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Abstract

ITER will be the first tokamak to sustain a fusion-producing, or burning, plasma. If the plasma temperature were to inadver-
tently rise in this burning regime, the positive correlation between temperature and the fusion reaction rate could establish a
destabilizing positive feedback loop. Careful regulation of the plasma’s temperature and density, or burn control, is required
to prevent these potentially reactor-damaging thermal excursions, neutralize disturbances and improve performance. In this
work, a Lyapunov-based burn controller is designed using a full zero-dimensional nonlinear model. An adaptive estimator
manages destabilizing model uncertainties in the plasma confinement properties and the particle recycling conditions (caused
by plasma-wall interactions). The controller regulates the plasma density with requests for deuterium and tritium particle
injections. In ITER-like plasmas, the fusion-born alpha particles (and neutral beam particles) will primarily heat the plasma
electrons, resulting in different electron and ion temperatures in the core. By considering separate response models for the
electron and ion energies, the proposed controller can independently regulate the electron and ion temperatures by requesting
that different amounts of auxiliary power be delivered to the electrons and ions. To meet the controller’s requested virtual
control efforts (the electron heating, ion heating, deuterium fueling and tritium fueling), ITER will have access to the following
six actuators: an ion cyclotron heating system, an electron cyclotron heating system, two neutral beam heating systems, a D
injector that fires 100% D pellets, and a DT injector that fires 10%D-90%T pellets. An optimal control allocation algorithm
is developed to map the four requested virtual control efforts to the six actuators. Adaptive estimation is employed to handle
uncertainties in the actuator efficiencies and the other actuator-specific parameters. Furthermore, the adaptive allocator is de-
signed to manage uncertain actuator dynamics. The proposed adaptive burn controller and control allocator are evaluated in a
simulation study.

1. INTRODUCTION

The regulation of temperature and density in a fusion-producing (burning) plasma in ITER will require the use
of burn control algorithms that request the correct amounts of external heating and fueling for equilibrium sta-
bilization. Because the fast ions introduced from neutral beam injection (NBI) and fusion reactions unevenly
heat the plasma ion and electron populations [1, 2], the ion and electron temperatures will be uncoupled. In
previous work [3], the authors used Lyapunov techniques [4] to design a nonlinear burn controller based on a
two-temperature plasma model. This model assumed that the ion and electron temperatures were proportional
through a constant parameter, and the burn controller regulated both temperatures with one control law for the
total auxiliary heating. Complex phenomena, such as the ion-electron temperature relationship, were modeled
with some level of uncertainty. Uncertainty is modeled by assuming that certain parameters are unknown to the
control scheme. This uncertainty can degrade the control performance. The adaptive estimation scheme presented
in [3] was designed to counter this hurtle. This prior work [3] was extended in [5] by basing the controller on a
two-temperature model with separate response models for the ion and electron energies. In contrast to [3], this
burn controller used two unique stabilizing control laws for the external ion and electron heating. In addition,
control laws for the external deuterium and tritium injection rates were used to regulate the plasma density.

A controller’s requests for external heating and fueling can be met with various actuators. Future ITER plasmas
will be fueled by two pellet injectors. One injector supplies pure deuterium (D) pellets, and the other injector sup-
plies a mixture of deuterium and tritium (T). The tritium concentration in the mixed DT pellets will be nominally
90%, but it can vary during plasma operations [6]. An ion cyclotron (IC) heating system, an electron cyclotron
(EC) heating system, and two neutral beam injectors (NBI) will be used for plasma heating in ITER [7]. With
six actuators (D pellet injector, DT pellet injector, IC, EC, NBI #1 and NBI #2) and four virtual control efforts
requested by the controller (D fueling, T fueling, ion heating and electron heating), a control allocation algorithm
can be used to optimally map the virtual control efforts to the available actuators. The mapping between the vir-
tual control efforts and the efforts produced by the actuators (i.e., actuator efforts) is known as the effector model.
There is an advantage to managing the actuators with a control allocator instead of including them directly in
the design of the burn controller. Because the control allocator is designed separately from the burn controller,
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reconfigurations in the set of actuators available for burn control do not require modification of the virtual control
laws [8]. This modularity allows the control allocator to be swapped for another without changing controllers. As
an example, a scenario could occur where only one NBI is available for burn control in ITER. The other NBI may
be needed for objectives outside the scope of burn control. Without changing the controller, ITER operators could
exchange a control allocator that considers two neutral beam injectors with a different one that considers only one
neutral beam injector.

