CONtour (POPCON) plot analysis [17-19].
POPCON plots map plasma conditions, such as the fusion
power output, over a space defined by two parameters, typic-
ally temperature and density. One approach to generating data
for POPCON plots is to force a time-dependent transport code
to sweep a region of temperature-density space using feed-
back control [20, 21]. This can be done by running several
simulations, each with the density held at a different constant
value, where the temperature is slowly increased such that
the plasma is nearly at steady state throughout the simulation.
The study of the ITER operation window presented in [6] was
carried out using ASTRA, a high-fidelity core-transport code,
with SOL-divertor scalings applied as boundary conditions.
Alternatively, the differential equations describing the particle
and energy balances can be solved at steady state (0/Jt = 0)
for a range of temperatures and densities [22]. This alternative
approach is more suitable for zero-dimensional analysis. Even
with the reduction in complexity, zero-dimensional POPCON
plot analysis can be used to gleam characteristics of the burn-
ing plasma dynamics in a variety of future reactor designs [23].
ITER will need to push against operational limits to access
desirable plasma regimes that maximize the fusion power out-
put. In prior work [13, 24], control-oriented plasma mod-
els were used to generate POPCON plots that studied how
the operational limits restrict the set of accessible burning
plasma regimes (i.e. the ITER operable space). However, the
plasma model used in [24] only considered the core-plasma
region, and the core-edge plasma model used in [13] incor-
porated the two-point model (as described above) in place of
the SOLPS4.3 parameterizations [12] used this work. In the
POPCON analysis presented in this work, the operational lim-
its not only include the Greenwald density limit and the max-
imum allowable heat load on the divertor targets but also the
saturation of ITER’s heating and fueling actuators. ITER’s
suite of actuators include two neutral beam injectors, the
ion and electron cyclotron heating systems, two pellet inject-
ors, and the gas fueling system [25]. Nonlinear burn control
algorithms can make use of all of the aforementioned actuat-
ors to drive the plasma to the intended temperature and density.
Using the proposed core-edge plasma model, a divertor-
safe burn control algorithm is developed in this work. By
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applying Lyapunov techniques [7], control laws for the aux-
iliary heating and fueling are synthesized with the objective of
driving the plasma system to a desired reference (e.g. a cer-
tain plasma energy and density). This controller is augmen-
ted with an algorithm that optimizes these references online,
using the general approach outlined in [26-28], to satisfy cer-
tain performance targets and constraints. By minimizing a cost
function, the references are optimized to direct the plasma sys-
tem to targets for the electron temperature, electron density,
and fusion power. These three targets were chosen because
the POPCON plots presented in this work map isolines of the
fusion power over the electron temperature-density space. To
protect the divertor, the cost function includes a barrier func-
tion for the safety limit of the divertor heat load (10 MW m~2),
which is also mapped on the POPCON plots. Hypothetically,
these POPCON plots can be employed to help determine desir-
able targets for the reference optimizer that approach without
exceeding the actuator and operational constraints of the sys-
tem. This approach to online reference optimization was pre-
viously used for burn control in [4], but the control algorithm
in that work was based on a plasma model that was con-
fined to the core-plasma region. The reference optimizer in
this work is more suitable for divertor-safe ITER operation due
to the inclusion of the SOLPS4.3 parameterizations, including
a parameterization for the peak heat load on the divertor, in
the plasma model. Unlike the core-only plasma model used
in [4], the core-edge plasma model used in this work captures
the impact of the core-plasma power balance, the ionic outflow
of DT from the core-plasma region, the external gas puffing,
and the impurity seeding on the divertor heat load.

This paper is organized as follows. In section 2, the pro-
posed control-oriented core-edge model is presented as a core-
plasma model coupled to the aforementioned SOLPS4.3 para-
meterizations. Section 3 provides an assessment of the ITER
operable space based on POPCON plots. In section 4, the burn
control objectives are given, the reference-tracking, nonlinear,
burn controller is synthesized, and the online reference optim-
ization scheme is devised. The simulation study in section 5
evaluates the performance of the proposed control scheme for
divertor-safe burn control in ITER. Finally, conclusions are
drawn and future work is proposed in section 6.

2. The core-edge burning plasma model

The core-edge model presented in this section is illustrated in
figure 1, and it couples nonlinear energy and density response
models for the core-plasma region to scaling laws for the edge-
plasma regions (the SOL and divertor). The domain of the
core-plasma model is the confined plasma bounded by the sep-
aratrix, while the SOL-divertor scalings, which are taken from
SOLPS4.3 parameterizations of ITER burning plasmas [12],
define the boundary of the core-plasma model and condi-
tions at the divertor target. For example, the energy and dens-
ity response models for the core-plasma region depend the
separatrix ion and electron temperatures and the influx of
particles across the separatrix (excluding the pellet injection

that enters directly into the core-plasma region), respectively.
Meanwhile, the outflow of the power and particles across the
separatrix and into the SOL are inputs to the SOL-divertor
scalings.

