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1 Introduction

A flight simulator for the COMPASS Upgrade tokamak[1, 2] is being developed at IPP-CAS.
It integrates reduced plasma models with machine-specific components like actuators and diag-
nostics to support control system development and discharge design. Fast computations allow
linear discharge simulations in 5—10 minutes.

A major challenge is developing the simulator without experimental data, requiring a flexible,
modular codebase to adapt to design changes. The simulator also helps assess planned dis-

charges and can accelerate early operations through real-time planning and testing.

2 Codes and workflow

The flight simulator under development is based on the MEQ code suite. It uses FBT[3] for
coil current design, LIUQE[4] for equilibrium reconstruction, and FGS/FGE[S5] for discharge
evolution. All are free-boundary equilibrium codes linking plasma equilibrium to external coil

currents. The workflow is shown in figure 1.
= |n development
== |mplemented

Actuators Limits and METIS profiles = External
Optimisation evolution

A 4

Equilibrium Design
(FIESTA,FBT)

f Actuators input
(Coil Voltage)

Feedback
Controllers

Plasma Scenario
References

Discharge Evolution Simulator
(FGE)

Measurements
Equilibrium Reconstruction and Stability | (Magnetics)

(LIUQE, EFIT)
Diagnostics Availability
and Accuracy

Figure 1: Flight Simulator Workflow. Blocks and connections highlighted in blue represent components yet to be
implemented; those in red are already implemented; and elements in green indicate external inputs (codes or data
currently maintained outside the flight simulator project).
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3 FBT and FIESTA comparison

The FBT code has been benchmarked against FIESTA[6], which is used to design coil currents
for COMPASS Upgrade. Both are free-boundary inverse solvers: by constraining points on the
last closed flux surface (LCES), pressure, 7"1" profiles, and global quantities (like 1,,, 3,, Wi, qa,
l1), they compute plasma equilibrium and required coil currents. The codes were compared for
L-mode (3100) and H-mode (24300) discharges. LCFS points for FBT come from interpolated
FIESTA results, with METIS[7] providing input profiles. In FBT, profiles can be scaled to
match [, and Wj,. FIESTA coil currents serve as initial guesses for FBT, as multiple coil sets
can sustain the same equilibrium. Results in figure 4 show excellent agreement for L-mode,
while H-mode displays some differences, likely due to grid resolution, LCFS detection, and

solver details.

FBT vs FIESTA for 3100,t=0.95s FBT vs FIESTA for 24300,t=0.95s

PFAL_PS || Fat
Prau_ps | [IEEFIESTA

PF3L_PS

TTT
Vign
LRRR\

eriy S

P PFAL_PS

PFAU_PS
PF3L_ps | |HE FaT

T
a
P
a
3>

051 T I FIESTA
PF3U_PS = m |:| PF3U_PS
PF2L_PS = :I\I s PF2L_PS
= \
= PF2U_PS = = A % PF2U_PS
£ - 3l E ofi! \',‘ ) h
N PFIL_PS - N 1 1% PFIL_PS
1) 5
PF1U_PS = ], : PF1U_PS
1
CSPSA| —— CS_PS4
= [
[a Sy = " / CS_PS3
Cs_PS2 = | 2= M Cs_PS2
1, (L ~
s PS1 - : y\‘ﬂgﬂ"'ﬁ.in ™ vy Cs_PS1

-20 -10 -20 -10 0 10 20
Coil current [kA] R[m] Coil current [kA]

o
o
=
wn
[0}

(a) (b)

Figure 2: FBT vs. FIESTA comparison. For L-mode shot 3100 (2a). Left: flux maps; right: coil current compari-
son. Same for H-mode shot 24300 (2b).

4 LIUQE reconstruction

The LIUQE code is tested for plasma reconstruction using the planned magnetic diagnostics in
COMPASS Upgrade. It uses simulated magnetic measurements from FBT, while the plasma
profiles are based on polynomial basis functions, differing from the FBT ones (taken from
METIS), due to the impossibility of reconstructing internal profiles using only external mea-
surements. Another key point is the absence of vessel measurements, as no design has been
finalized for COMPASS Upgrade. To circumvent this difficult, which result in many unknown
to reconstruct, an eigenmodes decomposition of the passive structures is applied. Figure 3

shows reconstructions with and without artificial passive conductor measurements, using 15
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and 50 eigenmodes. With 15 eigenmodes, the reconstruction closely matches FBT results; with

50, accuracy is lost due to too many unknowns.

LIUQE reconstruction for 24300,t=0.95s
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Figure 3: LIUQE Reconstruction for H-mode Shot 24300. From left to right: comparison of the p’ and TT’
(with T" = RBg) profiles obtained from FBT (METIS) and LIUQE (polynomial basis); LIUQE flux reconstruc-
tion using passive conductor measurements; reconstruction without measurements employing 15 eigenmodes; and
reconstruction with 50 eigenmodes.

5 Discharge simulation with FGE

The FGE code simulates discharge evolution and coupling with a controller. Its input are feed-
forward voltages from FBT, plasma profiles (currently polynomial), and an initial equilibrium
recalculated with FGS (its static version). An externally developed controller can update coil
voltages during the simulation. Controlled and uncontrolled plasma evolution after an initial
3, perturbation are compared in figure 4a. The controller can recover and maintain plasma po-
sition and coil currents to reference values, while the uncontrolled plasma disrupts Linear and
non-linear simulations give similar results for the controlled case, with linear runs being ~15
times faster. A full linear controlled discharge (figure 4b) demonstrates the codes’ ability to

simulate complete discharges, with a runtime of ~300s.

6 Conclusions

We presented the development and capabilities of the COMPASS Upgrade flight simulator,
integrating equilibrium design, reconstruction, and static and evolutive solvers. Benchmarking
between FIESTA and FBT shows good agreement, especially in L-mode with differences in
current tuning in H-mode. Plasma equilibrium reconstruction without vessel measurements is
possible using a reduced vessel representation. Finally, discharge evolution simulations with

controller coupling have been successfully implemented.
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FGE vs FGEI w/ and w/o controller for 24300
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FGEI discharge simulation for 24300
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Figure 4: FGE Simulations for H-mode Shot 24300. Left: Comparison of controlled vs. uncontrolled cases, and
linear vs. non-linear dynamics. Top to bottom: initial 3, perturbation, vertical displacement (with logarithmic
plot to highlight the disruption), and radial displacement. Right: Fully linear controlled discharge. Top to bottom:
evolution of plasma current (I,,), poloidal beta (3,), internal inductance (/;3) from METIS, vertical and radial
positions with references, and coil current deviations from references.
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