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Abstract
Magnetic confinement fusion is approaching the phase where electrical energy output will be obtained from a
big-size burning plasma core. Thus, research in tokamak plasma modeling becomes increasingly important and
is currently confronted with two major challenges. The first is provided by the preparation of the ITER operation
[1], which will require the capability of simulating a complete plasma discharge directly from the pulse schedule
before its actual execution, to test all possible aspects, particularly connected with control and safety. The second
challenge  is  the  design  of  a  prototype  tokamak  fusion  reactor  (e.g.  EU-DEMO,  [2]),  which  requires  the
integration of technological and physical aspects with a high level of realism. Both major steps call for a solution
in  terms  of  integrated  modeling  allowing  computationally  fast  but  at  the  same  time  realistic  and  robust
simulations of a complete plasma discharge.
In this talk, an overview of the progress made in the implementation and integration of all of the aspects which
are combined in the modeling of a tokamak plasma discharge is presented. This is provided by undertaking the
complex  way from the  underlying  basic  principles  to  the  first  ever  demonstration  of  a  full  tokamak flight
simulator, which directly runs by taking as input the pulse schedule of an existing device.
The problem of the simulation of a complete plasma discharge is  tackled by describing how the integrated
numerical modeling of the tokamak system is constructed, moving from the external circuits and the machine
vessel to the plasma core, highlighting both technological and physical aspects, as well as their interactions. The
roles of these elements are also identified in the time evolution of the discharge, from the breakdown, to the
plasma current  ramp-up,  the  current  flat  top  and the  ramp down.  The  control  requirements,  which  ensure
operation inside prescribed limits, are strongly influenced by the interaction between the control system and the
plasma response, the latter as an element of the complete tokamak electrical circuit, which behavior cannot be
simplified to a 0D entity due to profile effects and transport non-linearities. These need to be considered and
integrated with a sufficient degree of realism in the description of the plasma response, including MHD limits,
plasma transport, confinement transitions, interactions between plasma regions with closed and open field lines,
as well as heating and fueling actuators physics. 
This will  lead to the  presentation of the  first-of-its-kind flight  simulator Fenix [3,4],  developed at  ASDEX
Upgrade, which integrates all these elements. The core of this flight simulator is the ASTRA transport modeling
environment [5]. The application to actual ASDEX Upgrade discharges is demonstrated, highlighting the physics
investigations that can be performed with this tool. With application to a future fusion reactor (EU-DEMO),
several aspects of reactor design that are impacted by plasma physics and by the plasma non-linearities [6,7] are
studied, e.g. profile stiffness, which transfers to the so-called power degradation of confinement, or the feedback
loop between seeding divertor impurities and dilution of the core plasma, which can be severe for a reactor
working in a state of divertor detachment [8,9]. 
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