Burn control and divertor protection algorithms can be
designed independently from each other, but the sensitivity
between the core and edge regions of the plasma makes an
integrated approach more attractive. Using auxiliary heating,
pellet injection, gas puffing and pumping, divertor-safe burn
controllers based on the presented core-edge model can drive a
plasma to regimes with high fusion reaction rates (which is an
output of the core-plasma model) while protecting the divertor
from dangerously high heat loads (which is an output out the
SOL-divertor scalings). The core-plasma (orange) and edge-
plasma (purple) variables in figure 1 are defined in sections 2.1
and 2.2, respectively. Control algorithms can command the
output of the actuators (magenta) during plasma operations.
The presented model is designed to facilitate the synthesis
of nonlinear controllers that use these actuators for integrated
burn-divertor control.

2.1. The core-plasma model

With each term in units of W m—3, the volume-averaged ion
energy (E;) and electron energy (E,) response models in the
core-plasma region are given by,

i

Ei:— + ¢aPo + Pei + Paux,is 1)

TE,i
E,

TE,e

Ee:_ +(1_(ba)Pa_Pei_Prad+Pohm+Paux,ev (2)

where the fraction ¢, of the alpha-particle power P,, is depos-
ited into the ion population, P,; is the collisional energy
exchange between the ion and electron populations, P,y is
the radiative losses, P, 1s the ohmic heating, and the ion
and electron energies have a confinement time of 7z ; and 7,
respectively. All of the terms in (1) and (2), except for the con-
trolled external heating (Puux = Paux,i + Paux,e) from ITER’s
various auxiliary power sources, are dependent on the temper-
ature of the plasma.

The ion and electron temperatures are assumed to have
ITER-like parabolic profiles [29, 30]:

T; (t,9) = (Tj, — T;,) (1 = /aho)* +T;, forje {i,e}, (3)

where ¢ and 1y are the toroidal magnetic flux coordinate
and the total flux enclosed at the separatrix, respectively. For
j € {i,e}, the temperature profiles are defined by a peaked
central temperature 7, and a separatrix temperature Ty, (see
section 2.2 and appendix A). The volume average of (3) raised
to the power k is defined as

k

dyp
“

) A (RS

for j € {i,e}.
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Figure 1. In the presented core-edge burning plasma model, the SOL-divertor scalings (purple) determine the peak heat load on the divertor
targets, which must remain below a safety threshold to avoid catastrophic melting. In addition, the SOL-divertor scalings provide the
following inputs to the core-plasma model: the ion separatrix temperature, the electron separatrix temperature, and the influx of particles (D,
T, and «) across the separatrix. The core-plasma model (orange) determines the performance of the burning plasma (e.g. the ratio between
the fusion power and the auxiliary power) along with the following inputs to the SOL-divertor scalings: the power entering the SOL and the
outflow of particles across the separatrix. The actuators (magenta) that enter into the SOL-divertor scalings are the gas fuel puffing and the
pumping speed, whereas the auxiliary heating (e.g. neutral beam injection) and the pellet fuel injection enter into core-plasma model.

The ion energy E; = 3n;(T;) and the electron energy E, =
%ng<Te> are dependent on the ion density n; and the elec-
tron density n,, respectively. For k=1, the solution of (4) is
(T;) = 1T}, + 2T forj € {i,e}. In comparison to the parabolic
temperature profiles, the profile of the total plasma density
(n=n;+n,) in ITER is expected be relatively flat [15, 29,
30]. Thus, the approximation n(f,v) = n(f) is made in this
work (similarly to the POPCON study in [22]). The plasma
consists of four different species: deuterium with density np,
trittum with density nz, alpha particles with density n,, and
impurity particles with density n,. Therefore, the ion dens-
ity is n; = np + nr+ ny, + n;. The quasi-neutrality condition
(i.e. the number of electrons and protons in the plasma are
equal) gives n, = np + nr+ 2n, + Z,n, where the impurity
atomic number Z, is either Zy, = 10 for neon or Zy =7 for
nitrogen.

Because each D-T fusion reaction produces an alpha
particle with Q,=3.52MeV of kinetic energy, the alpha-
particle power is P, = fi55sQ0So Where fj,ss accounts for
the effective percentage of alpha particles that escape
confinement before they are fully thermalized. The reac-
tion rate density is S, =npnr{ov) where the D-T react-
ivity is calculated using the parameterizations presented
in [31]:

(ov) = G(T;,) x Clwy/&/ (m,czT?O)e_35, 5)

( /4 )1/3
[ TG+ Ty (Ci+TCo)) |
w= [1 14+ Tio (C3 + Tio (CS + Tl() C7)):| ' (6)

The constants m,c?, Bg, and C; for je{1,...,7} can be found
in [31]. The correction factor G(T;,) from [22] is applied
to account for the volume-averaging of the ion temperature
profile.

In prior work [8], the following expression for the alpha
power’s ion-heating fraction [32, 33] was derived:

¢o¢:* —=In

x03

1 —x; +x0, 2 (arctanzxéler)
Iontx, 2 A
<1+Xé) V3 V3 6

)

where xo = €4, /&, is the ratio between the alpha particle’s ini-
tial kinetic energy (., = Q) and the critical energy .. As an
alpha particle loses energy from collisions with the surround-
ing particles in the plasma, less of its energy is transferred to
the electrons and more of it is transferred to the ions. At the
critical energy,

2/3 2
—-1/3 <Te> 3\/77’1111\, n,Zi
me Ao 27 ( 4InA, ZT  ®

ions !