In this work, the proposed burn controller and control allocator improve upon those presented in prior work [5]
in numerous aspects. First, the control allocation algorithm in this work is more computationally efficient. The
control allocator in [5] mapped the virtual control efforts for the ion and electron heating to the IC, EC and NBI
systems by solving a quadratic program at every time step. This is slower than the dynamic update laws [9] that
the control allocator in this work uses for the mapping. Second, unlike the prior work [5], the control allocator in
this work considers the plasma fueling and pellet injectors. Third, uncertainty is introduced into the effector model
by assuming that various constants in it are unknown. The uncertain constants in the effector model include the
actuator efficiency factors, the neutral beam heating fractions for the ions and electrons, and the tritium fraction of
the DT fueling pellets. This uncertainty is handled by including an adaptive estimation scheme within the control
allocator. In [5], the the nonadaptive allocator was based on an effector model that did not include any uncertainty.
Fourth, this work introduces actuator dynamics in the form of actuation lag. Actuation lag results from various
sources such as the thermalization delay of neutral beam particles. The effects of the actuators on the plasma were
assumed to be instantaneous in prior work [3, 5]. In this work, the actuation lag is considered to be uncertain,
and yet another adaptive estimator is employed. Finally, the burn controller that provides requested virtual control
efforts to the allocator was modified to consider more uncertainty in the plasma model. The proposed adaptive burn
controller estimates the uncertain plasma confinement, the DT recycling and impurity sputtering from plasma-wall
interactions [10], and the the alpha-particle heating fractions for the ions and electrons.

This paper is organized as follows. In Section 2, the plasma model is presented. Control objectives are considered
in Section 3. The stabilizing controller is synthesized in Section 4. In Section 5, both the effector model and
the actuator dynamics are discussed. The control allocator is covered in Section 6. With the simulation study
presented in Section 7, the performance of the adaptive controller and allocator is assessed. Conclusions and
future work are addressed in Section 8.

2. 'THE Two-TEMPERATURE PLAsMA MODEL

The presented volume-average model assumes that the ions and electrons have unique temperatures, 7; and T,
respectively. As a result, the ion and electron energies, E; and E,, are governed by separate response models,

Eiz__l+¢<rP(I+Pei+Paux,i7 Eez_ = +(1_¢a)Pa_Pei_Pbr+Poh+Paux,e’ (1)
TE,i TEe

where P,, Py, P,, and P,; are the alpha particle power from fusion, the bremsstrahlung radiation losses, the
ohmic heating and the collisional power exchange between the ions and electrons. The fraction of P, deposited
into the plasma ions is ¢,. Energy transport out of the plasma is modeled with confinement times 7g; and 7g,.
The controlled heating deposited into the ions and electrons are P, ; and P, .. The units of each term are Wm™

The ion and electron energies are related to particle densities such that E =E;+E, = %(nD +nr+n,+n)T;+ %ne T.,
where np, nr, n, and n; are the deuterium, tritium, alpha particle and impurity densities. The assumption of
quasi-neutrality demands an equal number of protons and elections in the plasma. Therefore, the electron density
is n, = np +nr + 2n, + Zyn; where Z; is the average impurity atomic number. The density response models are
ip=—2 S, +Sp+S8.  ir=-"L_S,+Sr+S8  a,=-01S8, a=-L45¥ (2
T Tr Ta 71
Each term is expressed in units of m73s~!. The particle confinement times are 7,, Tp, Tr and 7;. Deuterium and
tritium are be injected into the plasma at the controlled rates of S and S 7, respectively. The impurity sputtering
source due to plasma-wall interactions is given by S,” = f;”(n/7; + i), where f;” is the sputtering fraction and
n = np + nr + ny + n; + n,. The wall recycling sources for D and T particle, respectively, are modeled with

