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Abstract

This paper presents a first implementation of DEMO tokamak [1] configuration including CREATE magnetic
controllers in the Fenix flight simulator environment. Fenix is based on the 1-D transport code ASTRA [2]
[3], coupled with the 2-D equilibrium solver SPIDER [4]. Following the successful demonstration on ASDEX
Upgrade [5], it was clear that this environment could be fruitfully used to simulate DEMO scenarios including
both magnetic and kinetic control strategies. In order to design magnetic controllers, first a systematic
validation of the plasma linearized dynamic response has been successfully carried out. This dynamic
response has been used to design and tune a first version of magnetic controllers including vertical stability,
plasma shape and plasma current control. Simulations of both the plasma flat-top phase including H to L
transition, and of the ramp-up phase are presented to show the effectiveness of the proposed simulator and
of the magnetic control solution.
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1. Introduction

The challenges of future large tokamaks opera-
tion, implying also increased time and cost of ex-
periments, makes attractive the development of a
a so-called flight simulator which can simulate the
entire pulse with a good compromise between re-
alism and computational time. This kind of tool
plays an important role during the tokamak design
phase to run a high number of alternative scenar-
ios in a short time, but also during operation for
control design purposes to validate algorithms de-
signed on simple models and to support waveform
generation and controller tuning. Few codes have
been developed in this area, comprehensive of equi-
librium solver, transport simulation modules, and
eventually magnetic and kinectic controllers to fully
simulate the behavior of a plasma discharge. The
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presence of a magnetic closed loop control is a key
factor to manage instability and equilibrium during
simulation.

In [6] the coupling of DINA equilibrium solver
with CRONOS transport code for the simulation
of ITER discharges was studied; in [7] a more ad-
vanced integration between DINA and JINTRAC
[8] is documented with the aim of optimizing the
ITER 15 MA DT baseline scenario; in [9] the cou-
pling of JINTRAC and CREATE-NL is proposed
for different ITER scenario simulations. Other ex-
amples are CORSICA [10] used to design and simu-
late ITER scenarios with a light transport module,
the DINA model of TCV based on DINA-CH [11]
and the Tore Supra GMFS flight simulator [12].

Fenix flight simulator [13] was developed at IPP
for ASDEX Upgrade and implemented on the ITER
Plasma Control System Simulation Platform (PC-
SSP) [14] to support the pulse design and the
closed loop control tuning. Fenix is built connect-
ing the plasma/tokamak simulator in the form of S-
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function with a set of other Simulink blocks imple-
menting the control system algorithms and actuator
models. A simplified model of the plasma/tokamak
reduced in complexity and less time consuming,
compared to other models, is used in Fenix because
sufficiently representative of the most important
plasma dynamics and non-linearities e.g MHD lim-
its, plasma transport, confinement transitions, in-
teractions between plasma regions with closed and
open field lines, as well as heating and fueling actua-
tors physics. This allows to test and verify multiple
scenarios and controllers within a reasonable time
frame.
This paper presents the first steps toward an im-

plementation of the DEMO model in Fenix, a pre-
liminary cross-validation of the plasma linearized
dynamic response used for control design purposes,
and the design and testing of magnetic control laws.

2. Magnetic Control System Architecture

An important step toward the dynamic simula-
tion of plasma scenarios is the definition of magnetic
control laws. In fact, in the absence of this closed
loop control action, elongated plasma are vertically
unstable and the plasma boundary displacements
have a deep impact also on transport and kinetic
aspects of the simulation. DEMO magnetic control
scheme, adopted for the first simulations described
in this paper, is an ITER-like controller based on a
lower level current controller in the so called Cur-
rent Control Mode.

