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Abstract
We present recent developments to the one-dimensional transport solver ASTRA, which will
enable the simulation of plasma evolution in both tokamaks and stellarators. To achieve this, a
generic current diffusion equation for the poloidal magnetic flux is derived and implemented,
together with a coupling to the VMEC equilibrium code. The model is benchmarked against the-
oretical expectations and validated using experimental data fromWendelstein 7-X, demonstrating
that ASTRA can accurately reproduce the evolution of the toroidal current and qualitatively repro-
duce the occurrence of sawtooth-like instabilities resulting from the rotational transform profile
crossing resonant surfaces. With these advancements, ASTRA provides a unified tool for transport
studies across different magnetic confinement concepts.

1. Introduction

In the coming years, significant advances are anticipated for both tokamaks and stellarators in the pur-
suit of operational fusion reactors. To ensure rapid progress, accurate and reliable predictions of plasma
evolution within these reactors are essential. High-fidelity integrated modelling suites such as JINTRAC
[1] and TOPICS [2] provide detailed, multi-physics, time-dependent simulations for interpretive and
predictive studies, but are typically associated with comparatively long run times. Fenix [3–6], a so-
called flight simulator, complements these tools by achieving run times of a few minutes through the
use of fast, reduced models. It includes the equilibrium solver FEQIS [7] and the plasma transport solver
ASTRA [8–10] (the latest version, ASTRA8, is described in [10]) for plasma transport and equilibrium
calculations, together with a simulated control system based on the framework of the plasma control sys-
tem simulation platform [11]. This combination enables comprehensive simulations of plasma scenarios
by explicitly capturing interactions between the reactor control system and the plasma [12, 13].

However, both the transport solver ASTRA and the equilibrium solver FEQIS are currently limited to
tokamak configurations. The transport equations implemented in ASTRA are, in part, specifically adap-
ted to axisymmetric systems and are therefore not directly applicable to stellarators. In principle, trans-
port solvers for stellarators, such as NTSS [14], do exist, however, these are typically tailored exclusively
to stellarator configurations, and solvers expressly designed to simulate both device types are presently
lacking. Other codes, such as THRIFT [15–17], evolve only the current diffusion equation for stellarat-
ors, but lack the capability to solve energy and particle transport equations. The availability of a single
transport solver capable of simulating both tokamaks and stellarators could substantially simplify com-
parative studies between these two device types. Moreover, extending ASTRA would pave the way for a
flight simulator capable of simulating both stellarators and tokamaks.
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This work seeks to extend ASTRA’s transport modelling capabilities to stellarator configurations.
The primary objective is to identify and modify the key transport equations that depend on axisym-
metry, while preserving ASTRA’s modular framework and expanding its applicability to more general
geometries.

The structure of the paper is as follows. In section 2, we review the underlying transport equations
used in ASTRA and discuss the modifications required for compatibility with stellarators, including the
derivation of a generic current diffusion equation. Section 3 presents a unidirectional coupling between
ASTRA and the three-dimensional (3D) equilibrium solver VMEC [18]. In section 4, we validate the
generic current diffusion equation: first, by analysing simplified test cases to examine the qualitative
evolution of the poloidal magnetic flux, and subsequently by comparison with experimental data from
Wendelstein 7-X (W7-X). The final section concludes the paper with a summary of the results and their
implications for future research.

2. Upgrading ASTRA’s current diffusion equation

2.1. ASTRA transport equations
In [19], a set of transport equations is derived under the assumptions of axisymmetry, the existence of
nested magnetic flux surfaces, flux-surface averaging with fast parallel equilibration, and a fluid descrip-
tion of the plasma species based on distribution functions close to Maxwellian. Based on the work
presented in [19], the main transport equations solved in ASTRA are given in [8]:
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where ns and Ts denote the density and temperature of particle species s, Ψ is the poloidal magnetic
flux, Γs and qs represent the particle and energy fluxes, and Ss and Ps are the particle and energy
sources, respectively. jBS and jCD denote the bootstrap and externally driven currents; R0 and B0 are
reference major radius and vacuum magnetic field at the reference major radius. σ∥ denotes the par-
allel conductivity, and µ0 the vacuum permeability. Furthermore, ρ is defined as (Φ/(πB0))

0.5, where
Φ is the toroidal magnetic flux. The radial derivative of the volume, V ′, is defined as ∂V/∂ρ. The geo-
metrical parameter G2 is given by V ′/(4π2)⟨(∇ρ/R)2⟩, where the notation ⟨f⟩ indicates the flux sur-
face average of a quantity f. As shown in [8], the normalised poloidal current J can be expressed as
4π2ρR0/V ′ ⟨(R0/R)2⟩−1.

Equations (1) and (2) are already generic, and, as shown in [19], can be derived without assum-
ing axisymmetry. The time-derivative operator on the left-hand side of equations (1) and (2)
includes an advective derivative term, the second term (in the case of equation (1): ∂ρ(∂tρ|Φ V ′ns) =
−Ḃ0/(2B0)∂ρ(ρV ′ns)), which accounts for changes in ns and nsTs arising from variations of the radial
coordinate ρ at constant Φ. Consequently, the explicit form of this term depends on the particular defin-
ition of ρ, which is in general not uniquely specified. Thus, the appearance of B0 and its time derivative
arises solely from the definition of the radial coordinate ρ, and not from assuming axisymmetry. In the
context of stellarators, B0 is defined as the average magnetic field on axis. Nevertheless, it is important to
emphasise that the explicit forms of individual terms in these equations may still depend on the under-
lying geometry. For example, neoclassical transport coefficients differ between tokamaks and stellarators
[20–22]. In this work, the individual transport and bootstrap coefficients are treated as input parameters
for ASTRA, to be supplied by the user conducting the simulation.

