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Abstract

®

CrossMark

A newly developed tool to simulate a tokamak full discharge is presented. The tokamak ‘flight
simulator’ Fenix couples the tokamak control system with a fast and reduced plasma model,
which is realistic enough to take into account several of the plasma non-linearities. A
distinguishing feature of this modeling tool is that it only requires the pulse schedule (PS) as
input to the simulator. The output is a virtual realization of the full discharge, whose time traces
can then be used to judge if the PS satisfies control/physics goals or needs to be revised. This
tool is envisioned for routine use in the control room before each pulse is performed, but can
also be used off-line to correct PS in advance, or to develop and validate reduced models,
control schemes for future machines like a commercial reactor, simulating realistic actuators

and sensors behavior.

Keywords: tokamak, flight simulator, control, modeling, full discharge, theory

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetic confinement fusion is approaching the phase where
electrical energy output will be obtained from a big-size burn-
ing plasma core. Thus, research in tokamak plasma model-
ing becomes increasingly important and is currently confron-
ted with two major challenges. The first is provided by the
preparation of the International Thermonuclear Experimental
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Reactor (ITER) operation [1], which will require the capabil-
ity of simulating a complete plasma discharge directly from
the pulse schedule (PS) before its actual execution, to test
all possible aspects, particularly connected with control and
safety. The second challenge is the design of a prototype toka-
mak 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.

The problem of the simulation of a complete plasma dis-
charge 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,

© 2022 The Author(s). Published by IOP Publishing Ltd
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Figure 1. The ‘trilogy’ of fusion research.

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 influ-
enced by the interaction between the control system and the
plasma response, the latter as an element of the complete toka-
mak electrical circuit, whose 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 trans-
itions, interactions between plasma regions with closed and
open field lines, as well as heating and fueling actuators phys-
ics. The path from present experimental and theory efforts to
a full-discharge simulator is depicted in figure 1, which one
could call a ‘trilogy’ which follows a logical order.

At this point the ‘flight simulator’ (FS) concept is intro-
duced, with a distinguishing characteristic: its input is solely
the machine description and the PS, i.e. the description of
the trajectories, both feedforward or feedback, that the con-
trol system needs to ensure during the plasma discharge. It is
the same document that the discharge control system (DCS) of
the actual machine uses. The FS must simulate both the plasma
and the control system. Moreover, it has to be fast enough to
be run in-between discharge in the control room. This would
allow a last check on programmed trajectories with respect to
either the control requirements (limits) or the physics goals. A
depiction of the basic blocks of the FS is given in figure 2.

The first-of-its-kind flight simulator Fenix [3-5], developed
at ASDEX Upgrade, integrates all these elements. The core of
this flight simulator is the ASTRA transport modeling envir-
onment [6, 7]. In this paper, the application of Fenix 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 [8, 9] 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 [10-13]. Moreover, the application to EU-DEMO
will help in designing appropriate sensors and actuators for the
future machine.

2. Path from basic theory to the flight simulator

Focussing on the plasma model of the FS, it is now discussed
how to build it up using the knowledge that has been gathered
both from theory and from the experimental observations.

The plasma model, being the plasma embedded in a quasi-
static magnetic field, requires primarily an MHD equilibrium
model that solves the free-boundary Grad—Shafranov equation
and the circuit equations for the active and passive conductor
elements. MHD equilibrium solvers have been available for
a long time and it is one of the most robustly well-known
aspects of the plasma. One of the challenges in this context
is to make them fast enough to be close to real-time. This can
be achieved either via parallelization or using state-of-the art
numerical schemes.

After the discharge is started, when the electric field in the
plasma chamber reaches some critical threshold, the avalanche
ionization process is initiated, and the plasma is formed. This
phase, the ‘breakdown’ and the subsequent ‘burn-through’
phase, are extremely complex in terms of the elements that
interact, and the feasibility of numerical description. As such,
most models rely on simplified semi-empirical elements that
need constant adjustment and offer little predictive power.
The solution adopted in Fenix is to compute the cham-
ber loop voltage as Vipop = dWcoils /dt, where Wy is the
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Figure 2. Simplified schematics of a flight simulator workflow.

poloidal flux produced by the active coils in the middle of
the chamber. When Vi, ~ 10 V (based on a database of
discharges), then a simple plasma current evolution equation
is solved: L,dl,/dt+ R,I, = Vigep, With L, R, respectively
plasma inductance and resistance fitted on a database of
discharges on average. Initial condition for I, is 1 A, and
when it reaches 100 kA (arbitrarily defined), the full plasma—
equilibrium solver are called. As such, this model does not pre-
dict breakdown success rate or burn-through physics. To add
predictive capability to this simple model, much more has to
be done, from describing the avalanche process to the burn-
through phase and plasma motion in the early phase when
quasi-static equilibrium is not stable.

