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Abstract. The goal of this work is to develop a simulater for the TCV tokamak
that self-consistently includes transport and equilibrium whilertaking the plant
control systems into account. To achieve this, we adapted #%he Fenix flight
simulator that was originally developed for ASDEX /Upgrade for use on TCV.
The MEQ-FGE free boundary equilibrium code that is widely used for TCV
analysis as well as the TCV magnetic controller were coupled to this framework.
In addition, a reduced transport model drawing inspiration from earlier RAPTOR
modelling for TCV was implemented. Applying this simulator to discharges in
the TCV database shows a good_agreement of both kinetic and magnetic results
with experimental measurements. In particular; it is illustrated how the shape
controller is expected to stabilise ‘discharges and it is found that details of the
kinetic profiles can be important for the shape and the stability of the equilibrium.
This work paves the waysto using Fenix for discharge preparation and validation
as well as controller development and validation for TCV.
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1. Introduction

As the next generation of high-power tokamaks is
under construction, preparing safe operation of these
machines becomes critical. Simulators of the tokamak
plant that take into account its control system are
vital tools to develop and validate both operational
scenarios and controllers. As such, it is important
to develop “flight simulators” and to validate them
on existing machines. Employing such simulators
on current machines will furthermore allow operators
to build up experience using them, to gauge their
accuracy, and to develop procedures for how and when
to use them. In addition, having such tools available
will already improve the efficiency of the operation of
these existing tokamaks. In this context, this work
has adapted the Fenix flight simulator [1, 2, 3] that
has originally been developed for the ASDEX Upgrade
tokamak for use on the TCV tokamak.

Next to Fenix, several other frameworks exist
that couple transport simulations with free boundary
magnetic equilibrium solvers and/or control algorithms
for discharge design and scenario validation. The
NEST (Nice Environement for Simulated Tokamak)
flight simulator has recently been developed around
the NICE equilibrium code [4] for the WEST tokamak
[5]. A similar framework which additionally used
the METIS code [6] for transport has also been
used to simulate the JT60-SA tokamak [7].. “These
tools are likewise foreseen to be used at ITER: At
the DIII-D tokamak, the FUSE framework is under
development, which also aims to have the capability
to simulate all these dynamics, next«to even more
extensive applications such as powerplant design,and
cost estimation [8]. Another framework combining
transport, equilibrium, and control i3> the, INSFsim
code [9]. This package, notably ainied t6\ be highly
compatible with machine learning téchniques, is based
on the DINA code that includes both equilibrium and
transport [10]. Also the COTSIM simulator, which
is highly focused on optimising, the profile kinetics of
discharges and on the development of controllers for it,
has been coupled to a free boundary equilibrium code
recently [11].

For the TCV tokamak, mainly the MEQ suite
of codes is used wfor equilibrium calculation [12].
The LIUQES equilibrium reconstruction code of this
suite [13] fhas been \coupled to the ASTRA [12,
14] and _recently also to RAPTOR [15] transport
codes for kinetie"equilibrium reconstruction (KER).
Furthermore, the inverse equilibrium solver FBT [13]
has been'eoupled to RAPTOR to achieve the capability
to take Kkinetic effects into account in equilibrium
preparation [16]. Finally, the evolutive free boundary
equilibrium variant FGE [12, 17] of MEQ has been
coupled to an emulator of the TCV magnetic control

Magnetic geometry

Yext
Equilibrium code
Current density

Plasma pressure

Transport code

Kinetic,profiles

Coil voltages Magnetic Gas puff

geometry Currentdensity | | Plasma heating

Coil currents )
Current drive

Tokamak control
system

Reference trajectories
Figure 1. Scheme showing building blocks of the Feniz flight
stmulator
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system [18].  Thiswlatter /coupling does not take
transport effects ite account yet (except for prescribed
trajectories of selected, quantities if desired). By
coupling the EGE code and the emulator of the TCV
magnetieicontrol system to the ASTRA-based Fenix
framework, we extend the existing TCV tools with
a true flight simulator. At this point, it is worth
notingythat, Fenix already had the SPIDER [19] and
FEQIS [20], free boundary equilibrium codes available.
Howgver, to fit in with the tools commonly used for
TCV,.it seemed judicious to additionally couple it to
FGE. On the other hand, the scope of Fenix is broader
than the existing FGE-magnetic controller coupling,
since it allows to simulate transport dynamics as well
as to include interactions with fueling and heating
actuators and kinetic control. At the moment, only
minimal features are implemented for the latter in
Fenix for TCV.

With the addition of Fenix, simulators integrating
transport and equilibrium are now available for the
main steps of discharge preparation and analysis
for TCV. As a first step for discharge preparation,
RAPTOR-FBT can be used to provide accurate coil
current, heating, and fueling reference trajectories.
Next, these references can be tested with controllers in
Fenix-FGE. After the discharge was executed, LIUQE-
based kinetic equilibrium reconstruction tools then
allow to accurately reconstruct the plasma state that
occured in the experiment.

The remainder of this paper is structured as
follows. Section 2 discusses the components of the
Fenix simulator for TCV and the different models
that are used. Section 3 shows the convergence
and benchmarking of the coupling between FGE and
ASTRA. Section 4 shows the application of the Fenix
flight simulator to various TCV discharges. Finally,
section 5 presents conclusions and suggestions for
future work.
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2. Overview of Fenix flight simulator codes

Figure 1 shows an overview of how the different parts
of the Fenix flight simulator are connected. The
central component is the transport code ASTRAS
[21, 22], which solves the transport of particles,
heat, and parallel current from the axis to the last
closed flux surface (LCFS). The transport model used
will be discussed in section 2.1. To solve these
transport equations, ASTRA needs information about
the magnetic geometry, which is provided by an
equilibrium code solving the Grad-Shafranov equation.
The main equilibrium code used in this work is the
free boundary evolutive equilibrium code FGE, that
is part of the MEQ suite of codes. Next to the
Grad-Shafranov equation, it also evolves the circuit
equations for the external conductors in time (for
active coils and passive conductors). To solve the
Grad-Shafranov equilibrium, information about the
pressure and plasma current distribution is required,
which is in turn obtained from ASTRA. The coupling
scheme implemented between ASTRA and FGE is
discussed in detail in section 2.2. The third component
of the flight simulator is an emulator of the tokamak
control system. The controller receives input about
the state of the plasma and responds by sending ecoil
voltages to the active coils to control the plasma
equilibrium and by sending commands to the heating
and fuelling actuators. The implementation of the
TCV control system in Fenix is briefly discussed in
section 2.3. This framework includes a transport code;
an equilibrium code, and the controller, enabling self-
consistent simulation of the tokamak plant. The only
external inputs to this simulator are the reference
trajectories (e.g.  position of the magneti¢) axis,
feedforward coil currents, prescribed atﬁliary heating
power per actuator) that the comtroller is‘ordered to
track. Table 1 summarises the ‘main models used in
the different components of the Fenix'flight simulator
for TCV.