Ec =

the alpha particle’s kinetic energy is divided equally between
the ions and electrons. In (8), the electron temperature is
expressed in keV, m, = 9.1096 x 103! kg, the atomic mass
is A, = 4, and the summation is taken over the plasma’s four
ion species (with Zp = Zy = 1 and Z, = 2). With the temper-
ature expressed in K, the natural logarithm [34] is Ay = 1.24 x
107(1;) ) (n*Z2

number is given by Zoyp =

) for j € {i,e} where the effective atomic
(Zhnp + Zgnr + Z2ng + Z2n;)  ne.

For k = %, the solution of (4) is
3/2 1T2 3 ]s 1 /
<j > Z J0+§ Js T}o—"_ \/> ( +\/ jo)
STEVE e e i) ©)
———=—> = forje{ie},
8 VA J

where A =T;, —Tj,.
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The bremsstrahlung radiation losses and the ohmic heat-
ing [32] are given by

Praa = 5.5 x 1073 Z,4n2(T1/?),
Popn = 2.8 x 107 Zyyloa (T, /%),

(10)
Y

where T, is in keV, and the plasma current and minor radius
for ITER [16] are I,=15 MA and a =2 m, respectively. The

solutions to (4) when k = % and k = —% are
1 T; VAZHAT, + A
(1% = = /T + —=In R TS
! 2 2VA AT,
_ 1
(17 = forj € {i,e}. (13)

The collisional exchange of power between the ions and elec-
trons [34] is given by

b 3 (T)=(T)  3ny2re() o
ei — 2 e Tei ) Tei = 4e4m;/2 In Ae = ; 12 )

(14)

where e=1.622x107°C and ¢;=8.854 x 10~ "*F/m.
Similarly to the approaches taken in [13, 22], the volume
average of P,; was approximated in (14).

With each term expressed in units of m® s~!, the alpha-
particle (), deuterium (D) and tritium (T) densities have the
following response models:

o = — 2% 4 S0 + T, (15)

. np

nDZ—?—Sa—F(l—’}/)FDTJ—FSl), (16)
D

. nr

iir = ==L = So+Tpr, +Sr. 17)
T

where v = nr/(np + nr) = ny/npr is the tritium fraction, Sp
and St are the external fueling rates of D and T from pellet
injection, and 7p, 77 and 7, are particle confinement times.
The particle influxes coming from the edge-plasma region
I'pr, and T',,, are given by the SOLPS parameterizations dis-
cussed in section 2.2 and presented in appendix A. The outflow
of fuel across the separatrix, which is an input to the SOLPS
parameterizations, is given by

np nr
U'pr,,={—+—]|%xV,
D Tr

(18)

where V=840 m? is the ITER plasma volume [16]. The impur-
ity concentration in the core-plasma region is assumed to be
the constant ¢, = n./n, for z € {Ne,N}.

ITER is planned to be equipped with two pellet injectors.
One of the injectors will be loaded with 100% deuterium pel-
lets, while the other will be loaded with pellets that have a
tritium fraction of ,.,; = 90%. Respectively, the fueling rates
of the two pellet injectors fuel are Sp,, and Spr,,,. Because
of the length of the guide tubes that will lead the pellets into

the ITER vessel, the pellets are expected to lose approxim-
ately 10% of their mass (C = 90%) before entering the burn-
ing plasma [35]. Therefore, the external D and T fueling rates
in (16) and (17) can be rewritten as

19)
(20)

Sp = CerSp,ut Cer (1 = Ypet) ST,
ST = CofVpe1SDT, -

The global energy confinement time for H-mode plas-
mas [16] is

TE = 0.0562H12'93R1'97BO‘15M0'1960'5850'7871841P_0'69

tot I

@1

PSOLEPmt:(Pa+Paux_Prad+Polzm)XVa (22)

where Psor = Py, is the power entering the SOL in MW, H
is the enhancement factor, M=3~+2(1—+~), and n, is in units
of 10" m~3. For ITER, the toroidal magnetic field is B=5.3
T, the plasma major radius is R=6.2 m (e=a/R), the vertical
elongation at the 95% flux surface is x =1.7. The confine-
ment times for the particles, the ion energy and the electron
energy are proportional to 7¢ such that 7p =kp7E, Tr=kr7g,
Ta :kaTE, TE,iZCiTE7 and TE’e:CeTE where kD, kT, ka, C,', and
(. are constants. When the total plasma power (22) exceeds
the power threshold P, (MW), the plasma transitions from
L-mode to H-mode [36]:

Piiresh = 4.3M—1Bo.772n8.782R0.999ao.975_ (23)

2.2. The edge-plasma model

The core-plasma model presented in section 2.1 is coupled to
SOLPS4.3 parameterizations [12] of the edge-plasma region.
These parameterizations are listed in appendix A, and they
define the following edge-plasma conditions: i—the neut-
ral pressure p (40) normalized to one at detachment (u <
1 — detached), ii—the peak heat load on the divertor tar-
gets gpr (41), iii—the electron temperature at the separatrix
T,, (42), iv—the ion temperature at the separatrix 7; (43),
v—the influx of DT into the plasma’s core from the edge-
plasma region I'pr, (44), and vi—the influx of helium into the
plasma’s core from the edge-plasma region I',, (45). These
parameterizations are functions of the ionic outflow of DT fuel
across the separatrix I'pr,,, (18), the power entering the SOL
from the core-plasma region Pgo; (22), the seeded impurity
concentration at the separatrix c.,,, (either neon or nitrogen),
the engineering pumping speed Sz, and the DT gas puffing
rate I'pr,,.