The treatment of current diffusion is more complex. In the remainder of this section, a generic
equation governing the evolution of the poloidal magnetic flux is derived. It is further shown that
equation (3) represents only a special case of the generic current diffusion equation, obtained under the
assumption of axisymmetric geometry.

2.2. Generic current diffusion equation
In [15], a generic equation describing the evolution of the rotational transform, ι= Ψ̂ ′/Φ̂ ′, was derived
under the assumption that a set of nested flux surfaces exists. Ψ̂ and Φ̂ denote poloidal and toroidal
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magnetic flux as defined in [15]:

Ψ̂(ρ)≡
ˆ 2π

0
dζ

ˆ ρ

0

√
gBθdρ̃ (4)

Φ̂(ρ)≡
ˆ 2π

0
dθ

ˆ ρ

0

√
gBζdρ̃. (5)

The curvilinear coordinate system is defined by the flux surface label ρ, the poloidal angle θ, and the
toroidal angle ζ . It should be noted that the formulation of equations (4) and (5) does not further con-
strain ρ, other than designating it as a label for the flux surfaces. ρ̃ is used as the integration variable to
distinguish it from the upper limit ρ. The quantity

√
g denotes the Jacobian of the transformation from

the curvilinear to Cartesian coordinates. Bθ and Bζ represent the contravariant poloidal and toroidal
components of the magnetic field, respectively. The current diffusion equation from [15] is rewritten
here for the sake of compactness:
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where the definitions of the bootstrap and externally driven current densities, as used in ASTRA, have
been applied: jBS ≡ ⟨⃗JBS · B⃗⟩/B0 and jCD ≡ ⟨⃗JCD · B⃗⟩/B0. Here, ∂f/∂t

∣∣
ρ
represents the time derivative of a

quantity f, taken at fixed ρ. The elements of the susceptance matrix Sij are defined in [15] as
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(7)

where I and F are toroidal and poloidal currents as defined in [15]. This relation yields an equation for
the rotational transform ι:

ι=
Ψ̂ ′

Φ̂ ′
=

µ0I

S11Φ̂ ′
− S12

S11
. (8)

Hence, the vacuum rotational transform is given by ιvac =−S12/S11. As demonstrated in [23], the sus-
ceptance matrix is diagonal in the axisymmetric case, showing that ιvac = 0 for a tokamak.

Integrating equation (6) over Φ̂ yields
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As shown in [15], the corresponding integration constant can be identified as the axial toroidal loop
voltage, Uζ,l,axis, defined as

´ 2π
0 Eζ(ρ= 0)dζ . Eζ denotes the covariant toroidal component of the elec-

tric field.
In ASTRA, the poloidal magnetic flux is defined as the flux through the surface spanning from the

central axis (the z-axis in a Cartesian coordinate system) to the corresponding flux surface labelled by ρ:
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√
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The toroidal flux Φ is defined as in [15]: Φ = Φ̂. As Ψ0 ≡Ψ(0), the flux through the poloidal surface
spanning from the central axis to the magnetic axis, does not exhibit any radial dependence, the radial
derivatives of the magnetic fluxes are identical for both definitions: Ψ ′ = Ψ̂ ′ and Φ ′ = Φ̂ ′. Consequently,
the definition of the susceptance matrix remains unchanged if the ASTRA fluxes are employed in
equation (7). The same holds for the rotational transform, which also depends solely on the radial deriv-
atives of the fluxes (cf equation (8)). By applying Faraday’s law of induction and Stokes’ theorem, the
temporal derivative of Ψ0 can be identified as
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Rewriting equation (9) in terms of Ψ and Φ yields
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Using the ASTRA definition of ρ (Φ = ρ2B0π), equation (12) can be rewritten in terms of a single radial
coordinate, ρ. By rearranging equation (12), one obtains

σ∥
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∂t −

ρḂ0
2B0

∂Ψ
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)
= 2πB0ρ

µ0
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S11

2πB0ρ
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− V ′

2πρ (jBS + jCD) . (13)

As in the original transport equations of ASTRA (equations (1)–(3)), the time derivative operator on the
left hand side of equation (13) includes an advective derivative operator (second term), which accounts
for changes in Ψ that arise from variations of the radial coordinate ρ at constant Φ. Its explicit form
depends on the particular definition of the radial coordinate ρ, which is in general not uniquely spe-
cified. In the context of stellarators, B0 denotes the average magnetic field on axis. For most stellarator
discharge scenarios, the temporal derivative Ḃ0 is small due to the stability of the equilibrium, allowing
the corresponding term in equation (13) to be neglected.

In ASTRA, the transport equations are solved semi-implicitly to ensure fast runtimes but accurate
and stable evolution of the profiles. For example, radial derivatives of temperature and density from
the previous time step are used to compute the particle and heat fluxes required to solve the transport
equations (1) and (2). The remaining rotational transforms in equation (13), which are functions of the
poloidal magnetic flux (ι= ∂Ψ/∂Φ ∼ ρ−1∂Ψ/∂ρ), are treated in a similar fashion. Specifically, when
solving the newly implemented generic current diffusion equation, these terms are approximated using
the solution from the previous time step. Consequently, ιt ≈ ιt−τ is used for the two remaining occur-
rences of ι in equation (13), under the assumption that changes in ι over a single time step τ (typically
on the order of a few ms) are sufficiently small. With this modification, equation (13) adopts a structure
analogous to that of equations (1)–(3), and can therefore be solved in a similar manner.