In terms code infrastructure, on the highest level
Fenix is implemented 'as a Matlab-Simulink model.
Within this Simulink model, ASTRA (Fortran90),
FGE (octave-compatible Matlab), and the emulator of
the controller (Matlab) are‘eachwwrapped inside their
own Simulink block:

2.1. ASTRA transport model

The amsatz of transport codes like ASTRA is that
fast parallel transport along closed magnetic field
lines equilibrates most plasma quantities of interest
along magnetic flux surfaces. As such, a flux-surface-
averaged description is adopted in which plasma
quantities vary only across flux surfaces. The main
quantities which are solved for in ASTRA are the flux

surface averaged density n, and temperature T, of
charged species «, and the poloidal flux 4/. They are
solved in time on a 1D radial grid from the magnetic
axis to the LCFS according to the following equations:
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In these equations, (.) represents the flux surface
averaging operator, By is the magnetic field at a fixed
referénce location Ry, p = 1/¢/(wBy) the normalised
toroidal fluxgradius, V'’ is shorthand notation for
AV /dp with V (p) the volume enclosed within a flux
surface, G1 = ((Vp)?), Ga = V'((Vp/R)?)/(4n?)
with R being the major radius coordinate. C,
Dgs Xo, Sa, and P, are respectively the the pinch
veloeity, particle diffusion coefficient, heat diffusion
coeflicient, volumetric particle source, and volumetric
power source of species . 77 is the plasma resisitivity,
T the parallel current flux function, j; = (j - B)/Bo
the parallel current density, jps = (jps - B)/Bo
the bootstrap current density, and jop = (ep -
B)/By the current density by external current drive
sources. In equations 1-3, cross-channel drives for the
transport (e.g. density gradients driving heat fluxes
or temperature gradients driving particle fluxes) and
convective heat fluxes (heat transport by convection
with the particle flux) have been neglected as a
modelling assumption. In general, ASTRA does have
the capability to include these effects though. In
this study, boundary condition values for n., T,
T; at the LCFS are imposed based on experimental
data. Alternatively, options to set these values using
simplified SOL models are also available in ASTRA
[24, 25].

In the ASTRA model used in this work, it is
assumed only deuterium (main ion species) and carbon
(sputtered impurity from the wall) are present. Both
ion species are lumped into a single “effective ion
species” with an effective charge Z.;y = (np +
ncZ%)/(np + Zcne), where np is the deuterium
density, nc the carbon density, and Z¢ the charge state
of carbon. Assuming quasi-neutrality, the densities of
electrons, deuterium, and carbon are related by factors
which depend solely on Z¢ and Z.¢s. In this study,

) _ VI5/3Pa
i 9 (V' [(Vp\?
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Table 1. Summary of the reduced Fenix model used for TCV

transport ASTRAS code
equations solved Ney Ny Loy Ty Ty ¥
current transport neoclassical conductivity, bootstrap, sawtooth
heat and particle transport Ad hoc model inspired by Ref. [23]
NBI internal ASTRA model
EC Ad hoc gaussian deposition
radiation Bremsstrahlung, synchrotron, carbon radiation
Boundary conditions imposed ne, T, T;, T,, on' LCFS
Pezt on LCFS from FGE
imposed neutral flux crossing LCFS from controller
equilibrium FGE free-boundary code (from MEQ suite)
control system | magnetic control emulation of TCVohybrid + shape controller
kinetic control ad hoc density control threugh neutral flux
feedforward/ referencertrajectories for heating

the continuity equation 1 is solved for the electron
density, and the other two densities follow by assuming
Zess = 1.5 uniform in space and constant in time. In
addition, energy equations are solved for the electrons
and this effective ion species according to equation
2. The poloidal flux equation 3 is also solved. In
this equation, the resistivity and bootstrap current are
calculated based on the neoclassical expressions in Ref.
[26]. We remark that an alternative ASTRA model in
which deuterium and carbon are modelledras separate
species is also available. In this case, n. and Z.ys
follow from the transport dynamics| of both ‘species
and quasi-neutrality. The formulation.in which Z. ¢
is imposed is found to be easier to v;:ﬁ( with in the
testing phase and to tune the model{parameters. The
source terms S., P., P;, gcpr on the right hand side
of the ASTRA equations 1-3 take contributions from
ionisation (particle source);Ohmie heating, radiation
(Bremsstrahlung, synchrotron radiation, and carbon
line radiation), collisibnal ion-electron heat exchange,
NBI (particle and_heat source/and external current
drive), and EC /electron heat source and external
current drive). The iénisation source is calculated by
an internal 1lD=kinetic solver in ASTRA, assuming
a prescribed flux of . neutral deuterium crossing the
LCFS. In 'Fenix, an ad hoc density controller is
implemented  to, follow the average density trace by
setting this neutral flux. The NBI deposition is
also calculated by an internal ASTRA module [27],
while simple Gaussian sources are used for the EC.
For the external heating, feedforward time traces are
preprogrammed, since no feedback controllers have
been implemented for this part yet.

The modeél for the transport coefficients (D, xe,
Xi) in the particle and heat transport terms in 1 and
2 are inspired by the model used in the RAPTOR
transport code in Ref. [28]. While the same model
strueture (written as a generic x) is used for all three
coeflicients, the parameters in the specific formulas
may vary. This model structure is composed of three
contributions:

X = XST + Xcore + Xedge- (4)

Each of these contributions is applied in a specific zone,
with the transition between the different transport
coefficients in the different zones being smoothed by
functions as in Ref. [29]. The particle and heat
transport due to the sawtooth instability ysr is
modelled by setting the diffusivity inside the ¢ =
1 radius to a very large value, which effectively
flattens the profiles within this radius. Thus,
individual sawtooth crashes are not modelled, but
their average impact is. For the current diffusion
equation, sawtooth oscillations are modelled by setting
a constant conductivity equal to the value at ¢ = 1
inside the ¢ = 1 radius, which flattens the Ohmic
contribution to the current density in this region. Next,
in the region between the ¢ = 1 radius and the edge
region chosen to start at p = 0.8, the transport is
modelled as

Xcore = CanoﬁqT(io + Xneo- (5)

In this ad hoc transport scaling taken from Ref.
[28], the first term represents the anomalous turbulent
transport, while the second term represents a
neoclassical contribution set to be much smaller. In
this expression, Cypno and 6 are free parameters, T¢ o
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is the maximum value of electron temperature (over
the radius), p = p/pp is the normalised toroidal flux
coordinate with p, the value of p at the boundary.
Finally, in the edge region, chosen as p > 0.8, the
same formula of the core (expression 5) is used, but
it is scaled by a factor Cegge

(6)
The values of the coefficients xs1, Canos Xneo, ¢, and
Cedge that are used in this work are shown in table 2.
These values were empirically tuned to get a reasonable
match for around 10 Ohmic and NBI-heated TCV
plasmas. Only a single H-mode discharge was included.
While the resulting profiles are generally found to be
relatively insensitive to the exact values of the model
parameters, it would be worthwhile to develop a formal
procedure to optimise these parameters over a larger
database.

In order to determine whether the shot is in L-
mode or in H-mode, and thus which value of Cegge
to apply, we check if the ion heat flux crossing the
separatrix (@);p is larger than a limit value. In
particular, we consider the discharge to be in H-mode
at time ¢t if

1 t

TLH

Xedge = CedgeXcore .