R _ 1 b np nr PFC (1 _fref(l _feff))Reff _ )

b =1 — fre(1 —feff){f”f 0 (TD )(1 )[ L= RIT(1= forp) f’ef]}’ .
R 1 np N1\ prc (I- fref(l - feff))Reff _

1= 1= fror(1 —fef,){f”f (TD * Tr )7 [ 1= ReII(1 = forp) f’ef]}’ @
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where f,r is the fueling efficiency of recycled particles, f,.r is the fraction of escaping particles reflected back into
the plasma, R%// is the global recycling coefficient, and y”¥C is the tritium fraction of the recycled particles [10].

The DT fusion reaction rate density is given by S, = npny{ov) where the DT reactivity, (o), is

_ / 23, —3€ o2 i3 ol Ti(Co+ Ti(Cy + TiCy)) -1
(ov) = Clw\é[/(m,c*T?)e™™, € = (Bg/4w) w=T;|1 T+ T:Cs + TCs + T:C) | 5

where T; is expressed in keV and Bg, m,.c® and C; for je{l,...,7} are constants [11]. Because every reaction
creates an alpha particle with Q, = 3.52 MeV of kinetic energy, the alpha particle power is P, = Q,S,. In
contrast to the DT reactivity, the bremsstrahlung radiation losses and the ohmic heating are determined by the
electron temperature. They are given by Pp, = 5.5 X 107377, ffng VT, and P,, = 2.8 x 107°Z, fflﬁa“‘T; 32 Where
Zesr = (np + nr +4n, + Z12n1) /ne is the effective atomic number, I, is the plasma current, and a is the plasma
minor radius. The power that is exchanged between the plasma ions and electrons through collisions is given by

3 T,-T; 3r \/27r<~3(2)TE3 /2 m;
Pei==n, s Tei = 12 5 (6)
P e*m,“InA, 54 niZ;

where 7,; is the relaxation time [12], m, = 9.1096 x 1073'kg, e = 1.622 x 107°C, gy = 8.854 x 10~'?F/m, T, has

units of J, and the natural logarithm is Ay = 1.24 x 107T£/2/(n€1,/223ff) for k € {i, e}.

The global energy confinement time is determined from the IPB98(y,2) scaling law [13]. The scaling is

g = HTAEC - Hx 0.056212'933(%15MO'19R1'97EO'58K0'78P_0'69 V—0.69n0.4l (7)

ey ?

where H is the H-factor which depends on quality of the plasma confinement, R is the plasma major radius, By
is the toroidal magnetic field, € = a/R, « is the vertical elongation at 95% flux surface, V is the volume of the
plasma, n,,, is n, in 10”m™3, and M = 3y +2(1 —y) [14]. The tritium fraction, v, is equal to the ratio ny/ny
where ny = np + ny. The total plasma power, P = Py + Pauxe — Por + Po + Pop, 1s expressed in MWm™3, The
machine parameters /,, Br, R, a, k and V, respectively, have values of 15 MA, 5.3 T, 6.2 m, 2 m, 1.7 and 837 m3
for ITER [14]. With uncoupled temperatures, ions and electrons have different energy transport rates. Therefore,
Tg; = {;Tg and 7g, = {, T where {; and £, are constants. Particle confinement times are similarly proportional to
(7) such that 7, = k, g for r € {a, D, T, I}.

