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Abstract— The tokamak is a device that utilizes magnetic
fields to confine a reactant gas to generate energy from nuclear
fusion reactions. The next step towards the realization of
a tokamak power plant is the ITER project, and extensive
research has been conducted to find high performance operating
scenarios characterized by a high fusion gain and plasma stabil-
ity. A key property related to both the stability and performance
of the plasma is the safety factor profile (¢-profile). In this work,
a general control-oriented physics-based modeling approach is
developed, with emphasis on high performance scenarios, to
convert the first-principles physics model that describes the ¢-
profile evolution in the tokamak into a form suitable for control
design, with the goal of developing closed-loop controllers to
drive the g-profile to a desired target evolution. The DINA-
CH&CRONOS and PTRANSP advanced tokamak simulation
codes are used to tailor the first-principles-driven (FPD) model
to the ITER and DIII-D tokamak geometries, respectively. The
model’s prediction capabilities are illustrated by comparing the
prediction to simulated data from DINA-CH&CRONOS for
ITER and to experimental data for DIII-D.

I. INTRODUCTION

The process of generating energy from nuclear fusion
reactions has the potential to have a large impact on the
global energy generation landscape. In order for two reactant
nuclei to “fuse” together, they must be heated to extremely
high temperatures so they possess enough kinetic energy to
overcome the Coulombic repulsion force that exists between
them. At these temperatures, the reactants (typically deu-
terium (D) and tritium (7") in a future reactor-grade device)
are in the plasma state, and therefore can conduct electrical
current and interact with magnetic fields. The magnetic
confinement approach to nuclear fusion energy production
is to use externally applied magnetic fields to confine the
plasma in a fixed volume and to maintain the conditions
necessary for fusion reactions to occur frequently. One of
the most promising magnetic confinement devices is the
tokamak [1], and the next step towards the realization of
a tokamak power plant is the ITER project [2].

Extensive research has been conducted to find high per-
formance operating scenarios that are characterized by a
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high fusion gain, good plasma confinement, plasma stability,
and a noninductively driven plasma current with the goal of
developing candidate scenarios for ITER [3]. A key property
that is related to both the stability and performance of the
plasma is the safety factor profile (g-profile) [1]. Recent ex-
periments in the DIII-D tokamak represent the first successful
demonstration of first-principles-driven (FPD), model-based,
closed-loop control of the entire g-profile in a tokamak [4]—
[6]. In the DIII-D experiments, the closed-loop control was
chosen to be performed in low confinement (L-mode) [1]
scenarios due to the reduced complexity of the g-profile
dynamic model, and hence the model-based control design
process, in this regime.

In this work, we convert the first-principles physics model
of the poloidal magnetic flux profile evolution [7], which
is related to the g-profile evolution, in the tokamak into a
form suitable for control design. This is accomplished by
combining the poloidal flux evolution model with simplified
control-oriented versions of physics-based models of the
electron density and temperature profiles, the plasma resis-
tivity, and the noninductive current-drives, with emphasis on
high performance, high confinement (H-mode) [1] scenarios,
thereby obtaining a first-principles-driven model. This model
is developed with the goal of extending the control strategy
employed in [4]-[6] to high performance H-mode scenarios.

The objective in developing the simplified physics-based
models is to capture the dominant physics that describe how
the control actuators affect the respective plasma parameters,
and hence the g-profile evolution, in H-mode scenarios.
High confinement scenarios in tokamaks are characterized
by transport barriers [1] just inside the plasma boundary
that increase the complexity of the coupling between the
magnetic and kinetic plasma states via the increase of the
self-generated bootstrap current [8]. Recent progress towards
physics-based modeling of the plasma profile evolutions
is described in [9]-[11]. The DINA-CH&CRONOS [12]
and PTRANSP [13] advanced tokamak simulation codes,
which employ complex physics models to predict the plasma
dynamics, are employed to obtain simulated data of the
plasma evolution to tailor the FPD model to the ITER and
DIII-D tokamaks, respectively. The FPD model’s prediction
capabilities are shown by comparing the prediction to sim-
ulated data obtained from DINA-CH&CRONOS for ITER
and to experimental data for DIII-D. The tailored models are
utilized to design feedback algorithms to control the g-profile
dynamics in H-mode scenarios in ITER [14] and DIII-D [15]
in two companion papers.
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Fig. 1. Magnetic flux surfaces in a tokamak. The limiting flux surface at
the center of the plasma is called the magnetic axis. The coordinates (R,Z)
define the radial and vertical coordinates in the poloidal plane.