Qi’bdt > CLHﬁ2'72B8'8S¢,

t—TrLH

(7)

where 71, is the volume averaged density (in 101%/m3),
Ss the toroidal surface area of the LCES, Cpgya
constant, and 77y a small integration time te avoid
spurious oscillations which we set to _0.01s. This ad
hoc scaling law was inspired by Refs.n.[30, 31]. It
uses the exponents on the density and.thesmagnetic
field strength from Ref. [30], but incorporates the idea
from Ref. [31] that the ion heat flux density (Qin/54)
is likely to be the crucial factor dfivingsthe. transition
instead of the total loss power./ Thefcoefficient Cr gy
was empirically set to 0.004. © \Together with the
assumptions on the NBI ‘absorptionineASTRA, this
allows to match the L-H %ramsition timing for TCV
discharge 73927 (see sectiond.l), »which is the only
H-mode discharge studied so far. To increase the
predictive capability for the L-H transition, models as
proposed in Ref. 4[16] might-be implemented in the
future.

The pinch velocity for the electrons C. in equation
1 is just taken as the neoclassical Ware pinch velocity
[32]. If the particlehsource penetration in the core
is small enough, the density peaking at steady state
is roughly  determined by the particle convection to
diffusion ratio ©,/D.. Hence, to get realistic density
profiles, we effectively set the free model parameters in
such a way that we get the right C./D, ratio (despite
notyexplicitly including the turbulent contribution to
the pinch wvelocity). In addition, we adjust the gas puff
source of electrons such that we reach the intended

total amount of electrons in the plasma regardless of
the magnitude of D, and C..

In the remainder of this paper,«the,transport
model as described just before will be used, with
the coefficients that have been reported here,) unless
mentioned otherwise.

2.2. ASTRA-FGE coupling

The typical challenge when coupling an equilibrium
code and a transport code is to ensure that the poloidal
flux profile ¥(p) conyerges between both parts which
each have a separate intermal representation of it.
In this work, a coupling scheme has been devised
between ASTRA, and FGE( that makes the internal
solutions converge to, the same value by exchanging
the quantities listed in table 3. Note that ¢(p) is not
transferred explicitly, /but should instead converge as
a result/ of the other quantities being exchanged. It
should 'also be remarked that a constant offset will
remain between the poloidal flux in both codes, but
this hasyno physical significance. I.e. the reference
value ©f the Poloidal flux can be freely chosen, only
variations in time and gradients in space matter.
Asymentioned in the introduction already, solving
the transport equations in ASTRA requires informa-
tiomhabout the magnetic field strength and the geome-
try, which are provided by the FGE equilibrium. De-
tails of the exchanged quantities are given in table 3.
Furthermore, Appendix A presents approximations for
the asymptotic values that some of the geometric quan-
tities reach on the axis and on a diverted separatrix.
In addition, FGE also supplies the boundary
condition at the separatrix for the poloidal magnetic
flux equation 3 in ASTRA. However, imposing directly
the poloidal flux at the boundary would lead to
a numerical instability in the coupling between the
equilibrium and the transport [10, 20]. To get around
this, we write the total poloidal flux as the sum of
a contribution from the external conductors and a
contribution from the plasma current [33].

Lea:t-[p + ¢b = ¢ewta

2%

 Am2pg Op

In these equations, I, is the total plasma current,
is the total poloidal flux at the separatrix, ®e.; is
the poloidal flux at the separatrix due to the external
conductors alone, and pg is the vacuum permeability.
With ©ezt, Lert, and the geometric factors in equation
9 provided from FGE, equations 8 and 9 together define
a mixed boundary condition for the poloidal flux in
ASTRA. This formulation of the boundary condition
is stable [10, 20].

(8)

i (9)

ap

P

b
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Table 2. Summary of the free parameters used in the Fenix transport model, tuned on TCV discharges

x5r(m?/5) | Canol=] | Xneolm?/5] | 01=] | Ceagel—]
Xe = Xi L-mode | 40 1.5 0.02 1.2 | 1.0
H-mode | 40 1.5 0.02 1.2 |02
D, L-mode | 4 0.15 0.002 1.2 |10
H-mode | 4 0.15 0.002 1.2 | 0.05

Note that while ., varies along the boundary,
equation 8 holds for each point on the boundary. To be
robust against numerical errors, we calculate 1.,; and
L., as an average over the N points on the separatrix
in the FGE equilibrium:

N
1
ext — X7 Mc ini Icv 1
Veat N; (Ri, Z) (10)
1 N
Lemt = m;Mp(Rlvzl)Ip (11)

In these equations, M.(R;, Z;) is the inductance matrix
between the conductor currents (coils and vessel) I,
and the points (R;, Z;) along the LCFS, M,(R;, Z;) is
the inductance matrix between the current distribution
in the plasma I,, and the points (R;,Z;) along the
LCFS.

So, in this set-up, the total plasma current I, is
a result of the current diffusion dynamics in ASTRA,
which are (to a large extent) driven by the poloidal flux
at the boundary caused by the central solenoid and
the other conductors as calculated in EGE. In turn,
the controller actuates these coils in order torachieve a
desired plasma current.

Next, we consider the inputs that EGE takes from
ASTRA. To calculate the equlhbrlumy(R Z), FGE
requires the basis functions p'= T’Z and TT' = T‘g—i to
solve the Grad-Shafranov equation{34, 35]

A*tp= —2mpugR%j - V¢ = —4r? (u RQ— + T )12

2
sonf (Lo o 5
OR \ ROR 072
where R and Z are the radial'and vertical coordinates
of a cylindrical ecoordinate system, ¢ is the toroidal
angle, j is the current density, p is the pressure, and
T is the current flux function. While FGE takes
as inputs strictly p’¢and T7T’, the scheme developed
here uses g/, the flux/surface averaged toroidal current
density js (defined as j, = Ro(j - V()), and the
total plasma ctrrent I, from ASTRA to have a more
accurate representation of the current density on the
grid used in ' FGE. To ensure that the effect of artifacts
in the,interpolation and possible differences in the
equilibrium between ASTRA and FGE (during the
convergence process for example) have minimal impact,

it has been found beneficial to maintain the j4 profile
as close as possible to the ASTRA input. To achieve
this, p’ and j, are firstyinterpolated from the ASTRA
p-grid to the FGE -grid usingithe v(p) mapping from
the last available FGEime step as:

. A P(p .
P, Jo(P)asTRA (pEGEp/J(b(qp)FGE- (14)

Then, the rélation between j - V(, p’ and TT’ (second
equality of.equation 12) is flux surface averaged and
used tofecompute TT”

’ Ho Jo /
7 i (o 7). "
The géometrid factor (1/R?) is taken from the previous
FGE time step. = We remark that employing jg
specifically works better than an analogous approach
for j;. This is very probably related to the additional
dependence of jj| on T itself (next to the dependence
on p” and T'T") that is not there for j, (see for example
[36]). Finally, during the next FGE time step, I,
coming from ASTRA is used as a constraint to rescale
the p’ and T'T" profiles. The rescaling factor is found

to be very close to 1 as expected, see figure 2 in section
3.1.

Having discussed the quantities being exchanged,
we now explain the iteration scheme between both
codes. A simple time-stepping approach is followed, in
which ASTRA and FGE run iteratively one after the
other, always taking the latest available output from
one another. Both codes run with the same time step
At, which is chosen to be the time step of the TCV
magnetic controller At = 0.1ms [37]. Hence, it can be
imagined that both codes run on staggered time grids
that are shifted by At/2 with respect to each other. In
the middle of the cycle, the iteration scheme looks as
follows:

e FGE runs for [ty — At, tg], based on ASTRA basis
functions at time o — At/2

e ASTRA runs for [ty — At/2,to + At/2], based on
FGE geometry at time ¢

e FGE runs for [tg, to + At] based on ASTRA basis
functions at time to + At/2

e ctc.

