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Abstract— The ITER tokamak will produce energy through
the nuclear fusion that can occur when an ionized gas, or
plasma, is brought to extreme temperatures. To drive the
plasma to regimes that allow net-positive power output, burn
control algorithms regulate the plasma’s temperature and den-
sity by requesting external heating and fueling. These control
requests can be satisfied with various actuators. In this work,
a model-based, nonlinear burn control algorithm is synthesized
along with an optimal actuator allocation algorithm that man-
ages ITER’s actuators. This actuator allocation algorithm con-
siders actuator delays and various other complex phenomena,
such as the fueling contribution from neutral beam injection
(NBI), when searching for the optimal mapping between the
burn control algorithm’s requests and the available actuators.
The burn control and actuator allocation algorithms are based
on control-oriented models for the plasma and actuators that in-
clude uncertainty. Uncertainty is modeled by asserting that the
value of specific parameters are not known to the algorithms.
In the model of the plasma system, these uncertain parameters
describe the quality of the plasma confinement and plasma-
wall effects such as impurity sputtering. In the models for
the actuator systems, there are state-dependent, time-varying
uncertainties such as the NBI thermalization delay, the uneven
NBI power deposition between ions and electrons, and the pellet
fueling efficiency. Both the burn control and actuator allocation
algorithms are designed to handle these uncertain parameters
through adaptive estimation. A simulation study illustrates the
capability of these algorithms working together.

I. INTRODUCTION

The ITER tokamak will magnetically confine burning plas-
mas, which are very hot ionized gases where deuterium (D)
and tritium (T) fuse to create alpha particles and neutrons [1].
The actuators that will be available to ITER include the ion
cyclotron (IC) system, the electron cyclotron (EC) system,
two neutral beam injectors (NBI), two pellet injectors, and
the gas fueling system [2]. Because ITER’s NBI actuators
heat the plasma by firing highly energetic D particles into
it [3], they will contribute to the plasma fueling. While the
NBI particles are thermalizing, their energy will be unevenly
divided between the plasma’s ions and electrons [1]. One of
the pellet injectors will fire 100% D pellets, while the other
will fire pellets with an approximately 10%D—90%T mixed
composition [4]. Gas injection will also provide fueling but
with less efficiency and longer delays than pellets [4], [5].

Nonlinear burn control algorithms [6], [7] determine
the amounts of external heating and fueling required to
bring a plasma to a desirable regime in temperature-density
space [8], [9]. Burn control is made more challenging due to
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the nonlinear, coupled dynamics of the plasma system. For
example, the positive correlation between the ion temperature
and the fusion reaction rate can cause destabilizing feedback
loops. The control requests for heating and fueling can
be met using the aforementioned suite of ITER actuators.
Proficient management of these actuators [10] is critical for
meeting control objectives. In [11], a management system
was devised to prioritize (possibly competing) control tasks,
allocate actuator resources to various controllers, and handle
disruptive plasma events. The management system in [12]
addresses specific actuator intricacies such as neutral beam
shine through which can potentially damage the first wall.

In prior work [13], [14], Lyapunov techniques [15] were
used to synthesize burn control algorithms from a nonlinear
plasma model. Furthermore, actuator allocation algorithms
were designed to optimally map the control requests to
ITER’s actuators. This mapping between the control requests
and actuators is called the effector system [16]. Optimal allo-
cation [17], [18] can assure that the control requests are satis-
fied when adequate external heating and fueling is available.
The actuator allocation algorithm in [14] was designed to
deal with actuator dynamics in the form of actuation lag. The
models for the plasma, effector and actuator systems included
parameters that were considered to be uncertain. A parameter
is uncertain if its value is unknown to the algorithms. These
uncertain parameters included constants that characterized
the DT wall recycling, the actuator efficiencies, the actuator
lags, and the T concentration in the fueling pellets.

This work improves upon the actuator allocation algorithm
from the prior work [14] in various ways. Firstly, the effector
system model now considers the D fueling contribution from
NBI. Secondly, the gas fueling system is now included as an
actuator. Thirdly, the following parameters in the models for
the effector and actuator systems that were considered to be
constant in the prior work [14] are now time-varying and
state-dependent: the pellet fueling efficiencies, the fractions
of the NBI power deposited into the ion and electron popu-
lations, and the thermalization delay of the NBI particles.