Fusion reactions and neutral beam injection heat the plasma through the introduction of fast ions. Initially, these
fast ions primarily heat electrons. As their kinetic energy falls due to collisional events, increasingly more of their
energy goes into the plasma ions. Only at the critical energy, &., do the fast ions evenly heat the plasma ions and
electrons. The ion-heating fraction is denoted ¢ for f € {a, nbi} to distinguish between alpha-particle heating and
neutral beam heating. In prior work [5], the ion-heating fraction was shown to be

Ll Lo+ 2 2% ] n)] AsTe ”525(3\/;1n/\i)§
= SC_ T 1. A L
’ 41n A,

—|=In ——+ — +

xol3 (1+x 0/2)2 \3 V3 6
where xo = &, /&, &y, is the initial kinetic energy of the fast ion, A, for f € {a, nbi} is the atomic mass of the fast
ion, and A; for i € {@, D, T, I} is the atomic mass of the plasma ions [1, 15]. For the alpha particles produced from
fusion events, &,, = O, and A, = 4. ITER’s neutral beam heating system injects 1 MeV deuterium particles into

the plasma [16]. Therefore, €,,;, = 1 MeV and A,;; = 2. For the plasma temperatures and densities considered in
this work’s simulation study of ITER (Section 7), ¢, = 15% and ¢,,; = 25%.
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The following parameters are considered to be constant and uncertain: H, (i, {e, o, kp, k1, kos ki, ferfs frers ReIY,

yPF€ and f,” They are lumped into the nominal uncertainty vector 6, such that (1) and (2) can be rewritten as

. E; . np nr
E; == 60h1—; +0h3Po + Pei + Puyis np = —bhe—r +Oho—; —Sat+Sp,
T T T
. E, ) nr np
E,=- gh,ZT +0h,4Pa/_Pei_Pbr+Poh+Paux,e’ nr = _gh,7T + 0/1,10? -Sa+S8T, )
Tg Tg T
, Ny . ny n .
Mg == 0Ops— +Sa = —0Opg—; + Op11—; + On1271,
E Tg Tg

where 6y, ; is the i element of 6),. The elements of 6, can be easily inferred from (1), (2), (3), (4) and (9).
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3. BurN CoNTROL OBJECTIVES

The purpose of the high-level controller is to track equilibria defined by (9) at steady-state despite the uncertainty
in 6),. The desired equilibrium values for the six states (E;, E., iy, iip, fir, ii;) and the four virtual control efforts
(Paux.is Pauxe» S, S1) are determined by solving the system of six equations (9) at steady state with predefined
values for E;, E,, i and ¥ y. The deviations of the states from desired values are denoted as E,=E,—E,E,=E,—E,,
fig =Ny — Ay, ip =np — iip, iy =nr — iy and 7i; = n; — i;. The control objective is to drive the following system to
its equilibrium at the origin (i.e., drive the deviations to zero) despite model uncertainties:

5 E + E . np+ip nr+nar
| = — Hh 1 + 9}, 3Pa + Pel + PLlqu’ np= _9]1,6 “C +9h,9 SU/+SD,
E E TF
2 E6+Ee B nr+nr np+inp
Ee =_0h,2 +9h,4Pa_Pei_Pbr+P0h+Paux,e, nr =_0h,7 “C h _Sa+STs (10)
E E E
B Ny + g B ny+ ny n+n B
fg == Ohs——— +Sa = —Opg———— + Op 11— + Op 127
T E E

4. ApaprTIivE BURN CONTROL ALGORITHM

Control laws for Py i, Pauxe, S p and S are developed using the following Lyapunov function:

V=kE +KE + Ky + 7+ 01,0, — V=KEE +kEE,+kKyy+i+0,T,'0, (11)
where k;, k., and k, are positive constants, I';, is a positive definite matrix, and the time derivative is denoted as 1%
The controller’s current estimate of nominal (uncertain) 6y is 6),. The 6}, vector is the controller’s estimation error

of 8, such that 8, = 6}, — 6,. By substituting the expressions for the E;, E,, it and % dynamics into V and employing
the the certainty equivalence principle [17] (assume 8, = 6), the four control laws can be formulated as