Regarding the boundary condition for the current diffusion equation, an external circuit equation is
solved:

Uext = Upl (ρB)+
d

dt
(LextItor) (14)

where Uext is the voltage produced by the external current-carrying conductors, which has to be
provided for each timestep. For stellarators, Uext can be set to zero. Upl(ρB) = ∂Ψ/∂t |ρB denotes the
loop voltage at the separatrix (ρ= ρB), Lext is the external inductance of the plasma column, and Itor is
the toroidal current within the last closed flux surface (LCFS). In this work, the value of Lext was cal-
culated based on the results presented in [24] for the axisymmetric case. Evidently, this provides only
an approximation for stellarators. However, while Lext may in detail differ from that of a tokamak, it is
expected that the difference is not substantial [24, 25]. In practice, this approach has proven sufficiently
accurate for the cases considered in this study. Nevertheless, a proper treatment of the external coupling
between the plasma and the coils, accounting for 3D geometry, will be pursued in the future. For the
calculation of Lext, an elongation of 1.0 was assumed for the W7-X geometry. The total toroidal current
Itor can be calculated using equation (8), together with the definition of ρ:

Itor =
S11 (ρB)

µ0

(
∂Ψ

∂ρ
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ρB

− 2πB0ρBιvac (ρB)

)
. (15)

Substituting equations (15) into (14) and integrating over time yields a Robin boundary condition for
the current diffusion equation:

Ψ(ρB)+ Lext
S11 (ρB)

µ0

∂Ψ

∂ρ
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ρB

=Ψext +
2πB0ρB

µ0
LextS11 (ρB) ιvac (ρB) (16)

where Ψext is defined as
´ t
t−τ

Uext dt ′.
For comparison with experimental data, the poloidal magnetic flux is usually of less interest than,

for example, the total toroidal current, the current density, and the rotational transform. After solv-
ing equation (13) to obtain the poloidal magnetic flux, the rotational transform is calculated using
ι=Ψ ′/Φ ′. The total toroidal current, Itor, can be computed using equation (15), and the parallel cur-
rent density j∥ is calculated as follows:

j∥ ≡
⟨⃗J · B⃗⟩
B0

=
µ0

V ′B0
(FI ′ − IF ′) =

µ0

V ′B0
F 2 ∂

∂ρ

(
I

F

)
. (17)

Equation (11) from [15] was employed to derive this formula. The currents F and I can be calculated
using equation (7).
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2.3. Consistency with the axisymmetric case
The following subsection is devoted to demonstrating that the originally implemented equation for the
evolution of the poloidal magnetic flux (equation (3)) is a special case of the generic current diffusion
equation (13), obtained under the assumption of axisymmetric magnetic geometry.

As previously mentioned, in the axisymmetric case the susceptance matrix is diagonal. Accordingly,
equation (13) reduces to

σ∥
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∂t
− ρḂ0
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)
=

S222ρ
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∂
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)
− V ′

2πρ
(jBS + jCD) . (18)

In [15], the diagonal elements of the susceptance matrix were derived for the axisymmetric case:

S11 =
V ′

4π2

〈(
∇ρ

R

)2
〉

(19)

S22 =
4π2

V ′
1

⟨R−2⟩
. (20)

Thus, they can be expressed in terms of the geometric parameter G2 and the normalised poloidal current
J from equation (3):

S11 = G2 (21)

S22 =
R0J

ρ
. (22)

Consequently, the first term on the right-hand side of equation (18) can be represented by J and G2:

S222ρ

µ0

∂

∂ρ

(
S11
S22ρ

∂Ψ

∂ρ

)
=

J2R0

µ0ρ

∂

∂ρ

(
G2

J

∂Ψ

∂ρ

)
. (23)

Substituting the right-hand side of equation (23) into equation (18) demonstrates that the newly imple-
mented generic current diffusion equation (13) indeed reduces to the original equation in ASTRA
(equation (3)) under the assumption of axisymmetric magnetic geometry.

As a so-called 1.5D transport solver, ASTRA is coupled to the 2D equilibrium solver FEQIS.
However, FEQIS is not capable of calculating 3D stellarator equilibria. Therefore, an alternative equi-
librium solver must be coupled to ASTRA. For this purpose, VMEC [18] has been chosen. The technical
details of this coupling are described in the next section.

3. Coupling of VMEC to ASTRA

At present, only a unidirectional coupling between VMEC and ASTRA exists; that is, ASTRA reads equi-
libria calculated by VMEC, but does not generate an input file for VMEC in return. A bidirectional
coupling is planned for the future, however, for fast applications of ASTRA, the runtime of VMEC when
handling 3D stellarator geometry remains too long. Nevertheless, as stellarator equilibria are comparat-
ively stable over the course of an experimental discharge, robust results can already be achieved by using
a precomputed, for instance, experimental, equilibrium and assuming it remains constant throughout the
simulation. For discharge scenarios with large variations of the plasma β, which can significantly affect
the magnetic geometry [20], the bidirectional coupling will likely be necessary. In the following, the uni-
directional coupling of VMEC to ASTRA is described.

For the particular choice of a coordinate system (ρ,θ,ζ), where ρ denotes the radial coordinate, θ the
poloidal angle, and ζ the toroidal angle, the magnetic field B⃗ can be expressed as [18]

B⃗=
1

2π
(∇ζ ×∇Ψ +∇Φ ×∇θ∗) (24)

where θ∗ is defined as

θ∗ = θ+λ(ρ,θ,ζ) (25)
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and λ is a periodic function in θ and ζ , which straightens the field lines [18]. As demonstrated in [26],
in such a coordinate system the elements of the susceptance matrix can be expressed as

S11 =
V ′

4π2

〈
gθθ
g

〉
(26)

S12 =
V ′

4π2

〈
gθζ (1+λ,θ)− gθθλ,ζ

g

〉
(27)

S21 =
V ′

4π2

〈
gζθ
g

〉
(28)

S22 =
V ′

4π2

〈
gζζ (1+λ,θ)− gζθλ,ζ

g

〉
(29)

where λ,α is defined as ∂λ/∂α, g is the squared Jacobian of the transformation from the curvilinear
to Cartesian coordinates, gαβ is an element of the metric tensor, and V ′ = ∂V/∂ρ denotes the radial
derivative of volume, as defined in the previous section.