For the core plasma different models are employed.
Regarding temperature profiles (of electrons and ions),
a simple gyro-Bohm scaling is used: Xgp~ TS;ZZ %M.
This forms the basis for assigning the heat diffusivit-
ies to electrons and ions, where the general form is
Xei = Xepfei(geom,Te/Ti,q,s,v,3,...) + Xo5°. The free coef-
ficients are fitted such as to give observed core confinement
on a selected database of discharges. For particle transport,
a similar approach is used, but additionally convection terms
are also defined such as to lead to peaked density profiles in
realistic conditions. Reduced models for MHD activity like
sawteeth or NTM are also included. Plasma radiation is com-
puted using Bremsstrahlung formulas and analytical cooling
factors [15]. Future development will add TGLF and Qua-
1iKiZ NN (Neural-Network) [14, 16, 17] to the choice of core
transport models. Obviously the non-neural network version
of the two codes can be used off-line when computational time
is less of an issue.

The pedestal region, defined as a fixed radial interval,
is modeled by assigning a fixed diffusivity in L-mode,

while in H-mode, the diffusivity is scaled such as to
maintain the pedestal top pressure at or below this critical
value: Ppeg crit = O.33R’0'38e551é'25k0'6261%43 [18]. H-mode is
achieved when the ion heat flux crossing the pedestal top
equals this scaling: Q; peq = 0.00111"-7BY76S [19].

The SOL-divertor regions are modeled for exhaust, and
particle balance (OD model for density evolution including gas
puff source and pump sink). This particle balance model is new
and has been coded specifically for Fenix. The exhaust model
is built from a 1D heat dissipation equation, along a narrow
flux tube running from an up-stream mid-plane location down
to the divertor targets [13]. This model coincidentally repro-
duces a scaling proposed in [20], for the amount of impurities
needed to reach detachment.

3. The flight simulator Fenix

Fenix has been obtained by embedding the ASTRA trans-
port solver into Simulink-based PCSSP platform [21]. For
now it has been developed to perform kinetic/magnetic con-
trol on ASDEX Upgrade (AUG) Tokamak, and kinetic con-
trol on DEMO tokamak. A core part of the flight simulator
is the ‘Plasma Model’ (PM), which is the block that solves
for the plasma dynamics and the plasma state, given the
actuator commands (injected power, fueling, and coil cur-
rents). The PM in Fenix is the ASTRA code, coupled to the
SPIDER equilibrium solver. The reduced models used have
been described in the previous section. Both the plasma equi-
librium (Grad—Shafranov equation) and the evolution of the
coil currents are solved for in the SPIDER code [22], coupled
to ASTRA. In figure 3 the workflow elements are shown.
Notice that an ‘ICRH’ block, modeling heating from ion
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Figure 3. Detailed schematics on the Fenix workflow components. RABBIT [23] and TORBEAM [24] are coupled through external

libraries.
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Figure 4. Time traces of several quantities, comparing experimentally measured (black, ‘exp’) and simulated (red, ‘sim’). In order:
separatrix loop voltage Vioop, plasma current I, inner major radius Rinner, outer major radius Router, current centroid major radius R,
current centroid vertical position Z<;~, current flowing in the Colo active control coil Ico1o, current flowing in the upper stabilizing coil

IpsLo.

cyclotrion resonance frequency waves, is absent, as reduced
models for ICRF heating are not yet easily available.

4. Fenix for AUG

4.1. Sectioning a full-discharge simulation

In figure 4, the no-plasma to plasma transition (breakdown
phase) is zoomed in, taken from a full-discharge simulation
for discharge #36440. The breakdown is obtained at around
t~25 ms, while the first plasma equilibrium is computed at
t~50 ms when I, =100 kA. The limited — lower single

null (LSN) configuration transition is produced at 1~ (.35 s,
mainly driven by the coils that sit below the divertor targets.
While the controlled traces and some of the derived ones are
well matching the experimental measurements, one observes
big deviations in the control currents ‘Icolo’ and the passive
stabilizing loop current ‘Ipslo’ in the time range #<0.45 s.
This discrepancy is supposed to be coming from missing sta-
bilizing mechanisms arising from currents flowing on the open
field lines, which are not modelled. Clarifying this will be the
focus of a future work. In figures 5 and 6, two more sections of
the ramp-up/flat-top phases are shown. At 1~ 1.2 s, the con-
trol system starts to control the strike-points position, which
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the two strike points locations (inner and outer target), while red and magenta are respectively from the simulation (inner and outer target).
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Figure 6. Same as figure 5, but for the time interval 7 = [1.3,4] s. In order: net power absorbed by the power (black injected, red absorbed),
average electron density 7e avg, currents flowing in the poloidal field coils /p, strike points vertical positions Zsp. , plasma energy Wwmp,
central electron temperature 7, o, magnetic axis coordinates Rimag, Zmag-