~ E; 4
lellfxbfe = 0},,17 - 9h,3Pa - PEi’ (12)
Tg
E,
P;Zlfleezg h2 ¢ 0/14P +Pet+PbV P”h’ (13)
TF
17,4 @ A o) b
Sgahle - _ 30}!,5”_55 + 2‘9h,7n_s7; + 29};,6”—3 +S,-25Sr-(Z; + 1)( - 911,8%)
2 TE TE TE TE
. nr A NIp h o O 7 7i
_ 29}1,97 — 29}1,107 —(Z+ 1)9}1,1176 = (Z; + 1)Bp 120 — KN”]’ (14)
T Ty Tg
' ~ 3n, 3 Z;+1 ~
Sstable — _K 5 + 6;17 -+ S =0y, 102 e +7(9h52nm ~ 55~ ( 12 )( - Qh,S%)
E TE e
/R PO /R VP KNﬂ)
O — — EL 2, - 2, 15
2 11 TE ) h,121 2 ( )

where Ky and Kr are positive constants. The above procedure is shown in detail in prior work [3, 5]. Substitution
of (12), (13), (14) and (15) into V gives

K2E? K2E2 L
V=- 1”1 9},,1— 9h2+kE 59h1+k Ee Scehz—k EP 9}13 kgEePaghA
E E Tg Tg
% Y\nr ~ Iy ¥ np
+ (2= 2y )20 + (20 - 0y - 1)L)”—Tem # (2 = 20) Sy + - 1)—”—”9;1 0
ny E ng /T, n TE ny TE
- ﬁ(Z] + I)Téh,ll — (ZI + 1)flfléh,12 + 37[79/,,5 + fl(Z] + 1)—%9/1,3 + 9/1 1—7’ 9/1. (16)
Ty Ty Ty
If all parameters are known (6}, = 0), the stability condition
. K E? k2E2 kzyz 5
V=01 — 9h2—KT——K n” < 0. (17)
E E nH

is attained. Since the uncertain parameters are generally unknown (6 £ 6y), the stability condition (17) does not
hold with the control laws alone. Therefore, the control laws are augmented with an adaptive law for 6j,:
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—(E,-/Tif)k?E,-
~(E/TOICE,
P,K2E;
P,K2E,
=3i(ng /Ty
b~é =T, —[2n - ((kif')’)/nﬁ)](nn/‘fﬁ)” , (18)
~[27 = (y = DY(k57)/nul(nr [T
=i(Zy + V(g /Ty
(k) /nuyy = 20)(ny [T¥
~(y = WU ) /n)(np [T
Z + D(n/ty
Z; + Din

The adaptive law (18) reduces (16) to (17). Note that 0, ~ 0, because changes in the uncertain parameters are
considered to be negligible (§;, ~ 0). The adaptive control laws (12), (13), (14), (15) and (18) track the equilibria of
the error system (10) despite the uncertainty in the model. The stability of 7, and 7; were proven in prior work [5].
The control laws derived in this section represent the requested virtual control efforts vy = [ Pl pavie s et sgable 17,
In a modular design, the requested virtual control efforts v, are sent from the controller to the control allocator.
The allocator attempts to achieve v, using the available actuators. The control efforts actually produced by the

actuators are denoted v = [ Puui Pause So S7]7. The allocator attempts to drive the allocation error |[v; — v| to zero.
5. EFrrECTOR MODEL AND ACTUATOR DYNAMICS