In VMEC, the computed equilibrium provides the major radius R and the vertical position z as func-
tions of ρ, θ and ζ , where ζ is identified with the toroidal coordinate ϕ in a cylindrical coordinate sys-
tem. These functions can be used to calculate the elements gαβ of the metric tensor, which are defined
by ∂x⃗/∂α · ∂x⃗/∂β:

gθθ =

(
∂R

∂θ

)2

+

(
∂z

∂θ

)2

(30)

gζζ =

(
∂R

∂ζ

)2

+

(
∂z

∂ζ

)2

+R2 (31)

gθζ = gζθ =
∂R

∂θ

∂R

∂ζ
+

∂z

∂θ

∂z

∂ζ
. (32)

Moreover, geometrical quantities such as the radial derivative of the volume, V ′, as well as the specific
form of λ(ρ,θ,ζ), are provided. Thus, all necessary ingredients for calculating the susceptance matrix
according to equations (26)–(29) are supplied by VMEC.

For the coupling with ASTRA, a Python routine was developed to compute all required geometric
quantities based on a wout file (i.e. output file) generated by VMEC, and to interpolate them onto the
ASTRA grid. To process the output file and compute the susceptance matrix, the VMEC class from the
pySTEL software is utilised. PySTEL itself employs the Fortran-based LIBSTELL library to read the wout
file. Both are part of the STELLOPT GitHub repository [27].

As shown in the equations (26)–(29), the susceptance matrix depends on the metric tensor and,
consequently, on the underlying coordinate system. Therefore, before applying the susceptance mat-
rix in ASTRA, the elements must be transformed from the VMEC coordinate system to that used in
ASTRA. While in VMEC ζ = ϕ is used, ASTRA’s toroidal angle points into the opposite direction, i.e.
ζ =−ϕ. Additionally, the radial coordinate in VMEC is defined as sVMEC =Φ/Φsep, whereas in ASTRA it
is ρASTRA = (Φ/(πB0))

0.5.
The impact on the metric tensor components can be deduced from equations (30)–(32). Reversing

the direction of ζ only changes the signs of gθζ and gζθ , while the remaining metric tensor elements
remain unaffected. The redefinition of the radial coordinate does not alter the metric tensor components
presented here. Similarly, only λ,ζ is affected by the change in coordinate system (its sign is reversed),
whereas λ,θ remains unchanged. To calculate the Jacobian, (

√
g)ASTRA, the metric tensor must be trans-

formed to the ASTRA coordinate system via gASTRA = JTgVMECJ, where

J= diag

(
∂sVMEC

∂ρASTRA
=

2πB0

Φsep
ρASTRA,1,

∂ϕ

∂ (−ϕ)
=−1

)
(33)

is the Jacobian matrix from the VMEC to the ASTRA coordinate system. Consequently,

(
√
g)ASTRA =

√
detgASTRA = |det J|

√
detgVMEC

=
2πB0

Φsep
ρASTRA (

√
g)VMEC . (34)

6



Plasma Phys. Control. Fusion 68 (2026) 045012 F Solfronk et al

Figure 1. (a) Comparison between the rotational transform provided by VMEC (black) and ιvac =−S12/S11 computed for
ASTRA (red and cyan) for W7-X discharges 20230216.059 (dashed lines) and 20171206.025 (solid line). The red curves show
ιvac with quadratic interpolation applied to the second and third element of S11 and S12, while the cyan curves correspond to
profiles without interpolation in the core. (b): Deviation of the computed ιvac from the VMEC rotational transform.

Since the flux surface integral, calculated for Sij, is proportional to (
√
g)−1, the susceptance matrix trans-

formed into the ASTRA coordinate system is given by

Sij,ASTRA =
(
2δij − 1

) Φsep

2πB0ρASTRA
Sij,VMEC (35)

where δij denotes the Kronecker delta symbol. The δij term accounts for the sign changes of gθζ , gζθ,
and λ,ζ . It should be noted that the reversal of the ζ coordinate not only affects the susceptance matrix,
but also other quantities provided by VMEC. For instance, the sign of the axial magnetic field B0 and
the toroidal magnetic flux Φ is also reversed.

During this study, it became apparent that numerical issues arise rapidly when calculating ιvac =
−S12/S11 in the plasma core. This is due to S12(0) = S11(0) = 0, which in turn arises because ∂R/∂θ and
∂z/∂θ vanish at ρ= 0. The extent of these numerical issues is illustrated in figure 1.

In the previously mentioned Python script, the susceptance matrix is calculated using pySTEL, trans-
formed to the ASTRA coordinate system via equation (35), linearly interpolated from the VMEC grid
to the ASTRA grid, and ιvac is then computed on the ASTRA grid from the resulting susceptance mat-
rix elements. The resulting ιvac for the W7-X discharges 20230216.059 (dashed lines) and 20171206.025
(solid line) is shown in figure 1(a) (in cyan), and compared with the ι profile obtained from the corres-
ponding vacuum reference equilibria supplied by VMEC (black). As these equilibria contained no tor-
oidal current, the ι profile from VMEC corresponds to the vacuum rotational transform of each equilib-
rium. However, for ρASTRA/ρB ≲ 0.2, the computed ιvac differs from the VMEC rotational transform, as
illustrated in figure 1(b), which shows the deviation of the calculated ιvac from ιVMEC.