The paper is organized as follows. The closed-loop system
is described in Section II. The model of the plasma system is
given in Section III. In Section IV, burn control objectives are
drawn. The burn control algorithm is designed in Section V.
In Section VI, the model of the effector system is given. The
models for the actuator systems are shown in Section VII.
The actuator allocation algorithm is provided in Section VIII.
In Section IX, low-level actuator control algorithms are
designed. A simulation study is presented in Section X.
Conclusions and future work are stated in Section XI.



II. THE CLOSED-LOOP SYSTEM

The closed-loop system in Fig. 1 is described as follows.
Using the plasma system’s states x, the nonlinear burn con-
trol algorithm (Section V) calculates the requested stabilizing
control efforts v, that will drive the plasma to a targeted
regime. The vector v, contains requests for ion heating
(Pyod ), electron heating (P;¢? ), D fueling (S;?), and
T fueling (S;9). The optimal actuator allocation algorithm
(Section VIII) receives v, and maps it to ITER’s actuators.
The powers and fueling rates produced by the actuators are
termed actuator efforts. The output of the actuator allocation
algorithm, the desired actuator efforts wugy, should closely
reproduce v,.. In the vector u4, the desired powers and fueling
rates from the IC, EC, NBI, D pellet, DT pellet, and DT gas
systems are denoted as P{l*, Pic®, P and Pl SE*
S . and SR, respectively. With the aim of track-
ing ug4, low-level actuator control algorithms (Section IX)
compute the command vector uc,,q (Which contains Picmd,
Peccmd, etc.). Based on their commands .,,q4, the actuator
systems (Section VII) output their delayed actuator efforts u
(Pje, P, etc.). Through the effector model (Section VI), u
is converted into the control efforts v (Pyuz,i, Paua,e, €tC.)
that evolve the plasma system. Adaptive estimation is used
to deal with the uncertain parameters in the models for the
plasma, effector, and actuator systems (0},, 0., and 6,,).

IIT. THE NONLINEAR PLASMA SYSTEM

The volume-averaged plasma system model (the block in
the bottom-left corner of Fig. 1) includes density response
models for deuterium (np), tritium (nr), alpha particles
(n), and impurity particles with atomic number Z; (ny) :
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where Sp and St are the control inputs (m~3s~1). The par-
ticle confinement times are 7, 7p, 7, and 77. The plasma
density is n=ng+n,+n;+n. where ng=np+nr and
the electron density n.=ng+2n,+Zny is defined by
quasi-neutrality. Using the constants fesf, fres, R/, and
"yP ¥ the DT wall-recycling source [6], [19] is modeled as

R_ 1 np , (Mp  nr\, _pr
SD_lfref(lfeff)(fref TD+<TD+TT)(1 7 )(p>’
R_ 1 nr ., (np T\ pr
ST_lfref(lfeff)(fTef +(TD+TT>/7 90)7 (2)
90:((1_fref(l_feff))REff)(l_Reff(l_feff))_l_fref'

Similarly, S7”=f;’(n/7r+n) is the impurity sputtering
source that depends on the constant f;”. The fusion reaction
rate density S, =npnr(ov) depends on the DT reactivity:

(ov) = C’lwef‘ggf%(mchTig)fé, &= (Bé/élw)% 3)
where T; (keV) is the shared temperature of all of the ions.
Constants C;, B, and m,.c are found in [20] along with w
which is a function of T;. The tritium fraction is y=nr/ng.

