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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 (q-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 q-
profile evolution in the tokamak into a form suitable for control
design, with the goal of developing closed-loop controllers to
drive the q-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 (T ) 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 (q-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 q-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 q-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 q-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 q-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 q-profile
dynamics in H-mode scenarios in ITER [14] and DIII-D [15]
in two companion papers.
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