To avoid such deviations in the core, the values of S11, S12, and S21, once transformed into the
ASTRA coordinate system using equation (35), were quadratically interpolated at the second and third
innermost radial VMEC grid points (ρASTRA/ρB ≈ 0.10 and ρASTRA/ρB ≈ 0.14), with the constraint
S11(0) = S12(0) = S21(0) = 0. The choice to interpolate at the second and third innermost grid points
was a compromise between limiting the extent of the interpolation and achieving the best possible cor-
rection to the ιvac profile. The applied VMEC equilibria contained 91 radial grid points. In the case of
VMEC equilibria with more radial grid points, it may be necessary to interpolate at more than just the
second and third innermost points. In figure 1, ιvac and its deviation from ιVMEC, including the effect of
quadratic interpolation in the core, are illustrated in red. For both equilibria, a reduction in the numer-
ical error is evident.

It should be noted that, in the simulations presented in section 4.2, the difference between interpol-
ating and not interpolating S11, S12, and S21 in the plasma core was negligible. This is primarily because
the difference in the core between the VMEC vacuum rotational transform and the value calculated
without interpolation remains very small, approximately 0.005 (see figure 1(b)). However, this may not
be the case for all equilibria, which is why this point is emphasised here. In the absence of interpolation,
larger deviations may cause instabilities associated with resonant surfaces to be triggered earlier or later
in the simulation than in the experiment, thereby altering the discharge evolution.

Figures 2(a)–(c) show the computed susceptance matrix elements S11, S12, and S21 in the ASTRA
coordinate system and on the ASTRA radial grid for the vacuum reference equilibrium of discharge
20171206.025. The susceptance matrix elements obtained without interpolation in the core are also
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Figure 2. Susceptance matrix elements (in the ASTRA coordinate system and on the ASTRA radial grid) for the vacuum reference
equilibrium of W7-X discharge 20171206.025. In (a)–(c), both the profiles with and without quadratic interpolation in the core
are shown. As the profiles overlap closely, the difference is not visible. The profile without quadratic interpolation in the core lies
behind the one with interpolation.

shown, however, they are not visible, as they are overlaid by the elements with interpolation. This illus-
trates that the quadratic interpolation in the core has only a minor effect on the susceptance matrix ele-
ments themselves, whereas its impact on ιvac, and consequently on ι, can be substantial, as illustrated
in figure 1. As S22 does not, in general, vanish in the core, but S22,ASTRA ∼ S22,VMEC/ρASTRA, S22,ASTRA
diverges as ρASTRA approaches zero. To avoid numerical instabilities, the variable ρASTRAS22,ASTRA was
implemented in ASTRA, rather than S22,ASTRA itself. As can be seen in figure 2(d), ρASTRAS22,ASTRA tends
to have a small radial gradient, so additional interpolation of ρASTRAS22,ASTRA in the core, as performed
for S11, S12 and S21, is not necessary.

In the next section, the generic current diffusion equation is validated, beginning with simple theor-
etical examples and subsequently including a comparison with experimental measurements from W7-X.

4. Validation

At first, three simple example cases of simulations employing the generic current diffusion equation (13)
are presented. These are intended to verify whether solving the equation produces the physically expected
evolution of the current density and ι profile. In the second subsection, the current diffusion equation
is validated against the evolution of the toroidal current observed in W7-X discharges 20171206.025 and
20171206.036.

Both discharges, 20171206.025 and 20171206.036, share the same vacuum reference equilibrium,
which was calculated using VMEC. This equilibrium is employed in the following two subsections to
determine the susceptance matrix required for the simulations. For section 4.2, this approach assumes a
sufficiently stable equilibrium throughout the simulated time interval. The parallel conductivity, σ∥, was
calculated using the formula presented in [28], which does not account for all the effects arising from
the 3D geometry inherent in a stellarator configuration [30], and may therefore only be considered an
approximation of the actual parallel conductivity. At present, a coupling between ASTRA and the code
DKES [31, 32] is under development and will be realised via look-up tables. In future studies, this will
enable the provision of neoclassical transport coefficients, the radial electric field, bootstrap current
coefficients, and the parallel conductivity in a manner that remains fast but is more accurate than the
approach used in this work. The fraction of trapped particles, ft, required for the computation of the
parallel conductivity, was determined from the VMEC equilibrium according to the expression given in
[29, 30]. The kinetic profiles used to calculate the conductivity are fixed in section 4.1 and are based
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Figure 3. Confirmation of Ohm’s law for the tokamak case. (a) Radial verification of Ohm’s law at an arbitrarily selected time
point (6 s). (b) Temporal verification of Ohm’s law at arbitrarily selected radial location (ρ/ρB ≈ 0.558).

on measurements from discharge 20171206.025, using Thomson Scattering [33, 34] and ECE [35] dia-
gnostics, and subsequently fitted with Profile Cooker [36]. In section 4.2, selected time points from the
discharges were used to extract kinetic profiles, and ASTRA automatically interpolates between these
profiles. Experimental measurements of the bremsstrahlung and Bayesian modelling [37–39] were used
to obtain experimental effective charge profiles for the discharges investigated in section 4.2. These pro-
files were then applied in the simulations presented in section 4.2 to calculate the conductivity.