To initialise this iteration scheme, a two-step approach
is followed. During a first short period (0.03s), ASTRA

Page 6 of 19
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is run on an initial MEQ equilibrium that is kept
constant to allow the first ASTRA transients to settle.
(A very basic artificial controller inside ASTRA makes
sure the plasma current stays at the appropriate level
during this period when there is no input for tes:.)
Then, the previously described iteration scheme is
started, but during a second short period (0.02s), the
profiles coming from ASTRA are relaxed in time before
going into the FGE equilibrium. The goal of this is to
facilitate a smooth convergence process between both
codes. After these 0.05s, profiles and geometry are
exchanged without further relaxation.

When run at the controller frequency of 0.1ms,
this scheme works well and the solutions of ASTRA
and FGE converge quickly. Note that after the
initialisation phase, no more convergence iterations are
needed between ASTRA and FGE, i.e. to advance the
simulation in time by At just one call to ASTRA and
one call to FGE are needed, making this scheme very
fast.

2.3. TCV controller

In order to realistically model the evolution of the
free boundary equilibrium described in the previous
section, Fenix has been coupled with an emulator of
the TCV magnetic control system [18]. The standard
TCV controller, called “hybrid” controller for historical
reasons, controls the radial and vertical positiom,of the
plasma and the total plasma current in feedback (RZIp
control), while the plasma shaping is done through the
feedforward trajectories programmed for the poloidal
field coils [37]. Recently, a shape controller has been
developed for TCV which also controls the separatrix
shape in feedback [18]. It featuressan additional
feedback loop around the hybrid ¢ontroller which sends
RZIp and poloidal field coils reférences to the latter in
order to achieve the desired/shape. Both the hybrid
controller and the shape controller are implemented in
the emulator coupled to Fenix.

As mentioned in (section 2.1, only feedforward
traces traces for NBI and EC heating and current drive
are considered for.mow, whiledan ad hoc controller
is implemented on the' gas puff to track the desired
electron content of the plasma.

For now,smo specific/observers are implemented
and the controllers receive perfect information about
the plasma'state. In|particular, the hybrid controller
receivessmagnetic._probe and flux loop measurements
without any noise added, while the shape controller
additionally receives the exact equilibrium state and
not the state from magnetic equilibrium reconstruction
as in real TCV experiments.

3. Benchmarking

This section presents results proving the, successful
coupling between Fenix-ASTRA and/FGE which has
been discussed in section 2.2. Firstyit is shown that
ASTRA and FGE convergedto the same,equilibrium
in section 3.1, after which section 3.2 compares results
with this coupling to the ASTRA-SPIDER coupling
also available in Fenix.

This section considerssthe 280kA Ohmic L-mode
TCV discharge 83448 asfa test case, which is simulated
from ramp-up to ramp-down. | The equilibrium is
limited on the inboard side,until 0.4s after which it
becomes diverted until 1.25s at which point it becomes
limited on the inboard side again. Notably, the shape
controller is activerfrom 0.7s to 1.2s, whereas outside
this interval, only the RZIp-hybrid controller is on (see
section 2.3).

3.1. ASTRA-EGE convergence

The poloidal flux profile ¥(p) is the most interesting
quantity »to censider when verifying the convergence
between AS’ﬁ%A and FGE. Recall that both codes
have a separate internal representation of it, which
should converge as a result of the quantities listed in
table 3 being exchanged. The left column of plots in
figure 2 shows that the poloidal flux difference between
the separatrix and the magnetic axis is almost exactly
the same in ASTRA and FGE. The middle plot zooms
in on the initial phase in which the values converge
after a short transient. The bottom plot zooms in on
the main flattop phase. The shaded areas represent the
time window during which the initialisation procedure
allowing a smoother convergence between ASTRA and
FGE is active (see section 2.2). In the yellow shaded
area, the equilibrium is kept fixed, while during the
purple shaded area the profiles going from ASTRA to
FGE are undergoing a relaxation in time.

It can be seen that a slightly larger difference
in fluxes occurs during the diverted phase. This is
most likely due to the treatment of the values of
the geometric profiles close to the separatrix for such
diverted conditions. This difference remains very low
though, never exceeding 1% of the FGE value. The
two bottom plots in the right column of figure 2 show
the radial profiles of ¥(p) at a limited and a diverted
time slice respectively. Again, it can be seen that the
profiles agree very well between ASTRA and FGE.
Note that the constant offset between the ASTRA and
FGE fluxes was removed by deducting the value of the
flux at the magnetic axis in these two plots. Lastly,
the top right plot in figure 2 shows the rescaling factor
used on the p’ and TT” functions during the FGE time
step to make sure that the current in FGE matches the
one from ASTRA. It can be seen that this correction
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Table 3. Quantities exchanged in the coupling between transport (ASTRA) and free boundary evolutive equilibrium (FGE)

FGE — ASTRA | T, 9V/dp,
8P/8a, BO

((Vp)*), ((Vp/R)?),

Rgeom(p); Zgeom(p); alp), £(p), 6(p), V(p),

(1/R?%*), metric quantities in transport equétions

possible use in transport models

limited /diverted equilibrium (boolean)

weztv Lezt

boundary condition for yeguation

ASTRA — FGE | p'(p), jo(p). I,

generally remains below 1%, again indicating a good
convergence between both codes. Note that the spike
around 1.25s coincides with the diverted to limited
transition, at which time Fenix struggles to keep the
equilibrium stable (see also the strong oscillations in
the plasma current in figures 3 and 7). It could be
argued that a very brief spike to only 10% deviation in
such a difficult phase of the simulation indicates robust
convergence properties.

3.2. SPIDER-FGE benchmark

As mentioned before, Fenix already includes the
SPIDER [19] and FEQIS [20] equilibrium codes, which
can both be run in free boundary or in prescribed
boundary mode. In this section, we benchmark the
newly developed Fenix-FGE coupling with a simulation
using SPIDER. A prescribed boundary has been
assumed, since the TCV coils geometry has notwyet
been implemented in SPIDER or FEQIS. “All the
settings are identical in both simulations, except for
the equilibrium. The separatrix shape used in SPIDER
is taken from the Fenix-FGE simulation sampled at
0.1s. Also, an ad hoc controller on dg: is usediin the
Fenix-SPIDER run to track the plasma current trace
from the Fenix-FGE simulation, again sampledat 0.1s.
Hence, while the equilibrium and the' plasma current
are dynamically evolving in the Fenix-FGE simulation,
these dynamics are expected to be meré limited and
different in the Fenix-SPIDER simulation.