II. SAFETY FACTOR PROFILE EVOLUTION MODEL

Any arbitrary quantity that is constant on each magnetic
flux surface within the tokamak plasma can be used to index
the flux surfaces, which are graphically depicted in Fig. 1.
In this work, we choose the mean effective minor radius,
p, of the flux surface, i.e., 7rB¢,0p2 = &, as the indexing
variable, where @ is the toroidal magnetic flux and By  is the
vacuum toroidal magnetic field at the geometric major radius
Ry of the tokamak. The normalized effective minor radius is
defined as p = p/pp, where p;, is the mean effective minor
radius of the last closed flux surface. The g-profile is related
to the poloidal magnetic flux ¥ and is defined as ¢(p,t) =
—d®/d¥ = — [Byoppp] /[0w/dp), where  is the time and
v is the poloidal stream function, which is closely related to
the poloidal flux ¥ (¥ = 2zy). The poloidal magnetic flux
evolution is given by the magnetic diffusion equation [7]
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where 7 is the plasma resistivity, 7, is the electron tem-
perature, (o is the vacuum permeability, j, is any source
of noninductive current density, B is the magnetic field, <>
denotes a flux-surface average, Dy (p) = F(p)G(P)H(p),
where £, G, and H are geometric factors pertaining to the
magnetic configuration of a particular plasma equilibrium,

and ,(t) is the total plasma current.

III. SIMPLIFIED MODELING OF PLASMA PARAMETERS

The objective in developing the simplified physics-based
models of the plasma parameters is to capture the dominant
physics that describe how the control actuators (the total
plasma current, which is itself controlled by the poloidal field
coil system, auxiliary heating/current-drive (H&CD) sources,
which are comprised of electron cyclotron (gyrotron), ion
cyclotron, and neutral beam launchers, and electron density)
affect the parameters, and hence the g-profile evolution. The
simplified models are developed with particular care being
taken to ensure their applicability to H-mode scenarios.

A. Electron Density Modeling

The electron density profile n.(p,) is modeled as
ne(p.1) = nl" (p)un(1), 3)

where n2"*/ (p) is a reference profile and u,,(t) regulates the
time evolution of the electron density. Note that n?" is
obtained by evaluating the experimental or simulated n, at
a reference time 15, , i.e., nt"” (p) = ne(p,1y, ). This model
assumes the control action employed to regulate the electron

density weakly affects the radial distribution of the electrons.

B. Electron Temperature Modeling

In the formulation of the electron temperature model, we
assume a tight coupling between the plasma electron and
ion species, ie., T,(p,t) =~ T;(p,t) and n.(p,r) =~ n;(p,1),
where T;(p,t) and n;(p,?) are the ion temperature and density
profiles. The electron temperature profile is modeled as

Te(ﬁat) = lee (ﬁ) [Tepmf(ﬁ) - Tepmf(ﬁtb)] Ip(t)YPIOt (t)ene(ﬁvt)c
k3 (Do) TP (P ) Iy (1) Pron (1) ¥ e (Pus1)> (4)

in the plasma core (0 < p < py;) and as
T.(p) = kg, (D) TP (P)Iy(t) Pros (1) Ve (p,1)° (5)

outside of the plasma edge energy transport barrier (P, <
p < 1) [16], where kj, and k7, are constants, TP (p) is
a reference profile, P, (¢) is the total power injected into
the plasma, and p,, is the spatial location of the plasma
edge energy transport barrier. The constants ¥, €, and {
describe how the temperature in the plasma core scales with
the various parameters. The constants A, v, and & describe
how the temperature outside of the plasma edge transport
barrier scales with the various parameters. Note that 7"/ is
evaluated at a reference time #,,,, i.e., T ol (p) = T.(p,try,)
and the constant @ is 1 if the temperature outside of the edge
transport barrier scales with the various parameters and is 0
otherwise. The constants lee and k%e are expressed as

A A _3)¢17!
k%‘e(p) = |:Ip(trre)yl)lot(trre)enE(patrTe)gAy'Wg'm( 3) ] )