The total plasma energy is £ = E; + E, where the ion
energy is F; = %(nH +nq +mn5)T;, the electron energy is
E.= %neTe, and the electron temperature is T,. In this work,
T; and T, are in J (kinetic energy) unless stated otherwise.
The energy response models
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depend on the ion and electron energy confinement times 7z ;
and 7g .. The control inputs are Py, ,; and Py e (W/m?).
Each fusion reaction produces @), =3.52 MeV such that the
alpha power is P, =@ ,S,. The bremsstrahlung radiation
and the ohmic heating are Pp,,.=5.5% 10’37Z€ffn3\/ZTe
and Py, =2.8x10°Z.; 24T */* where T, is in keV
(kinetic energy), I, is the plasma current, and a is the
plasma minor radius. The effective atomic number is
Zefs=(np+4na+Z3nr)/ne. The ion-electron collisional
power exchange [21] is
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where ¢y = 8.854 x 107'2 F/m, m. is the electron
mass (kg), and e=1.622x107'° C. With T} in Kelvin,
Ap=124x107T}"? /(n/* Z2;;) for k € {i,e}. The sum-
mation is being taken over the set of plasma ions
le{D,T,a,I}, and my, n;, and Z; refer to the ion mass,
density, and atomic number, respectively.

Fusion-born alpha particles and NBI particles heat the
plasma’s ions and electrons unevenly. Differentiating be-
tween alpha and NBI heating, the ion heating fraction is
denoted as ¢ for f & {a,nbi}. In [13], it was shown to be
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where xg =€y, /€., €5, is the fast ion’s initial energy, Ay

Targets

Nonlinear Burn The Requested Stabilizing Control Efforts

Control Algorithm
(Section V)

_ rpreq Teq req creq
Or _[Paux,i Paux,e Sp Sr 1 L

The Algorithms for the Overall Burn Control Scheme

Optimal Actuator The Desired Actuator Efforts for Reproducing v,

Allocation Algorithm
(Section VIII)

Low-level Actuator
Control Algorithms
(Section IX)

— des des des des des des des
J ug = [P™ P Papii Papiy Shrgy SbTpe SbTges)

Estimates Uncertain 6,

[ Estimates Uncertain 6, and 6, |

The States of the Nonlinear Plasma System
x=[E; E. ng np nr nyj

The Commands for Controlling the Actuator Systems to Track uy

= md cmd cmd cmd cmd cmd cmd
Uema = [P PC™ Prpis Prbiz SD,,e, SDT,,E, SDTMS]

Plasma System The Control Efforts Affecting the Plasma System

(Section IIl) v = [Pauxi Pauxe Sp Stl

The Systems for the Uncertain Plasma-Actuator Plant

Effector System
with Uncertain 6, Lwith Uncertain BeJ
(Section V1)

Actuator Systems
with Uncertain 6,,
L (Section VII)

The Actuator Efforts Deposited into the Plasma System

u =[P Pec Pupir Pnviz Spper SpTper SpTyes]

Fig. 1: In this closed-loop system, the top row of blocks are algorithms for the burn control, the actuator allocation, and the
low-level actuator control. The bottom row of blocks are the actuator systems, the effector system, and the plasma system.



for f € {a,nbi} is the fast ion’s atomic mass, and A, for
l1€{D,T,«a,I} is the plasma ion’s atomic mass [1], [22].
The injected D particles from ITER’s NBI (A,,;; =2) and the
fusion alpha particles (A, =4) have €,,;, =1 MeV [3] and
€ap =3.92 MeV of energy. Arbitrary constants p, and ppp;
are included in (6) so that ¢, and ¢,;; contain uncertainty.
The global energy confinement time [23], [24] is
KIO 93 B0;15 1,019 R1.97 (0.58 0. 78ng$1
P0.697/0.69 » (D)
where K = 0.0562, H indicates the plasma’s con-
finement quality, V is the plasma volume, R is the
plasma major radius, ¢ = a/R, Br is the toroidal field,
M=3y+ (1—7), & is the vertical elongation at 95% flux
surface, P = Pyyz,i+ Pouz,e — Por +FPo+Pop is in MWm—3,
and n. is in 10'°m=3. In ITER, I,, Br, R, a, k, and V equal
15MA, 5.3 T, 6.2 m, 2 m, 1.7, and 837 m’, respectively. The
energy and particle confinement times are proportional to (7):
TE,i=CTE, TE,e=CcTr, and 7, =k, 7g for re{a, D, T, I}.
The response models (1) and (4) can be rewritten as
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where the elements of 9% = [9;171 On2 ... Op12] lump togeth-
er the following parameters which are uncertain: H, (;, e,
kD, kT’ kou kh feff’ frefa Reffa 7PF7 r , and Pa- With
(1), (4), and (8), the elements of 0, can be readlly inferred.