Figure 3 shows a' comparison between both
simulations in terms_of flux ‘map (R, Z), %—V as
an example of a geometric profile calculated in the
equilibrium code goupled t6:ASTRA, j), as one of the
kinetic profiles calculated by ASTRA on the provided
geometry, and the,time trace of the plasma current.
The left column shows:these quantities for a limited
time slice, while the right column shows a diverted time
slice. For thelimited/time slice, the results are almost
identical between Fenix-FGE and Fenix-SPIDER. The
slight|difference on the current density profile is likely
due to'some transient behaviour that is not represented
in the Fenix-SPIDER case. For the diverted time slice,
there is a difference in %—V near the edge. For Fenix-
FGE, the value at the diverted edge is calculated using
the limits described in Appendix A. While the value at
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Figure 2. Illustration of convergence between FGE (red)
and ASTRA (blue) for a Feniz simulation of TCV discharge
83448. The time intervals during which the equilibrium is
kept fized (yellow shade), during which the profiles going
from ASTRA to FGE are relazed in time (purple shade),
and during which the equilibrium is diverted (green shade)
are also indicated. Left column shows the difference between
the poloidal flux at the boundary and on the axis. Right
column first shows the scaling coefficient on p' and TT'
profiles coming from ASTRA used in FGE and then the
poloidal flux profile.

the separatrix is supposedly exact, numerical tests with
the MEQ code showed that the observed decrease in %—‘;
only occurs very close to the separatrix. However, due
to the relatively coarse radial grid used in ASTRA,
the region over which the separatrix value influences
the profile is artificially extended.

To further investigate the influence of this, the

same Fenix-FGE simulation is ran again, but with the

Page 8 of 19
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separatrix value of the geometric profiles taken from a
simple linear extrapolation during diverted time slices
instead of using the analytical relations§. For this
case, shown in yellow in figure 3, %—V is much closer
to the value from the FENIX-SPIDER case at the
separatrix. Despite the differences in geometric profiles
near the edge, the kinetic profiles and (R, Z) agree
well between the three cases. For other geometric and
kinetic profiles, similar results are observed. Lastly, it
needs to be mentioned here that the geometric profile
near the boundary in prescribed boundary SPIDER
is not per se perfectly correct either. Prescribed
boundary SPIDER only solves the equilibrium up to
ﬁn__qub = 0.995 and the presence of the X-point is
only described through the separatrix shape (which is
provided with a finite number of points). Even though
small difference exist between Fenix simulations with
FGE and SPIDER respectively, we consider the results
to be in good agreement with each other.

Lastly we comment on the computational cost
of these Fenix simulations. The simulations reported
in this paper have been run on the SPC-lacl0
computing cluster on Intel(R) Xeon(R) Silver 4214
CPUs. Running on a single thread, the default Fenix-
FGE case shown in figure 2 and in red in figure 3 took
2714s to run the 15500 time to simulate the discharge
from 0.05s to 1.6s. Around 75% of the computational
was spent on FGE and the Simulink blockewrapping
it. The equivalent Fenix simulation using SPIDER
prescribed boundary (blue in figure 3) only required
613s. This much shorter runtime is éxplained by the
fact that a much simpler equilibrium problem is solved
in this case. These numbers are representative for
all the Fenix-FGE simulations showm in this' paper,
except the simulation with TGLF in-section 4.4. This
simulation used 8 parallel processes for%e TGLF part
and completed in 18762s of wall time.

4. Application to TCV (cases

This section highlights the usefulness and gives an
indication of the validity of Fenix by applying it to
a number of selected»TCV discharges. Section 4.1
considers an NBI heated H-mode case, section 4.2
presents a discharge in which the shape controller was
used, and section 4.3 investigates a series of discharges
in which the¢ triangularity is scanned.

4.1. H-mode case 73927

The first case ‘considered is a diverted, NBI-heated,
ITER “baseline’ (IBL) scenario for TCV [38, 39].
Figure 4 shows a number of characteristic time traces
§ At the Separatrix, we set (1/R?) = (4nR3Bopy)/(TV') =

1/ R?X for consistency of the equilibrium instead of extrapolating
for this quantity.
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Figure 3. Comparison of Feniz simulations for TCV
discharge 83448. Default Fenix simulation with FGE, using
analytical relations for the metric coefficients at the diverted
separatriz in ASTRA (red); simulation with FGE but using
an extrapolation to set the metric coefficients at the diverted
separatriz (yellow); simulation with SPIDER prescribed
boundary equilibrium solver in blue. Left column shows the
early limited phase, right column shows the later diverted
phase.
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for this discharge, comparing the kinetic equilibrium
reconstruction (KER) to Fenix simulations. It can be
seen that the plasma current is ramped up to 220kA
in two steps, with the NBI power being ramped up
to 1.1IMW during this second step as well. As the
NBI power increases, the plasma goes into H-mode
around 0.73s and transitions back to L-mode around
1.65s shortly after the NBI is turned off. For this
discharge, only the hybrid magnetic controller was
active. The KER results (in blue) used to represent
the experiment in this study are always based on the
LIUQE-ASTRA-based framework described in Refs.
[12, 14]. The “nominal” Fenix simulation using the
models and settings described in section 2.1 is shown
in red. The other simulations show the influence of
moderate changes in the model parameters. These
variations include narrowing the pedestal to p > 0.85
(from 0.8, simulation in yellow), a reduction of the
NBI absorbed power to 50% (from 65%, simulation
in purple), and an increase in Z.f¢ to 1.75 (from 1.5,
simulation in green).

Comparing the time traces between KER and
the Fenix simulations in the figure, it is clear that,
with the chosen parameters in the ad hoc transport
models, Fenix captures the experimental traces yery
well. The L-H transition timing, indicated by the
red shaded area for the default Fenix simulation, also
matches the experimental timing very well. Note
that the Cprpy governing the H-mode entry, is mnot
changed from one simulation to another, which results
in the low-NBI absorption case entering H-mode late:
The increased fluctuations on the plasma. current in
KER are due to ELMs disturbing the equilibrium
and its reconstruction, while these are not modelled
in Fenix. The central solenoid current; which' is the
main actuator used to control the plasma current, is
matched very well in L-mode, while indH-made it ramps
up too slowly for the default, Fenix simulation. The
simulations with parameter variations show that this
match can be further improved by inereasing Z.¢s or
reducing the electron témperature (through reducing
confinement or reducing the heating), both of which
increase the plasma resistivity.

The small difference in‘injected NBI power is due
to the diagnostic NBI that is mot included in Fenix.
Furthermore, the absorbed power is scaled down to
65% in thefstandard Fenix simulation with respect
to the value calculated by the internal ASTRA NBI
module. This is.done to bring it closer to the absorbed
power/found in KER. Inherently, this difference is due
to the neutral concentration being higher in KER than
in Fenix,»which causes higher charge-exchange losses
in KER. In general, this neutral concentration is not
well known in TCV, leading to significant modelling
ungértainty in the NBI absorption. A different solution
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Figurend.  Comparison of time traces between Feniz

simulations and kinetic equilibrium reconstruction for TCV
discharge 73927.

to avoid this downscaling of the absorbed power would
be to multiply the electron diffusion and convection
coefficients by a certain factor, which would also
require the electron source and therefore the neutral
concentration to be higher to establish the same
electron content in the plasma (which is feedback
controlled).

To complement the time traces shown in figure 4,
figures 5 and 6 show the electron temperature profiles,
the coil currents, and the poloidal flux map ¥ (R, Z)
for selected time slices of the nominal Fenix simulation.
Results are shown for a time slice in the early limited
phase, a diverted time slice before the NBI comes
on, and a diverted time slice during the NBI-heated
H-mode flattop phase. The left column of plots in
figure 5 shows that the electron temperature in Fenix
corresponds well with KER and with the Thomson
Scattering (TS) data (which KER is based on). Tt
needs to be mentioned that this match is a bit less
convincing for the limited time slice at 0.3s. The right
column of plots in figure 5 shows that also the current
in the poloidal field coils used for shaping are pretty
close between KER and Fenix. (The E coils are located
on the high field side and the F coils on the low field
side. We refer to Ref. [40] for a description and a
figure of the TCV coil geometry.) As a result, also the
flux maps shown in figure 6 agree well between KER
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points between the nominal Fenix simulation and kinetic
equilibrium reconstruction for TCV discharge 73927.

and Fenix. \There is clearly a larger difference in the
first equilibrium;which is most likely due to the kinetic
profiles being less accurate.