appear then to be matching the experimental reconstruction. In
turn, this means one has to check the quality of the simulated
coil currents, which also match the experimental values rather
well. Before the strike-point control is initiated, there is a dis-
crepancy in the inner target (red vs black). Later this discrep-
ancy disappears because the strike points are controlled act-
ively (as such there could be a discrepancy on the coil currents
that control them, but this discrepancy is small). The reason for
the discrepancy in the early, non-controlled phase, maybe due
to the edge current profile not being fully realistic (because the
strike points depend strongly on the X-point structure which
is mostly determined by the edge current density). The L-H
transition happens at around ¢ = 1.5 s, after which the plasma is
in a stationary phase from the point of view of balance between
sources and sinks. A test radial sweep is performed in the range

3 <t <4 s, which shows that the simulations reproduces what
is done in the real experiment.

4.2. Effect of edge plasma current on control coils currents

The prediction of the coil current evolution when the strike-
points positions are controlled, relies on the shape of the
X-point region, that is the shape of the current layer close to
the separatrix. In turns, this means the physics of current evol-
ution in the pedestal region during the H-mode operation. In
figure 7, a case with full bootstrap current as obtained from
formulas [25] is compared with a case where the bootstrap cur-
rent is reduced, until the internal inductance /;5 is matched with
the experimental reconstruction. When the internal inductance
is matched, so are the coil currents. This shows that correct
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Figure 7. Time traces of PF coil currents (top—left), internal inductance (top-right), outer major radius (bottom—left), top vertical position
(bottom-right). In solid green: experimental estimates. In dashed red: case with full edge bootstrap current. In dashed black: case with

reduced edge bootstrap current.

prediction of the physics of the edge current layer is funda-
mental to predict the coil currents evolution. The fact that the
bootstrap current has to be reduced, is consistent with the pres-
ence of strong ELMy activity. In future work, a more predict-
ive model for this effect should be produced.

4.3. Modeling fueling and density evolution

In figure 8, the focus is on the evolution of the plasma dens-
ity, both in the core and in the SOL/divertor regions. Since
the core plasma density is a control quantity, the control sys-
tem will deliver as output command for the gas puff (divertor
valve for D). The results show that the predicted gas puff in
p/s is matching the experimental value in trend and in mag-
nitude (with discrepancy arising from not-yet-fully calibrated
model constants). The trend, which shows that separatrix dens-
ity scales roughly as gas puff to power 1/3, is consistent with
results from [26]. The simulation also predicts neutral density
at plasma separatrix, which is in the order of 2-3 105 m—3,
and ratio of divertor to SOL density, simulated in the order of
~ 30, again consistent with estimates presented in [26].

4.4. Modeling a discharge with complex shape evolution

Finally, the simulation of a discharge where several shape/
mode transitions occurred, is presented in this sub-section.
Discharge #36026 has been the first trial in AUG to push
the plasma shape towards negative triangularity, particularly
by playing with the upper triangularity. The results of the
Fenix simulation for this discharge are shown in figure 9,
where several time traces are shown, comparing model and
experiment. It can be seen that Fenix reproduces with good
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Figure 8. Time traces of gas puff (top—left), simulated density
(top-right), simulated neutral density (bottom-left), and simulated
density outside of the plasma (bottom-right).

accuracy many features of the experiment, except for the late
surge in plasma density (at around #~ 5.5 s, where the sim-
ulation instead predicts a drop in density. On the other hand,
the plasma energy evolution is well captured. The sequence
of equilibria observed during the discharge evolution are pic-
tured in figure 10, plotting several time slices. While the agree-
ment between simulated and reconstructed equilibria is very
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Figure 9. Time traces of a simulated negative triangularity discharge (#36026). In the 5th panel, the blue and magenta lines are
respectively experimental and simulated data for the innermost major radius point of the plasma.

good up to 3 s, it is observed that the simulation predicts
an outer limited plasma, while the experimental reconstruc-
tion displays an inner limited plasma. The origin of this dis-
crepancy is not known yet. Both phases where the discrep-
ancy is observed are in H-mode (in the simulation as in the
experiment). So, despite having similar energy, the simula-
tion and the experiment show completely different behavior.
One possibility could be the shape of the profiles, which have
a great influence on the equilibrium especially in H-mode
(at higher—beta, profiles influence equilibrium more than at
low—beta).