IV. BURN CONTROL OBJECTIVES

The vector x=[E; E. n, np nr ny]7 contains the
states of system (8). With six desired values for the states
(z) and four control efforts (Puuz.i» Pauz,es Sp, ST), the
six equations (8) at steady-state (d/dt=0) can be solved by
choosing E;, E., fi, and 4. The burn control objective is to
drive the following system to the origin (i.e., z=z —Z—0):
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V. NONLINEAR BURN CONTROL

The control laws for the burn control algorithm (the
leftmost block on the top row in Fig. 1) are designed with the
following Lyapunov function and its time derivative [15]:

V =wlE} + wlE? + w23 + 7 + 07T}, 0n,

V= walEl + ngeEe + wg’y}y + i+ éfrgléh,
where I';, is a positive definite matrix, and w;, we, and w-
are positive constants. Since 6, is uncertain (not known), the
controller’s estimate of it G;L will have the error Gh = Hh oy,.

The expressions for EZ and Ee from (9) can be immedi-
ately substituted into V (10). Expression for 7 and ’y [14] can
be found using (9), ng =np + np, n=ng+ne+nr+ne,
Ne=ng+2n.+2Zny, y=nrp/ny, and differentiation:
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Substituting the El, EP, 7 and A 'y expressions into (10) gives
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Using the certainty equivalence principle where 0, =0, is
temporarily assumed [25] the control laws are formulated:
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where p, and p are positive constants. Substitution of the
four control laws (13) into V' (12) gives the following result:
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Because the assumption that 9h fﬁh (.e., Hh =0) will not
always hold, the following adaptive estimation law is chosen
to eliminate the terms that contain the elements of Oh in (14):
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The éh = éh condition holds because variations in the

uncertain parameters are assumed to be slow 6y, ~ 0).
Substituting (15) into (14) gives the stability condition
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which holds because 737, 0,1, 05,2, and ny are positive. It is
not guaranteed that the estimation errors in 6y, are forced to
zero. In the state space (EZ, Ee, 5, 1, 9~h) the set €2 is defined
by all points where V' =0. From (16), it is clear that V=0
only when EL, Ee, v, and 7 are equal to zero (irrespective
of the value of Gh) Therefore by LaSalle’s Theorem [15],
the deviations E~1-, Ee, 7, and 7 are driven to zero as t — co.
The following shows that n, and n; are driven to zero.
With (8), the time derivative of the Lyapunov function
Vo=02/2 18 Vo=na(Sa— O0hsna/T5). With E;, E., 7,
and 7 driven to zero, the expression (S, — 0p 510 /T5)
decreases with increasing n, and vice versa. Therefore, the
statement S — 0}, 5N /T =—VUM, holds if ¥ is a positive
continuous function. When Ei, Ee, v, and n equal zero,
Vo =—0n2 <0 ¥ 71y #0. Therefore, 72, — 0 over time. With
S = f;¥(n/Tr+n), the n; response model (1) reduces to
0=—nr+ f;{"n at steady-state. When 7.=0, it can be seen
that 7y =0. Clearly, driving 7 to zero brings n; to zero.

VI. THE EFFECTOR SYSTEM

To satisfy the control laws (13), ITER will have ac-
cess to various actuators that output actuator efforts

£[Pic Pec Pnviy Puviy Sp,,., SDT,. SDT,,.]" Unlike prior
work [14], this work includes gas injection. The model of the
effector system (the bottom-middle block in Fig. 1) maps the
control efforts v [Pav.i Pavz.e Sp St|T=®(z,u) to u:

Pau:r 4 nZCP’LC +77nb11 (bnbz nbiy +77nb7,2 ¢nbz nbig s
Paum,e - necpec +77nbi1 d)nbi nbiy +77nbi2 d)nbi nbis
Sp= Tinbiy Pnbi1 /snbio + Nnbiy Pnbig /571,171'0 +Mpely SDpel
+npelz(l_'Ypel)SDTpez+ngaS(1_'YQGS)SDTQW
ST = Tlpels 'YpelSDTpel, +nga87gas SDTgas s (17)
where Tics Necs Nnbiys Tnbiss Tlpelys Tpelss and Tgas are uncer-
tain efficiency factors. The ion cyclotron (IC) and electron
cyclotron (EC) systems provide powers P;. and P,. to the
ions and electrons, respectively. Through particle collisions
(P.; in (4)), they heat the entire plasma. The two neutral
beam injectors (NBI) output powers P,;;, and P,p;,. The
fraction ¢,p; (6) of the NBI power is deposited into the
ions, while the electrons receive qgnbi =1 — ¢np;. In contrast
to prior work [14], this work considers the fueling from NBI.
Because ITER’s NBI will fire €,,;, =1 MeV D particles [3],
the NBI fueling rate is the NBI power divided by €,,4;,. The
100% D pellet injector fuels at a rate of Sp,,,. Using pellets
with a T concentration of 7,;, the DT pellet injector fuels
at a rate of Spr,,,. The gas fueling system puffs gas with a
T concentration of 74,5 at the rate S DTyas Similarly to [26],
the T concentrations (Ypei, Ygas) are uncertain parameters.
In the effector system model (17), some of the uncertain
parameters that were constant in prior work [14] are time-
varying in this work. The dependence of ¢,;; on the plasma
state is given by (6) which includes the uncertain parameter
pnbi- The pellet fueling efficiency decreases with increasing
plasma energy. This is modeled in an ad-hoc fashion:

Tpely, = ppellEnorm7 Tlpels = Ppels Enorm, (18)
where E,orm=1-FE/Ey and Ey>E=FE;+E, is a constant
design parameter that is given in Section X. The arbitrary
constants pye;, and p,e;, are considered to be uncertain.

VII. THE DYNAMIC ACTUATOR SYSTEMS

ITER’s actuators will experience lags such as the NBI
thermalization delay and the flight time of the pellets [27].
In (17), u contains the actuator efforts after they been
delayed. The commands that are instantaneously sent to

the actuators are wey,q=[Pme Pémd .. SCD%‘ZM]T. Each
actuator undergoes the same first-order lag process:
T’lagu + U = Uemd, (19)

lag lag lag lag lag lag lag
.20 Toois T T, T, TLe9)

where T’lag - dlag( ec nbi’ "pel’ "pel’ 'gas
contains the uncertain time constants for the actuators. In
contrast to prior work [14], the NBI time constant 7.2/ is

time-varying. NBI particles lose energy at a rate of [1], [21]:

d nbi
th = _Bgnbi - Bgnbi (Ec/gnbi)3/2; (20)
) and

where B = e*ngm’/?In Ae/(3\/§7r3/2€%mnbiT63/2
Mo =3.343 x 10727 kg. With the particles’ thermalized en-
ergy being eyy;,, =1;, the NBI thermalization delay is found

by integrating (20) from zero to the thermalization time:
9 (5ﬂbnh )3/2+( e )3/2

T _p 7_* _ p hl Enbig Enbig
— Pth i — —Pth 55
bi nbi 3B 14+ (5)3/2

where py, is a proportionality constant that is considered to
be uncertain and ¢, is given in (6). In Fig. 1, the rightmost
block on the bottom row depicts the actuator systems (19).
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VIII. OPTIMAL ACTUATOR ALLOCATION

To formulate the actuator allocation algorithm (the top-
middle block in Fig. 1), the models for the plasma (8),
effector (17), and actuator (19) systems are restructured [18].
The plasma system model can be written as = f(z)+g(z)v
where =[E; E. no np nrny]*. Both f(z) and g(x) can
be easily inferred. The remaining models can be rewritten as

v==0(z,u,0.) =Py, (z,u)l., U= fo, (T, u, temd)bu,
=[1/72 17les 1fpu V7l 1/7leg],

931:[771‘@ Nnbiy Pnbi Nnbia Pnbi Nec  Tinbiy nnbiz]a

GT [ppell Ppels  PpelsVpel Tgas ngas')/gas}z (22)
where 0T =[0., O.,]. The rewritten models for the effector
system (17) and the dynamic actuator systems (19) are,
respectlvely, vf[Pau“ wuze Sp Sr)T=®=>®, 0, and