3. POPCON assessment of ITER’s operable space

In this section, POPCON plots, which were generated by solv-
ing the control-oriented core-edge plasma model presented in
section 2 at steady state (d/dt = 0), reveal the plasma regimes
that are accessible to ITER under specific conditions. The
methodology for generating the POPCON plots is similar to
that explained in prior work [13], but the prior work did not
use the SOLPS4.3 parameterizations discussed in section 2.2,
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Figure 2. The two POPCON plots reveal steady-state conditions for ITER burning plasmas with a detached divertor (¢ = 1) and an attached
divertor (= 1.4). The solid black isolines map the fusion power in MW. The remaining solid isolines are operational limits: the auxiliary
heating systems saturate (pink); the D pellet injector saturates (light blue); the D-T pellet injector saturates (dark blue); the gas fueling
system saturates (brown); the divertor heat load exceeds the safety threshold (red); and the plasma is in H-mode (purple). The green area
marks the space where all of the aforementioned operational limits are satisfied. Comparing the two plots, this green area in the
density-temperature space shrinks as the normalized divertor pressure p increases.

which can better predict the peak heat load on the divertor tar-
gets gy (41). More critically, the prior work did not consider
the contribution of the DT gas puffing towards three important
factors: (1) the overall plasma fueling, (2) the mitigation of the
divertor heat load, and (3) the detachment of the divertor.

These POPCON plots, which are shown in figure 2, map
the fusion power in MW (the solid-black contour lines) over
a wide range of core-plasma electron temperatures (7, ) and
electron densities (n,). On the y-axis, the electron density is
divided by the Greenwald density limit [37]

- (24)

where ng, I,, and a are in units of 102 m—3, MA, and
m, respectively. In addition to the fusion power, contour
lines for the following ITER operational constraints [25, 36,
38] are plotted: i—the auxiliary heating systems saturate at
110 MW (solid pink), ii—the 100%D pellet injector saturates
at 120 Pam?® s~! (solid light blue), iii—the 10%D-90%T pel-
let injector saturates at 111 Pam® s~! (solid dark blue), iv—
the gas fueling system saturates (reaches peak throughput) at
400 Pa m? s~! (solid brown), v—the peak heat load on the
divertor targets reaches the safety limit of 10 MW m~2 (solid
red), and vi—the total plasma power exceeds the L-H power
threshold such that the plasma is in H-mode (solid purple). The
region in the temperature-density space where all six of the
aforementioned constraints are satisfied is colored light green.

This light green region indicates the operable space for the spe-
cific plasma plotted in the POPCON, and it reveals which con-
straints prevent access to plasma regimes with higher fusion
powers.

In regard to pellet injection, the T concentration in the fuel-
ing lines, which can vary during long pulses, should remain
high enough to replenish the T ion population and sustain the
plasma’s burn rate [24, 39]. Because adequate core-plasma T
fueling is critical for ITER operations, additional saturation
contour lines are shown (in figure 2) for the DT pellet injector
when the T concentration of the pellets are at 80% (dash-dot
dark blue) and 70% (dotted dark blue). These additional con-
tour lines show that the green operable space can shrink with
decreasing T concentrations in the fueling lines. Also, addi-
tional contour lines are shown for when the gas fueling sys-
tem’s throughput is at 300 Pa m?® s~! (dash-dot brown) and
200 Pa m?® s—! (dotted brown).

The POPCON plots in figure 2 assume identical plasma
conditions (e.g. both have a separatrix neon concentration
of 0.4%) but different divertor conditions. In figure 2(a), a
detached divertor (u=1) is assumed, while an attached diver-
tor (u=1.4) is assumed in figure 2(b). In comparison to the
plasma with an attached divertor (figure 2(b)), the plasma with
a detached divertor (figure 2(a)) has a larger operable space
(the light green region) and access to higher fusion powers
(the solid-black contour lines). The L-H power threshold (the
solid-purple contour line) acts as a lower bound on the oper-
able space, while the rest of the operational constraints are
upper bounds.
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For the plasma with a detached divertor (x=1) shown in
figure 2(a), the most restrictive constraint is the maximum
allowable heat load on the divertor (the solid-red contour line).
This result emphasizes the importance of including divertor
protection protocols in the design of burn control algorithms
(see section 4.3). In contrast, the most restrictive constraint
for the plasma with an attached divertor (u=1.4) is the sat-
uration of the gas fueling system (the solid-brown contour
line) as shown in figure 2(b). As u increases from 1 to 1.4,
the most restrictive constraint transitions from the maximum
allowable divertor heat load to the saturation of the gas fueling
system. Based on the SOLPS4.3 parameterizations for y (40)
and the divertor heat load g, (41), this is the expected result.
An increase in ¢ demands more gas puffing (I'pr,,, increases),
and g, decreases with increasing j. Because an increase of
Tpr,, increases p and decreases gy, DT gas puffing must
be used judiciously to keep u <1 and gy < 10 MW m~—?2
simultaneously.