This proof of principle convincingly demonstrates
the capability of Fenix to reproduce the behaviour of
both the equilibrium and the kinetics in a full TCV
discharge.”The validation of this model and the model
parameters over a large dataset is left for future studies.

4.2. shape controller case 83448

This section demonstrates the capability ofyFenix
to test different controllers. To / this  end,  the
Ohmic L-mode TCV discharge 83448 that was already
considered in section 3 is gevisited.. »We compare
the experimental data from KER with two Fenix
simulations. One Fenix simulation uses the magnetic
shape controller between 0.7s and 1.2s as in the
experiment, while the second simulation only uses the
hybrid magnetic controller.” Otherwise, both Fenix
simulations use identical settings; i.e. those described
in section 2.1. Heneejrthe same physics model with
the same parameters arerused as in the “nominal”
simulation of the IBlLidischarge discussed in section
4.1.

Figure 7 showsythat both Fenix simulations
manage to aeplicate the electron particle content and
thermal energy pretty well. Also, the plasma current
in the simulations tracks the reference very well, except
during, the transition from a diverted back to a limited
equilibrium, which creates oscillations in the controller
that were, not, observed in the experiment. On the
other/hand, from 0.8s on an offset appears between
the plasma current in the experiment and the plasma
current ‘reference trajectory the controller aims to
track. This offset is created by the dynamics of
the ¢gentral solenoid when it passes the zero current
state. In the experiment, the controller apparently
ignores this small offset after this zero-crossing and
the offset persists. This zero-crossing behaviour of
the central solenoid is not modelled in the FGE
equilibrium code and the controller does track the
reference trajectory in the Fenix simulation, explaining
the a difference between experiment and simulation.
For all these time traces, the difference between the
Fenix simulation with and without the shape controller
is small.  Nonetheless, the shape controller does
bring the shape closer to the reference, as it is seen
from the projected errors in the bottom right plot,
which shows the time traces of the errors on the
different shape components that the shape controller
is trying to bring to zero. During the shape control
phase, those errors are lower for the simulation with
shape controller. Moreover, the errors observed from
equilibrium reconstruction are also driven to lower
values during this shape control phase. This confirms
that the shape controller did have an effect during the
experiment, and that his effect is reproduced in the
Fenix simulation.

To analyse this further, figure 8 shows the
equilibrium during a time step before the shape
controller was activated and a time step when it
has been active for some time. In the earlier time
slice, both Fenix simulations are identical, but for the
shape controlled phase, the equilibrium with shape
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Figure 7.

controller is slightly closer to the KER and closer to
the shape control reference points which are indicated
by black dots in the right plot. Finally, the bottom
plots in figure 8 show that the experimental electron
temperature profile and coil currents are well matched
by the Fenix simulations, and that the differenceris
small between the two Fenix simulations. Thisicase
nicely illustrates that Fenix is capable,of capturing the
subtle differences in equilibrium shape obtained with
different magnetic controllers.

4.3. Marginal stability during trz’angul(@ty scans

In this section, we investigate alseries of lower single
null Ohmic L-mode triangularity. scan experiments.
The starting point of thig/series isn TCV discharge
68783 [41], which varies the topytriangularity stepwise
from -0.6 to +0.6. The bottom  triangularity is
kept approximately constant at 0.25 and the plasma
current is kept at 180kA. Recently, discharge 87688
attempted to repeat this 'discharge, but disrupted
in a vertical displacément ‘event during the first
triangularity interval. In order to have the discharge
succeed, the target safety factor on axis was increased
(lowering the expectéd internal inductance [;) during
the shot preparation for discharge 87697. This reduced
the elongation during the discharge and hence reduced
the growth rate of the vertical instability.  This
experience shows this scenario to be marginally stable,
making it aninteresting case to investigate with Fenix.

Since the reduced transport models in Fenix do
not capture confinement variations with (negative) tri-
angularity, we consider “interpretative” Fenix simula-
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Figure 8. Comparison of flur maps, temperature profiles
and coil currents at selected time points between kinetic
equilibrium reconstruction (blue), Fenix simulation with
shape controller active as in the experiment (red), and Feniz
stmulation with the shape controller disabled (yellow) for
TCV discharge 83448.

tions in this section. This means Fenix still solves the
free boundary equilibrium evolution driven by the con-
troller as well as the current diffusion equation, while
the electron density, electron temperature and ion tem-
perature are set based on experimental data. The elec-
tron density and temperature are set to match the pro-
files obtained from Thomson Scattering, while the ion
temperature is set to 70% of the electron temperature
as an approximation. For these Ohmic discharges, this
scaling of the electron temperature is reasonably close
to the ion temperature measurements from charge ex-
change recombination in the time windows where they
are available.

Figure 9 compares the recent discharge 87688
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Figure 9. Comparison of selected time traces for TCV
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stmulations and kinetic equilibrium reconstruction. Note
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which disrupted around 0.6s and discharge 87697 that
did run through. Comparing the KER time traces
for both shots, a modest but nonetheless significant
difference in elongation is indeed present around the
time at which 87688 disrupts. This leadsste,higher
growth rates for discharge 87688 and to a disruption.
To reproduce this behaviour in Fenix, it was necessary
to impose a peaked spatial profile of Zggs = 1+2.5(p=
1)2, which leads to a more peaked cutrent profile.
This recreates the behaviour of 87688disrupting at a
time close to the experimental disruption time, while
87697 runs through. In case a flat Zsss profile is
applied, both discharges would/{run through. This
peaked profile is justified by \the /observation that
the old discharge 68783,4programmed identically to
87688, did run through. /The lower loop voltage in
the old discharge indicates-different.machine conditions
and impurity penetration. Ourisimulations thus help
explaining why rerununing the same shot several months
later did not work.as-expected. Lastly, it is worth
commenting on what is going on in the late phase
of 87697. In the expériment, theyequilibrium started
oscillating between diverted and limited by touching
the outer wall. In the Fenix simulation, the elongation
at the end| of the simulation is still higher and the
plasma_does not,start touching the wall. On the other
hand strong oscillations originate, which are due to the
plasma current controller not being well tuned for this
shape.

While it is clearly a nuisance to have to tweak
detailsvof, the simulation set-up such as Z.;f to
reproduce the experiments, it also shows that kinetic

effects can be important for the equilibrium and
stability of the discharge. This highlights the
importance of flight simulators like Fenix that couple
equilibrium and transport to test discharge scenarios
and controllers. In particular, Fenix allows to asses
their robustness to changes in’ modelling assumptions
corresponding to physics uncertainties.