For the purposes of burn control of the plasma core, ITER will have access to four external heating systems and
two external fueling systems. Respectively, the ion cyclotron (IC) and electron cyclotron (EC) systems deliver
powers P;. and P, directly to the ions and electrons independently. The two neutral beam injection (NBI) systems
deliver powers Py, and P,;;, with ion-heating fraction ¢,;; and electron-heating fraction (1 —¢,;;). At an injection
rate of S pr,,,, the DT injector fires pellets that have a nominal 90% T concentration. This T concentration ypr,,,
can vary during long pulse operations. Therefore, it is considered to be an unknown in the effector model. The D
injector fuels the plasma at an injection rate of Sp , with pellets that have no tritium (yp,, = 0). The actuators
u = [ Pic Pec Puiy Pusiy Sp,, Sor,, |7 are mapped to the virtual control efforts v = [ Pawi Pae Sp S7]7 = ®(u) through
the effector model:

pel

Pauxi = NicPic + Mabiy Prvi Pubiy + Mbiy Onbi Prviy Sp =11,y (L = YD1,,)S DTt + MDpt'S D>
Paux,e = necPec + nnhil(l - ¢nhi)Pnhil + nnhiz(l - ¢nbi)Pnbi2s ST = TIDTMFYDTW/S DT> (19)

where 1, for a € {ic, ec, nbiy, nbiy, Dy, DTy} are actuator efficiency factors. These efficiency factors, the DT
pellet’s T concentration ypr,,,, and the NBI ion-heating fraction ¢,;; are considered to be constant and uncertain.

pel

Burn control of ITER will have to overcome actuator delays (e.g., the flight time of fueling pellets traveling through
guide tubes). The global plasma response times of the EC, IC, NBI and fueling pellet injection systems could be
up to 20 ms, 200 ms, 80 ms and 0.1 s, respectively, for ITER [7]. Therefore, the time between when the actuator
command is made by the control scheme and when the actuator efforts (#) influence (v) through the mapping (19)
is nonzero. The instantaneous actuator commands are denoted ugug = [P P Poiy Puy S5, 510, 17, and u is the
vector of delayed actuation efforts used in (19). The actuator dynamics are modeled as first-order lag processes:

Tlag’;t + U = Uemd, (20)

lag lag lag lag lag lag

where Ty, = diag(7,.>, Tec»> T Ty Del® Tpel) is a diagonal matrix whose elements are time constants that

represent the lag in actuation. These time constants are considered to be uncertain.

All of the time constants are assumed to be proportional to the aforementioned plasma response times from [7]
except for Tf;f’: The time constant for the NBI actuators is the sum of the plasma response time (~ 80 ms) and the

more significant NBI thermalization delay. In the plasma, a NBI ion loses energy, &,;, at a rate of

dgnbi

dt = _Bgnbi - B“?nbi(“:c/“5nhi)3/2 (21)
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where B = e4nem;/ZZrzlbi InA./(3 \/§n3/ze(2)m,,biT;/2) [1, 12]. For ITER, the NBI ion’s charge Z,;; and mass m,;,; are
that of a D ion. The NBI thermalization delay can be found by integrating (21) from zero to the thermalization
delay. For the plasma conditions considered in Section 7, the NBI thermalization delay is approximately ~0.5 s.

6. ADAPTIVE CONTROL ALLOCATION ALGORITHM

To make the design of the allocation algorithm [9] easier, the high-level dynamics (1)-(2), the effector model (19),
and the actuator dynamics (20) are put into a more generalized form. The high-level dynamics are rewritten as
%= f(x) + g(x)v where x = [E Ec no np nr n; ]7. Both f(x) and g(x) are easily inferred (6}, is incorporated into
f(x)). The effector model (19) and actuator dynamics (20) are rewritten as
_ _ . _ lag lag lag lag T
v =, 6,) = Oy, ()6, it = fo, (1, tema)Ou R VAR VR VE SR VE ] I )

ic
T
6. = [Uic Nbiy®ubi— Mnbiy®bi Mec NMnbiy  Nnbiy MWDy 1DTpy nDTpel,}/DTpg,:l .

The vectors 6, and 6, lump together the constant, uncertain parameters. The proposed allocator’s estimate of them
is denoted 6, and @,. The ®(u, 6,), @y, and fy, (u, ucmq) matrices can be easily inferred from the effector model (19)
and the actuator dynamics (20). In this generalized formulation, v is unknown, x and u are measured, and v,  is
the controlled input.