A A _3)E] !
k2e(p) = {Ip(trre )that(trTe)Vne(patrre)éAl WY m( 3) ] ,

where lee is defined on the interval 0 < p < p,, and k%e is
defined on the interval p;, < p < 1. '
The total injected power is expressed as P (1) = Pop (1) +
Paux(t) — Praa(t) + NyusPrus(t), where Py, (t) is the ohmic
power, Py, (t) is the total auxiliary H&CD power, Pu,(7)
is the radiated power, and Pr,(r) is the fusion power.
The effectiveness of the fusion power on heating the
plasma is captured through the efficiency constant 1)y,,. The
ohmic power is modeled as Py, (t) ~ %,(t)I,(t)?, where
Zp(t) is the global plasma resistance. The total auxiliary
H&CD power is expressed as — Puu(t) = > 0% Peg,(t) +
e P, (1) 4+ > Popi (1), where P, (t) is the individual
gyrotron launcher powers, Py, (t) is the individual ion cy-
clotron launcher powers, P (¢) is the individual neutral
beam injector powers, and n.., n;., and n,p; are the total
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Fig. 3. Control inputs applied during FPD model and DINA-CH&CRONOS

simulations (current in MA, power in MW, and u,, is dimensionless).
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Fig. 4. Time trace of poloidal magnetic flux ¥ at various spatial locations
(top to bottom p = 0.1,0.2,...,0,8,0.9). Note: FPD model (solid) and
DINA-CH&CRONOS (dash).

number of gyrotron, ion cyclotron, and neutral beam launch-
ers, respectively. The radiative power density is modeled
as Qra = kbremZef'f'ne(lsat)z Te(ﬁvt) [1], where kprem =
5.5 x 10737 Wm3/v/keV is the Bremsstrahlung radiation
coefficient and Z.rr is the effective average charge of
the ions in the plasma, which we assume to be constant
in space and time. The radiated power is then expressed

(p) (105 A-m~2) and reference neutral beam current deposition profile j

m3A~'W~1/2) note k =1, and plasma resistivity

(10" m~3) and reference electron temperature profile 77 (p) (10* eV),
neutral beam model coefficient k,;; (10'2 m—3keV~'W~1), and (f) reference

P (p) (10° A-m~2).

as Pq(t) = fol Qrad (ﬁ,t)%dﬁ, where V denotes the vol-
ume enclosed by a magnetic surface within the plasma.
The fusion power density is expressed as Qg (p,t) =
Oprnp(p,t)nr (p,1)(ov) (P, )ksev [1], where Opr = 17.6
MeV is the energy released in each D — T reaction, np(p,1?)
and nr (P, t) are the density of the D and T ions, respectively,
and kv = 1.602 x 1012 J/eV. From [17], the D — T reac-
tivity is given by (ov),, = exp(Yfl’,)—.lT +ay+a3Tpr +as Ty +
asTpr + ag Ty ), where Tpr is the D—T temperature in keV
and the constants a; and r are given in [17]. Under our work-
ing assumption of an approximately equal electron and ion
temperature, we evaluate <Gv> DT with Tpr = T,. The fusion

power is then expressed as Py(f) fo Qrus(P,1) gdf).

C. Plasma Resistivity Modeling
The resistivity 1 scales with the electron temperature as

N(P.1) = kspl(P)Zess /|10 ©)
where k(D) = [1(D, 1) Te(P,try)*/?] [ Zeyr Qm(keV)*/? is
a constant that is evaluated at a reference time Iy

D. Noninductive Current-Drive Modeling

The noninductive current-drive is produced by the auxil-
iary gyrotron and neutral beam launchers and the bootstrap
current and is expressed as

(B _§

i=1

B <]_bsB>
By o

]ec,
By o

nbi;
B¢ 0

(7

430
)
i=1
where Jj,., is the noninductive current generated by the
individual gyrotron launchers, fnb,»i is the noninductive cur-
rent generated by the individual neutral beam injectors, and
Jbs is the noninductive current generated by the bootstrap
effect [8]. In the scenarios considered in this work, the ion
cyclotron launchers are configured to only heat the plasma.
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1) Electron Cyclotron and Neutral Beam Injection
Current-Drive: We model each auxiliary noninductive
current-source as the time varying power in each actuator
multiplied by a constant deposition profile in space, i.e.,

(-B) L.y

AN 7 (AN depa
Bas (B:t) =ki(P)J ()5 5y
where i = [ecy,...,ecy,.,nbiy,...,nbiy, ], ki is a normalizing
profile, j{”(p) is a reference profile for each current-
drive source, and the term T)%/n, represents the current-
drive efficiency. For electron cyclotron current-drive, 6 = 1
[18] and for neutral beam current-drive, 6 is dependent
on the energy of the injected particles [19]. Note that
dep . . . dep Ay
j; U is evaluated at a reference time ¢, ie., j; ' (p) =
[(Ji-B)/Bp0] (P,lry,). The constants k; are expressed