4. The divertor-safe burn control scheme

The presented core-edge model enables the design of non-
linear controllers that can achieve burn-condition objectives
while incorporating constraints dictated by safe divertor oper-
ation. For example, the plasma could be driven to high-fusion-
power regimes, such as those plotted in figure 2, while ensur-
ing that the heat load on the divertor does not become too
intense. In section 4.1, the burn control objectives are drawn,
and the control laws designed to achieve these objectives
are presented in section 4.2. The online optimization scheme
presented in section 4.3 updates the controller’s references in
real time such that the desired fusion power output can be
achieved without threatening the integrity of the divertor.

4.1. Burn control objectives

For the system of energy and density response models (1), (2),
(15), (16) and (17), the burn controller is designed to track
the following references for the states of the system: E;, E,,
N, np and ny. The errors in the reference tracking are defined
by Ei :Ei_Ei, Ee :Ee_Eew Ng =Ng — g, Np = hp — hip,
and ny = ny — ny. The burn control objective is to drive the
deviations in the error system,

Ei = —M + OaPo + Pei + Puyy iy (25)
7—E,i

Ee :*%’EE@JF(I*%)Pa*Pei*Prad+Pohm+Paux,e, (26)

Mo = —ﬁ“:ﬁ“ + 8o+ T, (27)

ﬁD:—ﬁD;f‘D — 8o+ (1=7)Tpz, + Sp, (28)

i = —’“%’” — Su+Tor, + 51, (29)

to zero using the following four control inputs: the external
ion heating P, ;, the external electron heating P,y ., the
external deuterium fueling Sp, and the external tritium
fueling St.

4.2. The burn controller

In this work, the following control laws for the external ion
heating Py, ;, the external electron heating P, ., the external
deuterium fueling Sp, and the external tritium fueling Sy are
derived using Lyapunov techniques:

E;

Paux,i = - ¢aPa - Peh (30)
TE,i
E,
Paux,e: - 7(17¢a)P(1+Pei+Pmd*Pohm7 (3D
E.e
L], na
Sp= =322 12 2 2" g 28— 2Tpy
2| Ta ™ Tr
=300~ (Z:+ 1) ey, fte—Knit |, (32)
n ~
Sr= —+Sa—Lor,— K17 + 2
T 2
X |:3 (na —Sa _I‘a.\) - (ZZ+ ]‘)CZc’r)re,;le _KNfl:| ’
Ta
(33)

where Ky and Ky are positive constants. The formulation of
these control laws and the stability analysis of the system are
provided in appendix B.

To successfully track the references, the burn controller’s
requests for external heating, control laws (30) and (31), and
external fueling, control laws (32) and (33), must be precisely
met with the suite of actuators available to ITER. For plasma
heating in particular, the power output of ITER’s ion cyclotron
systems, electron cyclotron systems, and neutral beam inject-
ors must be properly coordinated so that the power deposition
is properly distributed between to the plasma’s ion and elec-
tron populations. The mapping between the power-producing
actuators and the heating control laws P, ; and Py . can
be resolved using actuator allocation (also known as con-
trol allocation—see [40] for a survey). The actuator alloca-
tion problem for burn control has been investigated in prior
work with a variety of different actuator allocator designs [8—
10]. All of the actuator allocators presented in [8—10] were
designed independently from the burn controller such that any
of these actuator allocators can work immediately with the
burn control scheme proposed in this work. Because the design
of these actuator allocators would not change when applied
to this work, actuator allocation is not included this work for
brevity (and to avoid the repetition of prior work). A discus-
sion on actuator allocation and actuator dynamics can be found
in appendix C. Moreover, details on the design of a variety of
actuator allocators for ITER burn control can be found in prior
work [8-10].
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Figure 3. The reference governor optimizes the references for the burn controller (E;, E,, i, and 7) in order to achieve the chosen targets for
the electron temperature (7%)), electron density (%), fusion power (qu)’ and tritium fraction (+”). After the burn controller receives the
updated references, it sends out requests for external heating (Pu,; and Paux..) and fueling (Sp and S7) to the actuator allocator, which maps
the controller’s requests to the available actuators. The external heating and fueling that is produced by the actuators evolve the core-edge
plasma system. The loop is closed by feeding the plasma conditions, including the divertor heat load (g,x), back to the different components
of the burn control scheme. With the safeguards incorporated in the reference governor, the overall burn control scheme is designed to

respect the integrity of the divertor.
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Figure 5. (a)—(c) The reference optimizer successfully directs the electron density, electron temperature, and fusion power (blue-solid lines)
to their target values (magenta-dotted lines) by updating the references sent to the controller (see figure 4). (d) Because the reference
optimization was unconstrained in this simulation, the peak heat load on the divertor targets exceeds the safety limit. [Scenario 1].