4.1. Consistency checks with theoretical expectations
The first example case presented in this subsection simulates a plasma current as in a tokamak, in
order to verify whether the evolution of the parallel current density still satisfies Ohm’s law, j∥ = σ∥E∥.
The parallel current density, j∥, was calculated using equation (17), while E∥ was computed as E∥ =
U∥/(2πR0) = 2πρ/V ′ ∂Ψ/∂t, with the latter relation shown in [8] for tokamak geometry. To mimic
tokamak conditions, the off-axis elements of the susceptance matrix were set to zero, and Uext in
equation (14) was set to 0.1 V in order to drive a plasma current. No external current drive was sim-
ulated, and the bootstrap current was neglected. The result of this simulation is presented in figure 3.
Analytically, j∥/(σ∥E∥)− 1 is zero according to Ohm’s law. As shown in figure 3(a), this is approximately
the case across the entire radial profile. At the innermost and outermost grid points, a deviation on the
order of 10−3 is visible, originating from approximating radial derivatives at the grid boundaries during
the calculation of j∥. At all other grid points, the numerical error is only on the order of 10−8, as seen
in figure 3(b), which shows the temporal evolution of j∥/(σ∥E∥)− 1 at the randomly chosen radial posi-
tion ρ/ρB ≈ 0.558. Consequently, Ohm’s law is still obeyed by the implemented generic current diffusion
equation, both in space (see figure 3(a)) and in time (see figure 3(b)), apart from negligible numerical
deviations.

Now, the temporal evolution of j∥ and ι will be examined for the stellarator case. In a tokamak,
in the absence of non-inductive current drive and of an externally induced loop voltage, the toroidal
plasma current decays and, consequently, the poloidal magnetic field generated by the plasma weakens.
As a result, the rotational transform ι tends to zero, and plasma confinement collapses. By contrast, in
a stellarator the external coils generate both toroidal and poloidal vacuum magnetic fields, which pro-
duce nested flux surfaces and a nonzero vacuum rotational transform, ensuring finite confinement even
without plasma current. As the plasma current decays to zero, the poloidal vacuum field persists and the
ι profile relaxes to ιvac rather than to zero. The decay of the plasma current is described by the external
circuit equation (see equation (14)), which was implemented as boundary condition for the current dif-
fusion equation. In the limit of the plasma being a rigid conductor, this equation can be reformulated in
terms of the toroidal current using that Upl = RItor + LintdItor/dt, where R is the electrical resistance of
the plasma and Lint is the internal inductance:

dItor
dt

=−R

L
Itor (36)

where L is the total plasma self-inductance defined as L= Lint + Lext. Thus, the evolution of the simu-
lated toroidal current is expected to exhibit an exponential decay to zero.

To determine whether the described behaviour is reflected using ASTRA, a simulation was conducted
with an initial toroidal current of 0.4MA and Uext = 0V, leading to a decay of the toroidal current. In
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Figure 4. (a) Decay of the simulated total plasma current from initially 0.4MA. (b) Evolution of the simulated current density to
zero. (c) Corresponding ι profile decreases to ιVMEC = ιvac.

Figure 5. Temporal evolution of the difference between the simulated rotational transform and the profile provided by VMEC.

contrast to the previous simulation, the off-diagonal elements of the susceptance matrix were retained
as computed from the VMEC output. As mentioned at the beginning of this section, the employed
VMEC equilibrium is the vacuum reference equilibrium of the W7-X discharges 20171206.025 and
20171206.036. Consequently, it does not include a current, and the rotational transform provided by
VMEC is the vacuum rotational transform. Contributions from the bootstrap current were neglected in
this example case.

The results of this simulation are presented in figure 4. As expected, the total toroidal current decays
exponentially, as shown in figure 4(a). Furthermore, figures 4(b) and (c) demonstrate that j∥ decreases
to zero, and ι approaches ιVMEC = ιvac, rather than zero, as would be the case for a tokamak. Figure 5
shows the difference between the simulated ι profile and the one from VMEC. The simulated rotational
transform does not match its VMEC counterpart exactly. However, this discrepancy is anticipated and
arises from the mismatch in ιvac discussed in the previous section (see figure 1).

This result highlights that, although interpolating the susceptance matrix in the core has only a min-
imal effect on the susceptance matrix elements themselves (cf figure 2), it is, nevertheless, important for
correctly simulating the evolution of ι.

Finally, two test cases from [15] were reproduced. In section 6 of [15], a prescribed Gaussian current
distribution and a bootstrap current density computed with NCLASS [40] are used to obtain the steady-
state rotational transform for each case. The results are shown in figure 5 of [15]. Note that [15] uses
the convention ζ = ϕ, which reverses the sign of the rotational transform compared to ASTRA.

In the bootstrap current case in [15], in which the current density vanishes in the core, the rota-
tional transform coincides with the vacuum rotational transform in that region. In contrast, for the
prescribed Gaussian current, ι is substantially reduced in the core. This behaviour is consistent with
equation (8). Equation (8) also explains the result at the plasma edge: since both current density pro-
files in [15] produce the same total toroidal current of 161 kA, the toroidal current term in equation (8)
is identical for both simulations, resulting in matching values of ι at the edge.
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Figure 6. (a) Prescribed current densities used in the final example application of section 4.1. (b) Equilibrated ι profiles corres-
ponding to the current densities in (a) (lime and cyan), compared with the vacuum rotational transform (red).