®)

nbi;

25 K(5) = 1e(B 1)/ [Te(Btr )P Pil )] 73/ [keVOW]
and are also evaluated at a reference time ¢, .

2) Bootstrap Current-Drive: The bootstrap current arises
from the inhomogeneity of the magnetic field strength pro-
duced by the external coils in the tokamak, which falls of
like 1/R, and is associated with trapped particles [8]. From
[20], we write the bootstrap current as

j Y'B ! e
<-],7‘ >(ﬁ,t) _ kaeYRO (81[/) |:29%]Tean

By F o \dp Ip
oT,
—l—{2fi”31-1-92”32-1-06»2”34}’%873 , 9

where 731, A3, 234, and o depend on the magnetic
configuration of a particular plasma equilibrium and kjg.y =
1.602 x 10716 J/keV.



IV. PHYSICS-BASED CONTROL-ORIENTED MODEL OF
POLOIDAL MAGNETIC FLUX PROFILE EVOLUTION

By combining the simplified physics-based models for
the electron density (3) and temperature (4)-(5) pro-
files, plasma resistivity (6), and noninductive current-
drives (7)-(9) with the magnetic diffusion equation (1)-
(2), we obtain our desired FPD, physics-based, control-
oriented model of the poloidal magnetic flux pro-
file evolution. By defining the control input vector

as u = [Peclv- . 'aPECneL.)PiC]V . ?])iCniC,7Pn[7i13' . 7Pnbinnbi7una1p:|7

the FPD model is expressed as

dy ) 19

Y ) 3 35 (pr I RSO0
Nppi

+anbl, p I/l

with boundary conditions

dy

9P |50 p=
where the parameters fy, fec;, fabi;» and fp are functions of
the model parameters and k;, = [toRo] / [22G(1)H(1)].

In the case where the electron temperature in both the
plasma core and outside of the edge energy transport barrier
scales with the plasma parameters in an identical way, i.e.,
y=A,e=v, { =&, and ® = 1, the spatial and temporal
dependence in the model parameters fy, fec;» fubi;» and fpq
can be separated and (10) can be expressed as

Nec
) + Z fe ec, uec,

a _1
Z nbzl unhz, )"’fhs (ﬁ)”hs(t) (;;) ,(12)

p

dy
Ip

=~k Ip(r),  (11)

d R 1 d
Y — P05 55 PPV

where the control inputs are written as

un (1) = [Ip(t)yptot(t)sbtn(l)g} 3/

e 1) = [0 Par )] 0 (0) B )

iy (£) = {Ip () Pror (t)gun(t)ﬂ (=3/2+9) n (1)~ P, (1)
~1/2

o frnarao] P oo

From (12), we see the magnetic diffusion equation admits ac-
tuation not only through interior (i, , Unpi; , #ps) and boundary
(Ip) control, but also through u;, which we name diffusivity
control. Simulated and/or experimental data can now be
used to identify the reference profiles and constants in the
simplified physics-based models (3)-(6) and (8)-(9) to tailor
the FPD model (10)-(11) to a device and scenario of interest.

V. MODEL TAILORED TO THE ITER TOKAMAK

We employ the DINA-CH&CRONOS free-boundary toka-
mak simulation code [12] configured to the ITER geometry
to obtain simulated data of the plasma evolution to tailor the

—1
) B 0)-+ s (P.1(6) (3*") (10)

Input Magnitude

Time (sec.)
Fig. 7. Control inputs applied during FPD model simulation and DIII-D
shot 147634 (current in MA, power in MW, and u, is dimensionless).
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Fig. 8. Time trace of poloidal magnetic flux ¥ at various spatial locations

(top to bottom p = 0.1,0.2,...,0,8,0.9). Note: FPD model (solid) and
experimentally achieved in the DIII-D tokamak (dash).