Another way to stabilise(this marginal discharge
could have been to use the shape controller. In
fact, if the shape is comtrolled;, it should not be
sensitively affected by changes in, the kinetic profiles,
allowing for a safer operation and avoiding intolerable
vertical instability fgrowthwratés.  This is tested
in simulation in[ figuré E, which compares the
preprogrammeds, traces from the shot preparation
(FBT), the kinetie equilibrium reconstruction (KER),
the Fenix simulation with the hybrid controller as used
in the experiment (same data as in figure 9), and finally
a Fenixssimulation-in which the shape controller is
activated at 0.35s. The first observation is clearly
that for,all the other settings kept the same, Fenix
with the shape controller runs through until the end
of the/simulation time at 0.8s. While the differences
in'the triangularity and elongation seem small, there
is an appreciable difference in the growth rate of the
vertical instability nonetheless. It is also worth noting
that, the triangularity is not perfectly controlled to its
target value in the first interval. This can be because
the controller is struggling with the challenging shape,
but could also be an artifact of the specific points of
the shape that are controlled. I.e. even if a small
set of selected shape points is controlled perfectly, the
separatrix shape still has some degrees of freedom to
deviate from the full intended shape and thus to change
shape parameters such as elongation and triangularity.

To take this exercise of using the shape controller
a step further, we also applied it in a simulation of
the full 87697 discharge. Results of this are shown in
figure 11. Here it is interesting to remark that the
internal inductance [; used for the shot preparation
is much lower than the values found in KER and in
the Fenix simulations. This is due to the intentional
“misprogramming” of the shot to force a reduced
elongation in the experiment. This misprogramming
did indeed lead to the elongation being lower than the
value in the shot preparation for the experiment and for
the Fenix-hybrid simulation. On the other hand, when
the shape controller is active, it compensates for this
“erroneous” assumption on the kinetic profiles during
the shot preparation and maintains the elongation
much closer to the intended value. Nonetheless, the
triangularity does not quite follow the shape reference
towards the end of the discharge.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PPCF-105748.R1

Full-discharge simulations of the TCV tokamak using the Fenix flight simulator 14

15 2500
—FBT
" —KER 2o
13 Fenix-hyb I
—Fenix-shape| g, .,
ooz © 7
= i £ w0
! — 2
[
' D sw0
09
01 02 03 04 05 06 0.7 08 0 01 0.2 03 0.4 05 06 07 0.8
time [s] time [s]
o
gD
ke
IS
j=2)
&
© a2
0.1 0.2 03 0.4 05 0.6 07 08 01 02 03 04 05 06 07 08
time [s] time [s]

Figure 10. Comparison of selected time traces for TCV
discharges 87688 between shot preparation (FBT), kinetic
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the variations.
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4.4. Improved transport description usinghyTGLF

Thanks to Fenix incorporating ASTRA, “also the
more elaborate transport models frem ASTRA are
available. In this section, we run Fenix with the TGLF
quasi-linear transport models[42] for TCV discharge
83448 that was already studied dn, sections 3 and 4.2.
TGLF is run in Miller geometry for the “electron,
deuterium, and carbon spegies. Saturation rule 2 is
used, with the electromagnetic effects causing magnetic
fields perpendicular to the background magnetic field
included but those creating magnetic fields parallel to
it disabled. This waygitprovides the turbulence-driven
contribution to thé transport coefficients D., xe, Xi
and C,. instead of the ad hoc transport model used
before (see section,2.1). (Note that TGLF inherently
takes the cross chammel transport effects that were
neglected before into'account as well.) Theoretical
expressions. for the neoclassical contributions [26] are
added to thesey while the sawtooth model used before
is maintained. “For the L-mode case studied here,
we_use TGLF over the full radius with 40 points
uniformly, spaced from p = 0 to p = 1 at a time
resolution of 4ms. Boundary conditions are still taken
from the experimental data. In ASTRA, Z s is still
imposed externally. Nothing is changed for the current
transport w.r.t. the model described before.

It was found that a maximum in density near
the separatrix tends to develop in the diverted phase,
which can also disturb the profiles further inward. To
suppress this issue, the controller gain for the density
feedback was reduced, the injection energy of the
neutrals was increased to have a broader ionisation
source, and the value of the geometric profiles at
the diverted separatrix was taken from a simple
extrapolation to avoid the minimum at the separatrix
that tends to occur when using the asymptotic values
described in Appendix A. Otherwise, no changes were
made to the controller or to the coupling with the
equilibrium.

Results of this Fenix-TGLF simulation are shown
in figures 12 and 13, compared to the equilibrium
reconstruction and the Fenix simulation with the
ad hoc transport model used before. The shape
controller is active in both Fenix simulations, as it
was in the experiment. The time traces shown in
figure 12 clearly feature more fluctuations for the
Fenix-TGLF simulation. This is explained by the
transport coefficients constantly adjusting to changes
in gradients, equilibrium shape, and fueling, thus
inhibiting to reach a fully stationary solution. Despite
the increased fluctuation level, the overall trends are
still very similar. The density control still manages
to keep the electron content in the plasma close to
the reference, while the magnetic controller does the
same for the plasma current, position, and shape.

Page 14 of 19
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Figure 12. Comparison of selected time traces for TCV-
discharges 83448 between kinetic equilibrium reconstruction
(KER), Feniz simulations with the ad hoc transport model
and TGLF respectively. Note that the origin is not included
in the bottom four plots to better highlight the variations.

Most notably, without any need for parameter tuning,
TGLF gives an accurate estimate of the thermal
electron energy content, consistent with full' radius
TGLF simulations on ASDEX-UpgradQ [43]. /Figure
13 focuses on the density and temperature profiles for
selected time slices. The time slice at 0.658 is selected
to show the spurious local maximum ofthe density
profile near the separatrix thatipersists at certain times
despite our efforts to suppress.them. This results in the
temperature being too low in this region. At 0.85s, the
density and temperature profiles look regular and are
close to the experimental data.

5. Conclusions

This paper shows .the application of the Fenix
flight simulator, originally developed for the ASDEX
Upgradetokamak,<to a new tokamak, TCV. In
particular, Fenix has been coupled to the FGE
evolutive free ' boundary code of the MEQ code
package,  which is widely used for the preparation
and analysis of TCV discharges. Furthermore,
the . TCVy magnetic controllers were coupled to
Fenix, enabling simulations of full TCV discharges
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simulations with the ad hoc transport model and TGLF
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Figure 13.

incorporating. transport dynamics coupled to free
boundary/ equilibrium driven by the real TCV
controllers.

The new and simple coupling scheme proposed
here between ASTRA (the transport code at the
basis of Fenix) and FGE converges in time and
runs smoothly and stably at the frequency of the
TCV magnetic controller without needing additional
convergence iterations at every time step.  This
coupling has been benchmarked and the convergence
between FGE and ASTRA proven. For the transport
modelling, reduced models are presented that are a
synthesis of models that were already in Fenix and
transport models in use for TCV and other tokamaks,
notably in the RAPTOR code.

Various TCV discharges are modelled with Fenix,
demonstrating its capacity to give close indications
about the expected behaviour of the discharge, both
in terms of magnetic equilibrium and kinetic profiles.
Given that the intended use of the Fenix flight
simulator is to check discharge designs and to validate
and develop controllers, the focus was on testing the
influence of different controllers. In addition, the
presented cases also showed the dependence of the
equilibrium and its stability on the kinetic profiles,
thus indicating the relevance of coupling transport
and equilibrium codes. With this article, transport-
equilibrium couplings are now in place for TCV for
discharge and controller validation (Fenix), discharge
design (RAPTOR-FBT), and discharge reconstruction
(KER).