To compare ASTRA simulations with the results from [15], two scenarios with a prescribed cur-
rent drive, jCD, were run until the current evolution reached equilibrium, i.e. j∥ = jCD. No other forms
of external current drive were included, and the bootstrap current was neglected. Similar current dens-
ity profiles as in [15] were applied in the presented simulations, using a parabolic profile to mimic the
bootstrap current from [15]:

jCD,par =
0.1

Ipar

(
−
(

reff
reff,B

− 0.5

)2

+ 0.25

)
(37)

jCD,gau =
0.1

Igau
e−5(reff/reff,B)

2

(38)

where Ipar and Igau are normalisation factors chosen such that the total driven current for both cur-
rent density profiles is a prescribed value chosen as 100 kA. The current density profiles are shown in
figure 6(a). The corresponding equilibrated ι profiles are presented in figure 6(b), together with the ιvac
profile. The profiles qualitatively reproduce the behaviour of the results from [15] discussed above. With
the Gaussian current density profile, the rotational transform exceeds the vacuum value in the plasma
core, whereas for the parabolic profile with vanishing current density at the magnetic axis, the rotational
transform matches ιvac on axis. At the separatrix, the rotational transforms are equal, as both profiles
correspond to the same total current (cf equation (8)). A closer agreement with the profiles from [15]
could not be expected, as the resulting ι profiles depend on the precise geometry (via the susceptance
matrix) and the exact current density profiles employed, which differ between this work and [15].

In the following subsection, the evolution of the current will be validated against experimental results
from W7-X.

4.2. Validation against experimental data
In this section, the implementation was benchmarked against W7-X discharges 20171206.025 and
20171206.036. The discharges presented primarily feature electron cyclotron current drive (ECCD) and
only a relatively small bootstrap current.

An overview of the time evolution of key plasma parameters during discharge 20171206.025 is
presented in figure 7. The heating scenario exclusively employs electron cyclotron resonance heating
(ECRH; cf figure 7(a)). Initially, three beams are used to heat the plasma—one core ECRH beam and
two obliquely injected beams. After approximately 1.3 s, the core ECRH beam dropped, and only the
obliquely injected beams remain for the rest of the discharge. With the reduction in EC heating, the
measured diamagnetic energy also decreases (see figure 7(b)). Afterwards, the plasma energy remains
approximately constant, displaying a gradual decrease until a significant increase occurs at around 23.6 s
due to pellet injection (cf figure 7(b)). Periodic, sawtooth-like crashes of the plasma energy are observed,
becoming clearly visible between 5 and 6 s. The core electron temperature, Te,c, measured by ECE (chan-
nel 13, at approximately r/a= 0.05; see figure 7(c)), rises sharply at the onset of ECRH heating and
decreases slightly during the first 0.8 s as the electron density increases (see figure 7(d)). Sawtooth-like
crashes in Te,c are observed from the beginning of the discharge, with the frequency of large crashes
(responsible for the sawteeth seen in Wdia) decreasing over time. Apart from these sawtooth events,
Te,c remains relatively steady until a sharp drop occurs following pellet injection. A similar behaviour
is observed for the measured line-integrated electron density (see figure 7(d)), which increases initially,
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is slightly reduced when only two beams remain, and then remains approximately constant until the
onset of pellet injection at around 23.6 s, after which it increases rapidly. Experimental Zeff profiles were
obtained using bremsstrahlung measurements and Bayesian modelling [37–39]. Figure 7(e) displays the
on axis effective charge, Zeff,axis. The total toroidal plasma current, measured using Rogowski coils, is
shown in figure 7(f). It should be noted that, in this study, the sign of the current has been reversed
relative to previous publications [41, 42], reflecting the definition of the toroidal coordinate used in
ASTRA. Following an initial linear increase, the current saturates at approximately 12 kA.

The time interval investigated for this discharge begins with the initiation of ECRH heating at 0 s
and concludes at 23 s, shortly before pellets are injected. The time points at which kinetic profiles are
specified—between which ASTRA interpolates—were chosen as 0.1 s, 0.85 s, 1.9 s, 4.5 s and 23.0 s. The
intervals used to fit the profiles are indicated in figures 7(c) and (d) as vertical transparent lines. The
experimental temperature and density profiles at 0.85 s, 1.9 s, 4.5 s and 23.0 s were used to calculate the
total ECCD and its main deposition using the ray-tracing code TRAVIS [43]. The Zeff profile required
for the TRAVIS calculations was also taken from the experiment. The TRAVIS results were subsequently
used to fit Gaussian current drive profiles for the four time points. In the simulations, prior to 0.85 s,
the ECCD profile was fixed to the current drive profile at 0.85 s. As noted previously, the bootstrap
current played a minor role during the investigated discharges. In the following simulations, the boot-
strap current was approximated using a parabolic profile (cf equation (37)) with a total current of
2.5 kA, which is consistent with the estimate from [41]. In an initial approach, the discharge is simulated
without a model for the sawtooth crashes.

The result of the simulation is shown in figure 8(a) (blue). The shape of the temporal evolution of
Itor closely resembles the experimental observation (black). Rather than exhibiting an immediate increase
in toroidal current in response to the driven current, a current opposing the driven current is induced
due to Lenz’s law (see figure 8(b)). Consequently, the increase in total toroidal current is damped and
eventually saturates as Itor approaches the sum of the total bootstrap current and the current driven by
ECRH. Nevertheless, the simulated toroidal current rises to a higher value than observed experimentally.