The control allocation algorithm takes the desired virtual control reference v, as an input from the controller and
dynamically computes the desired actuator reference u, as an output. The desired virtual control reference v; is
the vector of stabilizing controls calculated by the high-level controller from (12)-(15). The goal of the allocation
algorithm is to get the actual virtual control efforts v from the effector model (19) to match the reference v, by
dynamically updating reference u,. The low-level control u,,,; will attempt to bring the actual actuator efforts u to
the computed value of reference u,. The reference u, is the argument of the minimization problem:

minimize J(uy) = z(diag(ug)ug)  subject to vy — D(ug + i, 6,) = 0,
Ugq

where &t = u — ug, J(uy) is a cost function for minimizing the actuation effort (ergo, the power consumption), and
z' is a column vector of weighting constants. The Lagrangian function with Lagrangian parameter vector A is
introduced as

L(ug, it, 4,00, 0,) = J(ug) + (v — D(ug + i1, 0,))" A. (23)

In [9], update laws for uy, A, 6, and 6, were developed to conserve the stability of the closed-loop system (1)-(2),
(19) and (20). Two observers are used for the adaptive estimation of the uncertain parameters (6, and 6,). With
Hurwitz matrices (—A;) and (—Aj;), the two observers are

it = Aa(u — ) + fo, (s Uema)B £ =Axx = B) + f(0) + ()P, B,). (24
The four update laws for the adaptive control algorithm [9] are defined by

it L 2L . FL),
( f ) =-TH (%“E) —usfs upp=H"' (aﬁ;?zd)fa(ﬁ, Ugs Uema, O) + H™'| 29010 16,
a1 AR 3602

L L

A _ 2

0] =£IT g(x)Dg, ()T, H= [ M ‘W“d], (25)
(’)Mﬂ?/l 0

i (OVi _ oL &*L  ALT &L _

0 (St + €T ot tena)T5! + (1T + e e o s )T

where 0 2 (07,00)7, &, 2 u—0,& 2 x— % and T, Ty, [y, [, and T, are symmetric positive definite matrices.

Since the dynamics of all of the actuators take the same form (20), each actuator’s low-level control law will have
the same form. For brevity, only the low-level control law for u; = P, is shown here. For the dynamic equation

. - 1
i1 = Oy (Uemay —ur) P = (/TP - Py,

the Lyapunov function is chosen to be V;; | = ﬁ% /2. Recalling (20), taking the time derivative of V;; | and substitut-
ing the change in variables &t} = (1) — u4) gives

Via = inity = i (01 Wema, 1 — B — Ug1) — ila1).
When 9“ = 6,1, the stability condition V;,, 1= —ﬁ%@u‘l <0V i # 0is achieved (for 6, > 0) with the control law

Uemd,1 = Uq,1 + ’;‘d,l/eu,h (26)
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Figure 1: Despite the model uncertainty and actuation lag, the burn control and control allocation algorithms successfully
drive the plasma conditions to the desired reference values using ITER’s various heating and fueling actuators. The first four
plots show that the plasma’s ion energy, electron energy, density and tritium fraction are brought to their reference values. The
fifth and sixth plots show the commands for the ion cyclotron heating, the electron cyclotron heating, the neutral beam heating
(from both injectors), the D pellet fueling, and the DT pellet fueling that are sent by the control allocator to the actuators
before the actuator dynamics apply a lag to the actuation.

The low-level control u,,,4 is manipulated in an attempt to force the actual actuator effort u;, which is determined
by the actuator dynamics (20), to the desired actuator effort u,; that is calculated using (25). The Lyapunov
functions and dynamics for each actuator is denoted V;; and ii; = S iy U iy Uema i 9.4) fori € {1,...,6}. These are
put into vectors V; and f; for use in (25). The remaining controls u,,,,; for i € {2, ..., 6} take the same form of (26).