In future work, Fenix should be applied to a larger
pool of discharges to further validate the transport
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models that are used and to identify gaps in the physics
that need to be addressed. In particular, ECCD-heated
discharges are yet to be investigated. In addition, it
would also be interesting to investigate neural network
transport models based on higher fidelity codes such
as TGLF-NN. Other physics elements that would be
most interesting to add would be an improved pedestal
model and improved models for the SOL and fueling.
This would additionally allow to bring controllers for
divertor conditions and detachment in the scope of
Fenix. On the control side, it would be instructive to
also implement realistic kinetic controller algorithms
for TCV. Furthermore, the fidelity and robustness of
the framework could be improved by also incorporating
realistic measurement noise, observers, and synthethic
diagnostics.

Lastly, Fenix has so far only been applied post-
discharge, but to further proof its use, it would
of course be instrumental to integrate it with the
database of prepared shots for TCV and to apply
it systematically pre-shot. The routine use of Fenix
should naturally lead to the improvement of the
accuracy of the reduced models inside it, and through
that further increase the benefits of using this tool.
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Appendix A. Geometric profiles

Table 3 showed the quantities being exchanged betweén
FGE and ASTRA. Some of the geéometric profiles
needed by ASTRA are not directlylavailable in FGE
output though. In particalar, the walues dor the
geometric profiles needed at thenmagnetic axis and
at the diverted separatrix present some difficulties.
To address this, approximations for the asymptotic
values for the geometric prefiles needed by ASTRA at
the magnetic axis and at the diverted separatrix are
derived in this appendix based on quantities available
from FGE.

We start by listing sefe definitions and commonly
known identities thatrwill be used later on:

(f) = m, (A1)
p= \/%, (A.2)
- L[y, a9
S‘Z 4 2\/733.[:;5 - méop’ (4.9
|By| = %, (A.5)
OV DY = 7{ dly/ Bo. (A.6)

In these equations, (f) is the flux surface average for
a generic quantity f, p is the toroidal flux radius, ¢ is
the safety factor, By is the poloidal magnetic field, 6 is
the poloidal angle, dly is a line element along the flux
surface in the poloidal plane such that Iy = § dly is the
length of the poloidal contour of the flux surface.

The majority of the geometric profiles that
ASTRA needs require ((Vp)?), while from the FGE
output, we have only quantities involving {((V1)?)
available. Using expression A.4 and realising this is
a flux function, we get

2 2
(Vo)) = <(§Z) <w>2> = ZE (9. (A

The problem with this expression is that at the axis,
both ¢ and Vi go to zero, meaning this expression
becomes undefined. On a diverted separatrix, this
expression becomes likewise undefined since Vi goes
to zero, while ¢ goes to infinity. As such, we need
some limit values to extract ((Vp)?) from the output
available from FGE. Similar derivations can trivially
be made to get ((%£)?) from ((V£)?) etc.

Appendiz A.1. Limit values on axis

In the limit of p — 0, the shape of the flux surfaces
close to the axis becomes perfectly ellipsoid. This
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allows the poloidal flux to be written as
T

' Hx
=, + 5
where 1,,, is the poloidal flux at the axis and H is the
Hessian of v at the axis
Gl ) 19)
OR2’ OROZ’ OROZ’ 072" ’
Both v, and H are available in the FGE output. For
simplicity we will assume ¢, = 0 in the following
derivations. We define a vector © = (z1,22) in the
(R, Z) plane that points from the magnetic axis to a
point in the plasma and express it in an axis system
aligned with the two major axis of the ellipsoid (which
can be found from H). This way, we find

2p = M2 + Aozl (A.10)

where A1 and )\, are the eigenvalues associated with
each of the axis. The ellipsoidal flux surfaces can be
parameterised as

x1 = g/%cose, To = ,/%sinﬁ (A.11)
)\1 /\2

This way, we find

(Vip)? = A3zt + \3x3 = 2(A\1cos?0 + Aasin?6)

=S @[J()\l + )\2) = wtr(H), (A12)
where tr(H) is the trace of the Hessian H. In the last
step, we assumed the A\; &~ g such that {(Vap)?) ~
wir(H) without the need to calculate the imtegrals
in equation A.1 over this ellipsoid to obtain the flux
surface average.

Next, the toroidal flux included inside the ellipsoid
flux surface close to the axis can be approximated as

27T1/)B¢7m o 27T’¢B¢7m
VA1 A2 \/det(H) >

where By, is the toroidal field 6n the magnetic
axis, Ag is the surface aredr of ‘the comsidered flux
surface, and det(H) the degerminant of H. Combining
expressions A.12 and A.13pwe can,write
(V)?) _ /det(H)tr(H)

¢  2mBga ow
Filling this out infexpression A.7, we obtain
@2, \Jdet(H )tr(H)

87TZB()B¢7m
at the magnetic axis! Using the identity [13]

, Vi~ Hz, (A.8)

H=|

¢~ BymAg = (A.13)

(A.14)

(Vp)*)m =~ (A.15)

 2asign(Ip)L,,

I = det (H) Ry,

with ¢mpRo, Ty, the values of the safety factor, the
major radius, and the current flux function at the
magnetic axis, expression A.15 can be rewritten as

(0, ~ VD)

(A.16)

(A.17)

Hence, ((Vp)?) is found to take a fifiité value on
the magnetic axis. It should be remarked that the
exact value of this quantity is not of great, practical
importance, since inside ASTRA it(is only used in
products with %—‘p/ (see equations 1-3); which is exactly
zero at the magnetic axis.

Appendiz A.2. Limit values on divertedrseparatrix

A general flux surface average cambe written as in A.1.
Since By = 0 at the X-point, the flux surface average
on the separatrix will (be equal to the value of the
integrant at the X-point (at least for nonzero, finite-
valued integrands){ Thisqproperty can be exploited to
reduce equation A7vat the separatrix to

(@Ve)%

(Vo)) rors = (V)= 4Bl (A.18)

where ¢p.is.the teroidal magnetic flux enclosed by the
separatrix. Toebtain an approximation for ¢V at the
X-point, we make use of the cylindrical approximation
of the safety factor:
_( 9By
eyl = ﬁB_g
Note that compared to the conventional form of
this, we have replaced the minor radius by lg/(27).
Combining this definition with expression A.5 yields
gV = lgBys. Note that this step is not rigorous, it is
an approximation to use the cylindrical safety factor
here. Filling out this approximation in equation A.18,
we finally obtain

(A.19)

Z%CFSBi,X
47 Bo by
Another quantity that needs evaluation at the
seperatrix is dV/0p. For this we start from OV/0y
that is available from FGE.

OVNTY ap (VN ¢ ov\ !
<6p) S (w) ~ 27Bop (%)
1 $(Bg/R)dlg/By 1 By
- 47T230p fdlg/Bg B 47T2B0p< R > (A21)

The third expression, obtained using equation A.4, is
again undefined at a diverted separatrix since both ¢
and % go to infinity there. To move on from this,
identities A.3 and A.6 are used in the next step, while
in the last step the definition of the flux surface average
A.1 is used. Thus, at the separatrix, we find

av> ) < By >—1
- =4m"Bopy { —-
( 9 ) Lors R/ 1crs

By\ " 4n?Byp,Rx
= 4n°B <¢> = T ORbEX A.22
0Pb R/ By x ( )

(Vp)*)rors = (A.20)
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