=[P, P .. SDTW] = fo, 0. The estimates of 0, and
Hu, which lump together the uncertain parameters, are 6. and
0,,. Matrices O(z,u,0.), Py, (z,u), and fy, (x,u, Uemq) can
be inferred by comparing (22) to (17) and (19).

The actuator allocation algorithm seeks to minimize the
difference between the requested control efforts v, (13) and
the control efforts that are produced by the actuators v (17)
by determining the optimal or desired actuator efforts ugq. It

is based on the following constrained optimization problem:
=7

mmlmlze J=z(diag(uq)uq) qu log(@
=1

subject to v, — ®(z,ug + @, 0 ) =
where @ =u—wug and ug; is the ith element of u4. Vector
=[P P.. . SDTWS]T contains the saturation limits of
ITER’s actuators [2], [28]: u=[20MW 20MW 16.5MW
16.5MW  120Pam?/s 111Pam®/s 400Pam?/s]’. The
vectors z and ¢ consist of weighting constants. With the
introduction of a Lagrangian function L and vector A, (23)
can be rewritten as an unconstrained optimization problem:

minimize L(w,ud,ﬂ,)\,ée,éu),

Ud A (24)

Lz, ug, i, M, e, 04) = J + (vy — B(2, uq + 4, 0.)) T\
The allocation algorithm makes use of two observers:
= Ag(i—u) + fo, (@, Uema)Bu, 25)

B = As(@ — ) + f(2) + g(a)®(a, u, b)),

where A; and A; are Hurwitz matrices. The update laws for
the actuator allocation are based on the formulation in [18]:
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, EuBu—1, &, 2 x—3. The matrices T,
I',, and T',, are symmetric and positive definite.

IX. LOW-LEVEL ACTUATOR CONTROL

Because of the actuator dynamics (19), low-level actuator
control algorithms (the top-right block in Fig. 1) give com-
mands u.,,q to bring the actuator efforts u to the desired ugq.
Their control laws are designed with the Lyapunov functions:

Vai=a3/2 for i€ {l,..7}, (27)

where each Vu ; 1s a function of the i element of
[ch Pec Pnbzl Pnbzg SD;,,F, SDTpg, SDTgaS]T:u_ud~
The models for the actuator systems (19) are rewritten as
ui:@u,i(ucmd,i—ui) for 7€ {1,...,7}, (28)

@Z: [Qu,l 0u,2 0u,3/7—;:b1 au,S/T;bl 9u,4 9u,4 ou,SL
where Uemd, i, Ou, i, and 0, ; indicate the i element of wemg,
O, from (28), and 0,, from (22), respectively. Taking the time
derivative of V3 ; (27) and substituting for @; =u; —ugq,; gives

Vﬁ,i:ﬂ/zﬁz:az(gu z(ucmd i u —Uqd 7,) ud ’L) (29)
for i € {1,...,7}. The low-level actuator control algorithms
assume that @ =0, where O, is the actuator allocation al-
gorithm’s estimate of ©,, (i.e, O, =[0y1 Ous ... Ous]T).
With the control laws (and for @u =0, and O, ;>0),

Uemd,i = Ud; +Udi/Ou; for i€ {l,...7},  (30)
the stability condition Va,i:—a?éu,i <0 Va;#0 is met.