In this kind of control mode, shape and plasma
current controllers exploit currents flowing in the
PF circuits (see Figure 1) as actuators. The
adopted magnetic control architecture consists of
the following components.
Vertical Stabilization Controller (VSC). This con-
trol algorithm stabilizes the plasma unstable mode
using a dedicated in-vessel circuit available in the
actual DEMO configuration. Assuming a linear
feedback of the current in the in-vessel coils and
of the vertical speed of the plasma centroid, control
gains are obtained by solving a constrained opti-
mization problem on a time interval with a duration
of 1 s. The optimization cost function used in the
optimization is a quadratic weighted combination
of the vertical speed of the plasma centroid, and of
the voltage control effort in the presence of an ini-
tial vertical displacement on the unstable mode of
10 cm. Constraints on the maximum voltage avail-
able (3kV ) were imposed.

PF Current Controller (PFCC). This control action
tracks the reference currents in the superconduct-
ing PF circuits. Reference currents are the sum
of the scenario nominal currents and the feedback
corrections received from the plasma current and
shape controllers. The design of the PFCC consists
in a multiple input - multiple ouput state feedback,
whose gain is obtained with a trial and error proce-
dure based on a Linear Quadratic Regulator (LQR)
approach setting the closed-loop settling time to
about 1 s.

Plasma Current Controller (PCC) is a
Proportional-Integral (PI) single input - sin-
gle output controller tracking the plasma current
reference by generating a current request to the
PFCC. The reference currents generated by the
PCC are a modulation of a predefined pattern
called transformer current pattern optimized to
control plasma current while minimizing the effect
on plasma shape.

Plasma Shape Controller (SC). Plasma shape can
be described using a finite number of distances
between the plasma boundary and the first wall,
named gaps. The SC tracks the plasma boundary
by controlling to zero the error between the recon-
structed gaps and the corresponding reference gaps
with a multiple input - multiple output PI action.
Two artificial gaps are defined to control the posi-
tion of the strike points. Similarly to the plasma
current control loop, this block generates an ad-
ditional request to the PFCC. Gains are designed
adopting an XSC-like approach described in [15].

3. Plasma Linear Dynamic Response Valida-
tion and Basic Controller Design

Magnetic control laws are tuned using plasma
linearized models obtained via the CREATE-L
[16] code. To assure the effectiveness of this
model-based approach, a dynamic response valida-
tion was first carried out, comparing the ASTRA-
SPIDER non-linear code simulation results with the
CREATE-L linearized model results (with a simu-
lation time step of 2.5 ms).

The validation approach was set in a virtual anal-
ogy to the commissioning of the control oriented
simplified models with real experiments. In such a
perspective, the first comparison was done driving
the coils with voltage waveform and comparing the
”measured” currents and magnetic sensors output
with the simulation results.
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Figure 1: Simplified schematic view of the magnetic control architecture.

Figure 2 shows the CS3U voltage waveform used
to drive one of the simulations without plasma. In
Figure 3 the comparison of the numerical results
obtained with ASTRA/SPIDER and CREATE-L
model are shown. These are in good agreement.

After these simulation without plasma, a flat top
equilibrium was obtained both in CREATE-L and
in ASTRA-SPIDER and the first step was to com-
pare the plasma vertical unstable mode. In fact, to
make further comparisons (i.e. in the presence of
shape and/or plasma current variations) a vertical
stabilization is needed.

A 5 cm Vertical Displacement Event (VDE), i.e.
displacement of the vertical plasma centroid posi-
tion on the unstable mode, is then considered. In
Figure 4, the results of a simulation in the absence
of VS control action is shown. It appears that the
two growth rates predicted by ASTRA/SPIDER
and CREATE-L are very similar. The main source
of difference at the beginning is the transient in-
duced by the fact that Fenix is not perfectly in
equilibrium at the initial time. Then plasma shape
modifies (e.g. elongation decreases and plasma gets
closer to the passive structures) and the amplitude
of the growth rate in the nonlinear simulation re-
duces accordingly.

Figure 5 shows the result of a simulation with
the designed VS system active. The settling time
of the vertical speed predicted by the two codes
is very similar. The main difference is due to the
fact that the CREATE-L simulation is driven by
an initial displacement of the state on the unsta-
ble mode, while ASTRA/SPIDER, like in an ex-
periment, was excited with a kick on VS3 circuit

implying the same displacement amplitude.