5. Fenix for EU-DEMO

In this section, one example of modeling using the Fenix flight
simulator for EU-DEMO is presented.

5.1. Effect of pellet fueling on EU-DEMO plasma stability

One of the key results obtained using Fenix for EU-DEMO
has been to show the sensitivity of the scenario to a whole
zoology of perturbations, either intrinsic to the plasma (trans-
port, MHD, mode transitions), or coming from the outside (e.g.
loss of auxiliary heating, failure of the pellet system). One such
case is displayed in figure 11, where the focus is on the real-
ism of the pellet injector system. As it is known, every now and
then a pellet is missed from delivery due to various technical
and physical causes. As such, pellet success rate of injection
cannot be 100%. In the simulation presented, success rate is
assumed to be 90%, which is in line with present technological
capabilities. The simulation shows that the plasma undergoes
long-time scale fusion power oscillations, which are precisely
induced by a pellet missed.

It is also found that missing a pellet will have an effect on
the SOL/divertor region, because of the variation in density,
and the outgoing particle/heat wave from the plasma into the
SOL region. This in turn will force the control system to react
with a sudden puff of Ar to maintain detachment and diver-
tor protection at all times. Doing this work, it is found that a
feedforward (FF) Ar injection strategy (e.g. injecting constant
Ar puff such as to cushion out all perturbations) is better than
relying on a feedback (FB) strategy (Ar puffed correlating with
some control parameters). This is shown in figure 12, where a
comparison is made between FF and FB strategies.

The reason why the FF strategy is better is due to the con-
trol parameter itself. For detachment, several candidates could
be considered. However, none of them is sufficiently reli-
able. For example: electron temperature in front of the diver-
tor, which is extremely non-linearly dependent on the local
impurity content, radiation characteristics, and fueling. Spe-
cifically, as observed in present experiments, it is not yet clear
how to identify detachment or attachment based on some con-
tinous change in a parameter, which is smooth enough to be
able to control it. Although recently focus has been put on the
X-point radiator being a good proxy for SOL/divertor cooling,
development is still needed before a robust control scheme for
detachment can be developed and ported to DEMO. That is
why we now prefer to stick to a FF strategy, which has the
advantage of being less reliant on the actual physics mechan-
isms and their non-linearities.

In the framework of the EU-DEMO development at
EUROFusion, this tool is going to be used more systematic-
ally to design actuators and sensors including the most realistic
behavior possible.

It is also worth noting that a similar work was conducted
for ITER in [27], where it was found that pellet injection has
a direct impact on the SOL/divertor attached/detached state



Plasma Phys. Control. Fusion 64 (2022) 044002 E Fable et al

t=1.492s
1.5 1 150 ‘ m
1) 1)
0.5 ] 0.5} ]
E o E o
N N
-0.5 -0.5
-1t -}
-1.5] LN -1.5}, ‘ ‘ ‘ ‘ [ B |
0.5 3 35 0.5 1 15 2 2.5 3 3.5
15[ I 15 '
1r 1
0.5 ] 0.5/ ]
E o E o
N N
-0.5 -0.5
-1r -1
-1.5 LN I -1.5; LN |
0.5 3 35 0.5 3 3.5
t=5.991s
. : : ‘ : P
1 L
0.5} ]
E o
N
-0.5
=1
-1.5] L I
0.5 3 3.5
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dynamics, due to the intermittent heat waves caused by each
pellet via the convective flux term in the energy continuity
equation. This could be another motivating factor in estab-
lishing a more robust detachment control scheme which can
cushion out all these intermittent perturbations.

6. Conclusions

In this work, the flight simulator Fenix is presented, focus-
ing on the physics models and results that display some of
the possible physics applications on ASDEX Upgrade and
EU-DEMO.

For AUG: Fenix has so far been used to test some of the
physics models, the interaction of the control system with the
plasma, and the behavior of the full system. It is planned in
the near future to start to use it routinely in the control room
and for full-discharge prediction, validation of reduced phys-
ics models, and development of better physics and control
models (actuators and synthetic diagnostics).

For EU-DEMO: it is shown that kinetic control using real-
istic actuator behavior (e.g. the pellet injector) can be optim-
ized to avoid unwanted oscillations in the fusion power or loss
of detachment due to density perturbations.

These are just a few examples of the many applications of
the Fenix flight simulator.
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