7. SIMULATION STUDY

The following simulation study is an assessment of the presented adaptive burn control and control allocation
algorithms. The simulation used 7, = 2.6 X 10" m=3, np = 42x10°m™3, ny =4.5x 10°m™3,n; = 1 x 101¥m3,
E; =2.05x 10°J/m? and E, = 2.4 x 10°J/m? as initial conditions (Z; = 4). The uncertain parameters in the plasma
model were setto H = 1.1, §; = 1.15, {, = 0.85, ¢, = 0.15, kp = 3, kr = 2.5, ko = 6, k; = 8.7, foyr = 0.1,
frer = 0.5, R/T = 0.6, y*FC = 0.5 and f;” = 0.01. In the effector model, the uncertain parameters were set to
Nie = 0.9, 17ec = 0.92, Mupin = 1, Mupiz = 0.95, Npper = 0.93, Nprpet = 1, Yorper = 0.9 and ¢, = 0.25. Respectively,

the time constants Tﬁ?g , 78 Ti;f; and Tlp”j were set to 5 % 0.2, 5% 0.02, 5 x 0.58 and 5 x 0.1 seconds (a fivefold

increase of the nominal plasma response times). The initial estimate of the uncertain vector @ £ (9;, or,onyT
was calculated by multiplying the nominal values of each element, in order, with the following numbers: 1.09,
1.05, 0.95, 0.9, 0.92, 0.98, 1.07, 1.02, 1.10, 0.89, 0.91, 1.08, 1.16, 0.95, 0.89, 1.05, 1.11, 1.14, 0.89, 0.90, 0.95,
1.07,1.18, 1.11 and 0.95. The upper saturation limits of ITERs actuators [7] are P/** = 20 MW, P = 20 MW,

Pf:’b“ij‘l =16.5MW, Pn’"lfl.f‘z =16.5MW, § L";jjf =120 Pam?/sand S g‘}’;g{ = 111 Pam?/s. The desired equilibrium point

sent to the controller was chosen to be the solution of (9) with d/dt = 0 when E;=1.83x10°J/m?, E,=2.4x10°J/m?,
=2.1 x 10®m=3 and 7=0.5.

Fig. 1 demonstrates the competence of the control and allocation algorithms in tracking target equilibria. Despite
the uncertainty in the plasma confinement, wall recycling and ¢, the adaptive burn controller successfully deter-
mines the four virtual control efforts (Py,x.i, Paux.e> S p» S 7) using (12)-(15) that will drive the system to the desired
references. These virtual control efforts v, are then sent to the adaptive control allocator which maps them to the
six ITER actuators (Pic, Pec, Pupi1s Prbias S Dyper> S DT ) The control allocator successfully uses the six actuators to
reproduce the four stabilizing virtual control efforts despite the uncertainty introduced in the effector model (19),
the uncertainty in the actuator dynamics (20), and the nonzero actuation lag (7,,). Fig. 1 shows the low-level
control u.,,4, which is calculated using (26), that brings the actual (lagged) actuator efforts u, which are mapped
back to the virtual control efforts v in (19), to the desired actuator effort u, that is optimally calculated using the
dynamic update laws (25).
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8. CoNcLusIONS AND FUTURE WORK

Actuation lag and the inclusion of uncertainty in the plasma model, effector model, and actuator dynamics make
the plasma control problem more difficult. Together, the proposed adaptive burn controller and control allocator
can overcome these challenges and force the nonlinear burning plasma system to desired equilibria. For future
work, the effector model (19) can be expanded to consider DT gas puffing and impurity injection (from gas
puffing and pellet injection). Since ITER’s neutral beam injectors (NBI) will heat the plasma by firing highly
kinetic deuterium particles into it, the fueling contribution from NBI can also be included in the effector model
(for the deuterium fueling S , specifically). Finally, future work may focus on modeling more specialized actuator
dynamics for ITER. These new dynamics would then be considered in the formulation of a new optimal control
allocation algorithm based on a possibly updated effector model.
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