The proof of validity of the linearized model is
however the fact that VS controller design on this
model robustly stabilize the nonlinear plasma with
the desired closed loop time constant.

An extensive campaign of simulations to validate
the linearized model on the shape and plasma cur-
rent response was then carried out with satisfactory
results. The proof of this is the success of the shape
and plasma current control design discussed in the
next section.
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Figure 2: Voltage waveform applied to the different circuits
for the validation of the vacuum model.

4. Numerical Results

To prove performance of the proposed con-
trollers including plasma current and shape, in
some of the most challenging scenario phases, two
ASTRA-SPIDER simulations starting from a ref-
erence plasma with Ipl ≈ 19MA, li3 ≈ 0.8 and
βpol ≈ 1.4 are presented:
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Figure 3: Results of a simulation obtained driving CS3U
circuit with voltage waveform shown in Figure 2. Active
currents, passive currents, fields and fluxes are in good agree-
ment between ASTRA-SPIDER (red line) and CREATE-L
(blue line)

Figure 4: Comparison of the exponential unstable vertical
dynamics obtained with the CREATE-L linearized model
and a nonlinear simulation with ASTRA-SPIDER

• Simulation #1: plasma transition from a
high confinement regime to a low confinement
regime (H to L transition) [17].

• Simulation #2: ramp-up phase in which the
plasma volume and current increase to the ref-

Figure 5: Comparison of the plasma centroid vertical po-
sition time trace following a vertical displacement of 5 cm
with CREATE-L linear model and ASTRA-SPIDER in the
presence of a VS control action

erence values.

4.1. Simulation #1 - H to L transition

This simulation is characterized by a halving of
poloidal beta with an exponential decay having a
time constant equal to 4 s at t = 20 s. The time
traces of the main quantities are reported in Fig-
ure 6 and Figure 7. Plasma current is controlled to
the initial value, plasma centroid evolution denotes
a stable behavior, while power supply voltages are
within the limits. The gaps variation shown in Fig-
ure 8 are acceptable considering that no plasma-
wall contact takes place. Strike points position re-
covery is slower than gap response but effective.

4.2. Simulation #2 - Ramp-up

This simulation includes the ramp-up segment in
plasma diverted configuration, L to H transition
and part of the flat top. Figure 9 shows plasma
shapes in correspondence of Ipl = 7.5 MA, Ipl = 15
MA and Ipl = 19.07 MA. The applied control ac-
tion is obtained with a linear interpolation of two
set of control gains tuned on the Ipl = 7.5 MA and
Ipl = 19.07 MA plasmas. Gains are interpolated
with the actual value of the plasma current.

The time traces of the main quantities are re-
ported in Figure 10, showing the capability of fol-
lowing the reference plasma current time trace, with
unsaturated power supply voltages, reported in Fig-
ure 11, and gaps error with respect to the reference
values becoming negligible at steady state (Figure
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Figure 6: H to L transition main plasma quantities time
traces

Figure 7: H to L transition power supply voltages time trace

Figure 8: H to L transition - gaps variation with respect to
the initial values

12). It is important to note that the gap γ2 is ini-
tially not controlled because it is ill defined due to
geometrical reasons.

Figure 9: Ramp-up sequence of plasma shapes

5. Conclusions

Plasma discharge simulation codes taking into ac-
count closed loop control actions are of paramount
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Figure 10: Ramp-up - plasma related quantities time traces
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Figure 11: Ramp-up - power supply voltages

Figure 12: Ramp-up - gaps tracking errors with respect to
the reference values

importance in the tokamak design phase to run a
high number of alternative scenarios in a short time.
During operations they are useful for control de-
sign purposes and to support waveform generation
and controller tuning. In view of further DEMO
scenario studies, Fenix flight simulator has been
equipped with CREATE magnetic control modules
that has shown good capabilities in controlling the
plasma. In fact, two challenging conditions as the
ramp-up and the H to L transition has been simu-
lated. Future work will be aimed at producing sim-
ulation of different scenarios also including plasma
limiter phases, and at obtaining a full integration
of plasma magnetic and kinetic control.