FPD model to H-mode burning plasma scenarios in ITER
that have energy and particle transport barriers just inside
the plasma boundary. Based on the DINA-CH&CRONOS
predicted T, evolution, the constants in the electron temper-
ature model (4)-(5) are chosen as y=1,€=0.5, { =—1 and
A =v =& = ®=0, which models the temperature outside of
the edge transport barrier rigidly [16]. The auxiliary H&CD
actuators used are 3 independent gyrotron launchers, 1 ion
cyclotron launcher, and co-current-injection neutral beam
launchers that inject particles at the same radial location.
As a result, we group them together to form 1 total neutral
beam launcher. The energy of the injected neutral particles
on ITER is 1 MeV, therefore, the constant in the neutral
beam current-drive model (8) is chosen as 6 = 1 [19].
The parameters related to the magnetic configuration of the
plasma equilibrium and the reference and normalizing pro-
files for the various models are shown in Fig. 2. The plasma
charge neutrality condition is approximated as n.(p,t) ~
np(p,t) + nr(p,t) =~ 2npr(P,t), where we have neglected
the D—T fusion product and impurity densities and assumed
a 50:50 mix of the D and T ions and npr is the D—T
density. Therefore, we choose the fusion heating constant as
Nyus = 0.15 so the stored energy predicted by the simplified
physics-based models matches the stored energy predicted by
DINA-CH&CRONOS. The other constants are By g = 5.3 T,
Ry=62m, pp,=2.62m, Py, =0.95, and Z.rr = 1.7.

We now describe a simulation study that compares the
evolution of the plasma parameters predicted by the FPD
model and the DINA-CH&CRONOS free-boundary simula-
tion code [12]. As the FPD model is tailored to the high
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performance phase of the discharge, we start the simulations
just after the plasma transitions from L-mode to H-mode in
this particular simulated scenario at the time r =45 sec. The
inputs (total plasma current, gyrotron launcher, ion cyclotron
launcher, and neutral beam injection powers, and density
regulation) applied during both simulations are shown in
Fig. 3, time traces of W at various normalized effective minor
radii are shown in Fig. 4, and a comparison of the FPD model
predicted and DINA-CH&CRONOS predicted g-profiles at
various times is shown in Fig. 5, respectively. As shown, the
trends of the FPD model predicted plasma parameters show
good agreement with the DINA-CH&CRONOS results.

VI. MODEL TAILORED TO THE DIII-D TOKAMAK

We employ experimental data and simulated data from
the PTRANSP advanced tokamak simulation code [13] con-
figured to the DIII-D geometry to tailor the FPD model to
H-mode plasma scenarios in DIII-D that have energy and
particle transport barriers just inside the plasma boundary.
Based on the experimental 7, evolution, we choose the
constants in the electron temperature model (4)-(5) as Y=
A=1,e=v=05{=£&=-1, and @0 = 1, which scales
the temperature profile in the plasma core and outside of
the edge transport barrier in the same way with the plasma
parameters, and the FPD model takes the form of (12).
The auxiliary H&CD actuators on DIII-D considered in this
work are 6 independent gyrotron launchers and 6 co-current-
injection neutral beam launchers, which inject particles with
an energy of 80 keV. Therefore, the constant in the neutral
beam current-drive model (8) is chosen as 6 = 1/2 [19].
The parameters related to the magnetic configuration of
the plasma equilibrium and the reference and normalizing
profiles for the various models are shown in Fig. 6. As the
plasma in DIII-D is not hot enough to produce a significant
probability of fusion reactions occurring, we choose the
fusion heating constant as 7y, = 0. The other constants are
Byo=1.65T, Ry=1.6955m, p, =0.82 m, and Z, sy = 1.75.

We now describe a study that compares the evolution
of the plasma parameters predicted by the FPD model to
the experimentally achieved plasma parameters in DIII-D
shot 147634. The inputs (total plasma current, total gy-
rotron launcher and total neutral beam injection powers, and
density regulation) applied during both the simulation and
the experiment are shown in Fig. 7, time traces of ¥ at
various normalized effective minor radii are shown in Fig.
8, and a comparison of the FPD model predicted and the

Safety factor profile g(p) at various times. Note: FPD model (solid) and experimentally achieved in the DIII-D tokamak (dash).

experimentally achieved g-profiles at various times is shown
in Fig. 9, respectively. As shown, the trends of the FPD
model predicted plasma parameters show good agreement
with the experimental results achieved in DIII-D.

VII. CONCLUSION AND DISCUSSION

We developed a general simplified physics-based modeling
approach to convert the first-principles physics model that
describes the poloidal magnetic flux profile, and hence the
g-profile, evolution in the tokamak into a form suitable for
control design, with emphasis on high performance operating
scenarios. The FPD model’s prediction capabilities were
demonstrated by comparing the prediction to both simulated
data obtained from DINA-CH&CRONOS for ITER and
experimental data for DIII-D. Advanced tokamak simulation
and experimental testing of controllers [14], [15] designed
to control the g-profile evolution in H-mode scenarios by
employing the FPD model is part of our future work and
will help assess the true requirements for model accuracy.
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