4.3. The reference optimizer

The objective of the burn controller presented in
section 4.2 is to drive the system to the state references
r=[E; E, n #]", which determine the plasma conditions
(e.g. the electron temperature, electron density, alpha-particle
power, energy confinement time, and so on) at steady state.
This section addresses the problem of optimizing the refer-
ences such that the desired targets for the plasma conditions,
including the fusion power (Ps,=35 x P,), can be achieved
without harming the divertor. This problem is resolved by
inserting a divertor-safe reference governor into the closed-
loop system as depicted in figure 3. After the reference gov-
ernor (green) updates the references online, the burn controller
(blue) sends out requests for external heating and fueling to
the actuator allocator (pink). After the actuator allocator com-
mands the various actuators to correctly output the required
values for Py i, Paux,es Sp, and S, the plasma system (red)
evolves and moves towards the chosen optimization targets.
With the constraint for the maximum allowable heat load on
the divertor targets included in its design, the reference gov-
ernor will only direct the plasma system towards divertor-safe
regimes.

Using the following cost function, the reference governor
directs the plasma system to the optimization targets (e.g. the
desired fusion power) by updating the controller’s references
(r) in real time:

2
P (l’,x*) - % (Teo n Tg’)ZJr % (ne 7n[e))2+ % (Pf’” 7P]1:us)
+ 5 (1=7)" —wsIn(=0), (34)

2

where T,,, n., Pss, 7, and G are calculated using r and
x* =n,. The optimization targets include the desired elec-
tron temperature Tfo, the desired electron density n}, the
desired fusion power PJIZM, and the desired tritium fraction
~P. The target deviations are weighted with the constants wy,
w2, ws, and wy. By selecting G =g, —g,* where ¢, =10
MW m~2, the barrier function in (34), which is weighted by
ws, is designed to protect the divertor from high heat loads.
The cost function (34) can be modified to consider different
targets (e.g. the ion temperature or the energy confinement
time) and additional constraints (e.g. actuator saturation or
the L-H power threshold). To ensure a unique minimum,
the plasma system’s states are assumed to be constrained
within the region of interest over which (34) is locally
convex.

Similarly to the methodology taken in [4, 26-28], the ref-
erence optimization scheme is formulated by choosing the
Lyapunov function

1

V=
2

(ap(r,x*)>Tap(r,x*) 35)

or or '’
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Figure 6. (a)—(d) The controller drives the states (blue-solid lines) to their reference values (dashed-red lines), which are updating over time
due to the reference optimizer. (e) and (f) In order to achieve this, the controller commands the external heating and fueling rates provided

by the actuators. [Scenario 2].

which has a time derivative of

. (op\' [, O .,
Vf(ar) [az drow | (36)
The reference update law
(P [ o P,
"‘(w) [K"waﬁarax*"]’ 37
reduces (36) to
: ap\" op
< [ Z£ i
Vr\ <8r> Koptara (38)

where K, is positive definite. Because this implies that % is
driven to zero, the reference update law (37) drives r to the

the optimal value that respects the heat load constraints on the
divertor. The inversion of gzr‘z’ in the update law (37) requires
that the reference optimizer’s cost function (34) is convex in
the region of interest. To avoid numerical issues, (37) can be

replaced with

Op

or

4
or

-4
r=-—K; where K;=K,, H , 39)

when g—i’z’ is singular. The proposed reference optimizer is
independent of the burn controller presented in section 4.2.
Therefore, an alternative approach that relaxes the convexity
requirement could be implemented in the future.
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Figure 7. (a)—(c) The reference optimizer attempts to direct the electron density, electron temperature, and fusion power (blue-solid lines) to
their target values (magenta-dotted lines) by updating the references sent to the controller (see figure 6). (d) Because the reference
optimization was constrained in this simulation, the peak heat load on the divertor targets remain below the safety limit. For this reason, not

all of the reference optimizer’s targets are met. [Scenario 2].

5. Simulation study

In this section, the proposed divertor-safe burn control scheme
is evaluated in closed-loop simulations of the core-edge
plasma model (section 2). The control scheme consists of
two components: (1) a controller (section 4.2) that tracks ref-
erences for the ion energy, electron energy, plasma density,
and tritium fraction; and (2) an online reference optimiza-
tion scheme (section 4.3) that updates the references so that
the controller drives the plasma to the chosen targets for the
electron temperature, electron density, fusion power, and tri-
tium fraction. In addition, the reference optimizer should keep
the plasma away from targets that result in dangerously high
divertor heat loads (i.e. keep gy under 10 MW m~2). The
simulation study consists of two scenarios. In the first scen-
ario (shown in figures 4 and 5), the reference optimization
is set to be unconstrained by setting ws =0 in the cost func-
tion (34). In the second scenario (shown in figures 6 and 7)
the reference optimization is set to be constrained (ws # 0)
such that high heat loads on the divertor targets are avoided
(¢y& =10 MW m~2).