Acknowledgements

This work has been carried out within the frame-
work of the EUROfusion Consortium, funded by
the European Union via the Euratom Research
and Training Programme (Grant Agreement No
101052200 — EUROfusion). Views and opinions
expressed are however those of the author(s) only

and do not necessarily reflect those of the Euro-
pean Union or the European Commission. Neither
the European Union nor the European Commission
can be held responsible for them.

References
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ing, F. Köchl, T. Koskela, et al., JINTRAC: a system
of codes for integrated simulation of tokamak scenarios,
Plasma and Fusion research 9 (2014) 3403023–3403023.

[9] V. Parail, R. Albanese, R. Ambrosino, J.-F. Artaud,
K. Besseghir, M. Cavinato, G. Corrigan, J. Garcia,
L. Garzotti, Y. Gribov, F. Imbeaux, F. Koechl, C. La-
bate, J. Lister, X. Litaudon, A. Loarte, P. Maget,
M. Mattei, D. McDonald, J. Urban, Self-consistent sim-
ulation of plasma scenarios for ITER using a com-
bination of 1.5D transport codes and free-boundary
equilibrium codes, Nuclear Fusion 53 (10 2013).
doi:10.1088/0029-5515/53/11/113002.

[10] S. H. Kim, R. Bulmer, D. Campbell, T. Casper,
L. LoDestro, W. Meyer, L. Pearlstein, J. Snipes, COR-
SICA modelling of ITER hybrid operation scenarios,
Nuclear Fusion 56 (12) (2016) 126002.

[11] J. Lister, V. Dokouka, R. Khayrutdinov, V. Lukash,
B. Duval, J.-M. Moret, J.-F. Artaud, V. Baziuk,

6



M. Cavinato, Evolution of the DINA-CH tokamak full
discharge simulator, Fusion Engineering and Design 74
(2005) 633–637. doi:10.1016/j.fusengdes.2005.06.284.

[12] P. Moreau, S. Bremond, N. Ravenel, S. Mannori,
O. Barana, P. Pastor, F. Saint-Laurent, F. Im-
beaux, B. Guillerminet, P. Bayetti, Development
of a generic multipurpose tokamak plasma dis-
charge flight simulator, Fusion Engineering and De-
sign - FUSION ENG DES 86 (2011) 535–538.
doi:10.1016/j.fusengdes.2011.01.013.

[13] E. Fable, F. Janky, W. Treutterer, M. Englberger,
R. Schramm, M. Muraca, C. Angioni, O. Kudlacek,
E. Poli, M. Reich, M. Siccinio, G. Tardini, M. Wei-
land, C. Wu, H. Zohm, The modeling of a tokamak
plasma discharge, from first principles to a flight simu-
lator, Plasma Physics and Controlled Fusion (12 2021).
doi:10.1088/1361-6587/ac466b.

[14] M. Walker, G. Ambrosino, G. De Tommasi,
D. Humphreys, M. Mattei, G. Neu, C. Rapson,
G. Raupp, W. Treutterer, A. Welander, A. Winter,
The ITER plasma control system simulation plat-
form, Fusion Engineering and Design 96 (02 2015).
doi:10.1016/j.fusengdes.2015.01.009.

[15] M. Ariola, A. Pironti, The design of the eXtreme Shape
Controller for the JET tokamak, IEEE Control Systems
Magazine 25 (2005) 65–75.

[16] R. Albanese, F. Villone, The linearized CREATE-L
plasma response model for the control of current, posi-
tion and shape in tokamaks, Nuclear Fusion 38 (1998)
723. doi:10.1088/0029-5515/38/5/307.

[17] F. Wagner, G. Becker, K. Behringer, D. Campbell,
A. Eberhagen, W. Engelhardt, G. Fussmann, O. Gehre,
J. Gernhardt, G. v. Gierke, et al., Regime of improved
confinement and high beta in neutral-beam-heated di-
vertor discharges of the asdex tokamak, Physical Re-
view Letters 49 (19) (1982) 1408.

7