In tokamaks, various controllers with different objectives
may compete over the actuators. Therefore, some of the
actuators in (17) may not always be available to the presented
burn control scheme (Sections V through IX). As evidenced
by the prior work [14] where the gas fueling system was not
included, the actuator allocation algorithm (22)—(26) can be
reformulated to include more or less actuators. Therefore, the
presented burn control scheme can be used as a component
of a high-level management system [10], [11] that swaps in
and out different versions of the presented actuator allocation
algorithm as needed. The advantage of the presented burn
control scheme is that it can deal with actuation lags and un-
certainties in the plasma, effector and actuator systems. The
presented burn control scheme decouples the burn control
problem from the actuator allocation problem. This results in
a modular design that allows the burn control algorithm to be
swapped with different controllers or the actuator allocation
algorithm to be swapped with different allocators.

X. SIMULATION STUDY

The burn control scheme (Sections V through IX) is tested
in a simulation with initial conditions: n,=2x10%¥m=3,
np=3x10""m™3, nyr=3x10m=3, n;=1x10"¥m=3
E;=1.4x10°J/m3, and E.=1.8x10%J/m3. The first target
for burn control was the solution of (8) with d/dt=0 when
E;=13x10°J/m?, E,=1.9%x10%)/m?, 7 =1.5x10?"m=3
and ¥=0.5. After 100 s, the target changed to solution when
E;=1.2x10°J/m3, E,=1.8%x10°J/m>, n=1.4x10*m~3
and ¥=0.5. In addition, Z; =4 and Ey=5.9% 10° J/m—3.

Respectively, the uncertain parameters for the plasma
system model H’ Ci’ <e7 sz kT’ kou kI’ Pas feff’ frefv Reff’
PF, and f;? were given the following values: 1,1.1,0.9,3,2,
4,6,1,0.1,0.5,0.6,0.5, and 0.01. The values for the recycling
parameters are within range of that reported in [19]. For
the effector system model, the uncertain parameters 7;¢, Nec,
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Fig. 2: (a, b, ¢, d) The evolution of the control variables (solid-blue lines) and their desired targets (dashed-red lines) are
shown. (e, f) The powers and fueling rates that are generated from the actuators (i.e., the actuator efforts u) are also shown.

Tinbiy > NInbigs Tlgass Vpel> Vgass Pnbis Ppely > and Ppel, WEIE set to
0.9,0.92,1,0.95,0.1,0.9,0.57,1,0.95, and 0.93, respectively. A
low 71445 is used because gas fueling is expected be inefficient
in ITER [5]. The actuators’ uncertain time contains were set
to be five times the expected plasma response times that
are reported in [2]: Tilgg =1s, 7/99=0.15, T;Zlg =0.5s, and
rle9 =55, Similarly, py,=>5. The initial estimate of the com-

gas
posite uncertainty vector éé(ég,ég , éZ)T was calculated
by multiplying the correct values of each element, in order,
with the following numbers: 1.04,1.09,0.92,0.96, 1.07,0.94,
1.03,0.94, 1.12,0.93,1.05, 0.9, 1.1, 1.13, 0.9, 0.94, 0.93, 1.1,
0.88,0.8,1.05,1.1,1.1,0.87,0.91,0.93, 0.96, and 0.96.

As shown in Fig. 2 (a, b, c, d), the burn control scheme
was able to track the desired targets despite the numerous
uncertain parameters. The target tracking was effective be-
cause the actuator allocation algorithm was able to manage
the actuator efforts (Fig. 2 (e, f)) such that the burn control
algorithm’s control requests were satisfied. Furthermore, the
burn control scheme was successful despite the fivefold
increase in the actuation lags (which were assumed to be
the plasma response times reported in [2]).

XI. CONCLUSIONS AND FUTURE WORK

In Section X, the burn control and actuator allocation
algorithms worked in tandem to overcome the challenges
imposed by the presence of uncertain parameters and ac-
tuation lags. The actuator allocation algorithm presented
in prior work [14] has been significantly improved upon.
Uncertain parameters that were considered to be constant
in [14] now vary in time. Specifically, the NBI ion-heating
fraction (6), the pellet fueling efficiencies (18), and the NBI
thermalization delay (21) were modeled to evolve with the
plasma state. In addition, the effector system now considers
gas injection and the fueling from NBI. Future work may
focus on designing more complex models for the actuators.
For example, pellet injection can be modeled as a discrete
process where batches of particles are injected one at a time.
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