The two scenarios share the following simulation set-
tings. For the core-plasma region of the model, H=1 k, =
6, kp=3, kr=3, (;=1.25, (,=0.73, and fj,;; = 1. For the
edge-plasma region of the model, I'pr,, =70 Pa m? s,
Seng = 65 m?s~!, and Coppp = 0.4% (neon). At the start of both
simulations, the online reference optimization scheme was

set to achieve the following four targets: Pf’f’usz288.5 MW,

TS =27.4keV, n, =5.6x 10" m~3, and 7” =0.5. After 150 s,
the optimizer’s four targets were changed to be the following:
P}’m: 195.6 MW, T =39.6 keV, nb=4.1x10" m~3, and
v =0.5.

Figures 4 and 5 show the simulation results of Scenario 1
where the reference optimization scheme is unconstrained.
Using external heating and fueling (P i» Paux,e> Sp, and S7),
the burn controller successfully tracks the references (E;, E,,
n, and 7) despite them changing over time due to the refer-
ence optimizer (figure 4). By updating the control references
over time, the reference optimizer successfully directs the sys-
tem to the target electron temperature, electron density, and
fusion power despite these targets changing at 150 s (figure 5).
Because the optimizer in Scenario 1 is unconstrained, the
heat load on the divertor targets exceeds the safety limit.
Unlike Scenario 1, the optimization scheme is constrained in
Scenario 2 by activating the barrier function in the cost func-
tion (34) (i.e. ws # 0), which protects the divertor targets from
intense heat loads. In Scenario 2, the burn controller success-
fully tracks the references (figure 6), but because the diver-
tor heat load approaches the safety limit after 150 s (when the
optimizer’s targets are changed), the reference optimizer redir-
ects the control references such that the optimizer’s targets are
not achieved (figure 7). The optimizer prioritizes the protec-
tion of the divertor over the achievement of its performance
targets.
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6. Conclusions and future work

The presented model couples the energy and density response
models for the core-plasma region to SOLPS4.3 parameter-
izations of ITER’s edge-plasma regions. Using this model,
POPCON plots were generated to give insight on how various
operational constraints, such as actuator saturation and main-
taining H-mode, render portions of the temperature-density
space inaccessible to specific burning plasmas. For future
work, a more comprehensive POPCON study can be under-
taken to analyze changes to the operable space under a wide
swath of parameter variations. For example, variations in the
enhancement factor or the separatrix impurity concentration
may be investigated.

Burn control becomes more challenging once the divertor
is taken into consideration because core-plasma and divertor-
plasma objectives may conflict. For example, achieving higher
fusion powers increases the power flowing into the SOL and
intensifies the divertor heat load. The presented simulation
study demonstrates that the proposed nonlinear burn con-
trol scheme can regulate the burning plasma system while
the reference optimizer safeguards the integrity of the diver-
tor. In the presented model, various parameters, such as the
enhancement factor for the global energy confinement time,
may not be well known ahead of ITER’s operation. In addi-
tion, these uncertain parameters may vary between pulses. In
prior work [8, 9], this parameter uncertainty was handled using
adaptive control techniques, however the burn controllers were
based on models that only included the core-plasma region.
For future work, these adaptive control techniques may be used
to design controllers based on the presented core-edge plasma
model. Furthermore, zero-dimensional nonlinear burn control-
lers, such as the one proposed in this work, may be evaluated in
one-dimensional simulations that evolve the spatio-temporal
response of the plasma energy and density. Certain actuator
dynamics, which will render burn control more challenging,
can be better captured in one-dimensional space. This includes
the discrete behavior of the pellet injectors and the localized
response of the plasma density to pellet injection.
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Appendix A. SOLPS4.3 parameterizations

In [12], SOLPS4.3 simulations were carried out to estab-
lish the following scalings for 60 MW < Pgsor, < 120 MW
at c¢;,, =0.4% and ¢, = 1.2% and additionally for 0.2% <
¢z, < 1.8% at Pgor, = 100 MW where ¢, for z € {Ne,N} is
the seeded impurity concentration at the separatrix. This sim-
ulation study defined the parameter p as the neutral pressure
normalized to one at detachment:
5—0.52

0.83
= ( ) Psor™"s

where PSOL = PSOL [MW]/lOO, FDTS(}L = FDTcm + FDTPN/ is
the total D-T flux into the SOL (Pam?® s~!), I'pr.,. is given in
section 2.1, and FDTM is the controlled gas injection rate. The
engineering pumping speed S, (m?s~1) [41] is normalized to
give Seng = Seng/57. ITER’s pumping system [25] can operate
at speeds between 65 m? s~! and 107 m? s~!. The pumping
speed can be modified in real-time, but the response time will
be slow (around 5-10 s).

The divertor heat load g,; (MW m~2), which should remain

below 10 MW m~2 to avoid melting, is given by
qp/(|Ne 4.01
= max
gpi|N 3.45

where ¢, = c;, /0.004 for z € {Ne,N}. The electron and ion
temperatures at the separatrix (eV),
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across the separatrix (Pam?® s~!) for the DT fuel (I'pr,) and the
helium impurity (I',,) decrease with increasing Psoy.:

-0.86
I\DTX|Ne _ CNes,,p 00053}—)—1.6 M—0,653~70.38 Tpr.
Cpr, [N o o o m
r
x (1+0.25 (1—””)) (44)
FDTSOL
Lo, =2Pg; u_0'3362_‘;5§;,2‘93 x (1.05P, /PsoL)
1o o 0.008] o460
X max <0.0016u 19603, m([o 024] por e
0.0055] - 15 _
[0.014 PioL p 1'42>> ' )

Appendix B. Control synthesis and stability
analysis

The following is a derivation of the control laws (30)—(33)
presented in section 4.2. Controlling the dynamics of 7, and
ny is equivalent to controlling the dynamics of ¥ = v — 7 and
n =n —n. Using (27)-(29) along with the definitions for the
tritium fraction (Y = ny/npr) and the total plasma density (n =
n; + n.), the dynamics of 4 and 7 are determined to be

. npr
T=7=

npr

Aripr—nrhpr _ Nt
2
pr

(46)

npr

L [Air—7 (ip+77))

npr

1 n
= —Sa+Tpr, +Sr
nr np
(22

npr T

—28. +SD+ST+FDTX>‘| ,
T D

S

= it = 2itp + 2ty + it + (Zo + 1)1,
= 3% " 5D g 28428, +2T
Ta T ™D
+300,+(Z: + 1)z, e (47)

Control laws for Py i, Paux,e, Sp, and St are derived from the
Lyapunov function

V=KE + RE + 27 + i, (48)
and its time derivative
25T 2% T i =2
V=K EE;+kEE, + 7y +nn, (49)

where k;, k., and k., are positive constants [7]. The substitution

of the dynamics for E;, E,, 7, and 71 (defined by (25), (26), (46)
and (47)) into (49) gives

. BB
V= k,2E, |:Paux’j_7l_ . +¢aPa+Pei:|
TEi TE,i
. E. E
“rkgEe |:Paux,e - = _= +(1_¢a)Pa_Pei _Prad+Pohm
Ee TE,e

2

ky . n
+ 24|87 —Sa——+1Tpr,
npr T

+n

28p+287 —30
To

—Sa+2lpr, +30a, +(Z; + 1) ¢z e | - (50)

Substitution of the control laws for Py, ; (30), Pau, (31),
Sp (32), and S7 (33) render the inequality

RE  KE2 kY
M eeiKT’Y’y _

TE,i

Kyii> <0, (51)

TE,e npr

true such that the system (25)—(29) is driven to the desired
references.

The following shows that bringing the deviations 7, 7, E,
and Ee to zero also brings 71, to zero (i1, — 0). Consider the
Lyapunov function V,,, its time derivative, and (27):

) =n,7T,

where Y increases with decreasing n,, and vice versa. If u is a
positive continuous function, then Y = —pun,, is valid and the
statement

=2

n
Vo= 7", 52

: (52)

Vo = fla (33)

[e3%

N
<_ + Sa + Fas

Vo= —pi, <0 YV i1, #0, (54)

when Ei = Ee =4 =n = 0 shows that 7,, is driven to zero.

Appendix C. Actuator allocation and dynamics

For the burn control problem presented in this work, actu-
ator allocation is not needed for the external DT fueling
because there are two pellet injectors (Sp,,, and Spr,,) and
two control requests for fueling (Sp and S7). Therefore, the
values of Sp,, and Spr,,, needed to satisfy the fueling control
laws (32) and (33) can be immediately determined using (19)
and (20). In contrast, an actuator allocator will be needed to
map the ITER’s suite of auxiliary power actuators to the con-
trol laws for external heating (30) and (31). The auxiliary
power delivered to the ions P, ; and the electrons Pg,, . is
given by

(35)
(56)

Puuxq,i nic¢icPic + nec¢eC'Pec' + nnb¢annb7
Paux,e - 7]i6¢icPic + nec¢ecPec + 7711h¢annh>
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where P;., P.., and P,;, are the the power output of the ion
cyclotron systems, the electron cyclotron systems, and the
neutral beam injectors. The fractions of the actuator powers
delivered to the plasma’s ions are ¢ic, P, and ¢y, while @,
Gec, and ¢y, are the fractions delivered to the plasma’s elec-
trons. Overall actuator efficiencies are given by 7;., .., and
Mnb-

In [8], the mapping between the control requests and the
actuator outputs (e.g. (55) and (56)) was solved by posing
the actuator allocation problem as a strictly convex quadratic
program with a unique optimal solution. In [9], this actuator
allocator design was compared to an adaptive design based
on dynamic update laws, removing the requirement of solv-
ing an optimization problem at every time step. This adaptive
actuator allocator was designed to overcome the existence of
uncertain actuator dynamics. The particular actuator dynamics
consider in [9] were first-order lags with uncertain time con-
stants. This can be represented by

dy

T— +y=x,
¢ y

4 (57)

where x(?) is the actuator command given by the actuator alloc-
ator, y(f) is the lagged actuator output, and 7 is the uncertain
time constant. The simulation study presented in [9] showed
good control performance in the presence of slow, uncertain
actuator dynamics. This adaptive actuator allocation design
was improved upon in [10] by including compensation for
the following time-varying and state-dependent parameters
(which included uncertainty): the thermalization delay of the
neutral beam particles, the fractions of neutral beam power
deposited into the plasma’s ion and electron populations, and
the temperature-dependent fueling efficiencies of the pellet
injectors.
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