This result is not unexpected, given that sawtooth oscillations have been entirely neglected thus
far. As described in previous studies [41, 42], the investigated discharge exhibits two types of crashes:
medium-sized crashes, which are visible in the Itor measurement (and, when examining the temper-
ature data, are found to commence immediately following the onset of ECRH rather than only after
approximately 5 s), and smaller, more frequent crashes, with several occurring between two medium-
sized events. In [42], the medium-sized crashes were attributed to (m,n) = (1,1) modes, while for the
high-frequency crashes (m,n) = (6,5) modes were proposed. Crashes are expected to occur when the ι
profile exceeds or subceeds ι= 1 and ι= 5/6 sufficiently. Figure 8(d) displays the evolution of the ι pro-
file from the previous simulation during the first 0.4 s. The vacuum rotational transform is illustrated
in red, with the two resonances indicated as dotted horizontal lines. Both resonances are crossed shortly
after the beginning of the discharge, which is consistent with the occurrence of crashes observed experi-
mentally. As discussed in [42], the repeated sawtooth crashes continuously dissipate magnetic energy. As
a consequence, the toroidal plasma current does not reach the sum of ECCD and bootstrap current, but
rather saturates at a lower level. This explains why, in the initial simulation, only the shape of the cur-
rent evolution could be reproduced, while the total current attained higher values than those measured
in the experiment.

In the following simulation, a simple Kadomtsev-type model [44], similar to the one described in
[42], was implemented. In [42], 1.1 and 0.78 were used as upper and lower limits for the rotational
transform at which a crash is triggered. In this work, a minimum sawtooth period of 0.3 s, based on the
frequency of medium-sized crashes observed in the experiment, and the condition ι> 1 were imposed
as the criteria for reconnection. Consequently, the employed sawtooth model can only account for saw-
teeth associated with the ι= 1 resonance. The resulting simulation, incorporating the sawtooth model,
is shown in figure 8(a) (lime). The total toroidal current reached at the end of the simulated interval is
now in good agreement with the experimental data. This confirms the finding from [42] that including
sawtooth crashes leads to a reduction in the saturated current. After each crash, both the j∥ and ι pro-
files are flattened. However, the peak in the ECCD profile repeatedly drives a peak in the two profiles,
thus driving ι above 1 once more and triggering the next crash. This process is visible in figure 8(c),
which displays the evolution of the maximum (for ρ/ρB < 0.5; solid lines) and minimum (dashed lines)
values of the ι profile for both simulations. The red dotted lines mark ι= 1 and ι= 5/6. This repeated
behaviour explains why the sawtooth crashes persist throughout the discharge. As the minimum of the
ι profile repeatedly falls below ι= 5/6, this may also explain the continued occurrence of the smaller
crashes. However, as mentioned above, such crashes were not captured by the simple sawtooth model
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Figure 7. Temporal evolution of experimental measurements fromW7-X discharge 20171206.025. The transparent grey line at
around 23 s indicates the end of the simulated time interval. (a) ECRH heating power: Note that one beam dropped at around
1.3 s. (b) Measured diamagnetic energy,Wdia, throughout the discharge. (c) and (d): Core electron temperature measured at
r/a≈ 0.05 (c), and line-integrated density (d). Transparent vertical lines at approximately 0.1 s, 0.85 s, 1.9 s, 4.5 s and 23 s denote
the intervals for which experimental profiles were fitted for the ASTRA simulations. (e) Experimental effective charge on axis
displayed with error bars. (f) Measured total toroidal plasma current.

employed, which was initially designed for tokamaks. Consequently, it is not expected that this simple
simulation covers all of the relevant physics and the resulting plasma dynamics. This limitation is also
evident in the evolution of the total toroidal current: while relatively large sawteeth are observed exper-
imentally, the simulated Itor displays only much smaller crashes. A more sophisticated sawtooth model
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Figure 8. (a) Comparison of the temporal evolution of the toroidal current for discharge 20171206.025. The black line repres-
ents the experimental measurement, while the coloured lines correspond to the simulations. The blue line shows the simulation
without a sawtooth model, while in the simulation illustrated in lime the Kadomtsev-type sawtooth model was employed. In
the brown simulation, the parallel conductivity was estimated using σSp(1− ft), where σSp denotes Spitzer’s conductivity and ft
represents the trapped particle fraction. (b) Evolution of j∥ profile in the simulation without the sawtooth model (see blue line
in subplot (a)) during the first 1.5 s of the discharge. The red profile indicates the jECCD profile used during the first 0.85 s of the
simulated discharge. (c) Evolution of the maximum (for ρ/ρB < 0.5; solid lines) and minimum (dashed lines) of the ι profile
for the simulations of discharge 20171206.025. The red dotted lines mark ι= 1 and ι= 5/6. (d) Evolution of the ι profile in the
simulation without the sawtooth model (see blue lines in subplot (c)) during the first 0.4 s of the discharge. The red line indicates
ιvac. Again, the dotted lines show ι= 1 and ι= 5/6.

based on Taylor relaxation [45, 46] is currently under development for tokamaks and is expected to
provide a more accurate representation of plasma behaviour in future studies.

Although the final total toroidal current at the end of the simulated period matches the measure-
ment when using the presented model, the evolution of the toroidal current still deviates slightly from
the experimental data. In the experiment, the current initially increases more rapidly than in the simula-
tion. This discrepancy may be a consequence of the approximated parallel conductivity, which was ori-
ginally derived for axisymmetric plasmas. A lower conductivity leads to a more rapid decay of the ohmic
current opposing the current drive, resulting in a faster increase in the total current.

To illustrate this effect, in a third simulation (see figures 8(a) and (c) in brown), the conductivity
was estimated as σSp(1− ft), where σSp denotes Spitzer’s conductivity [47]. The simulated evolution of
the toroidal current then closely matches the experimental data over the first 13 s of the discharge. The
saturated current at the end of the investigated period is slightly above the experimental value. However,
this deviation can readily be explained by uncertainties in the experimental temperature, density, and Zeff

profiles, as changes in these profiles significantly affect the amount of current driven by ECCD [48, 49].
Furthermore, the choice of the sawtooth model also influences the saturated current at the end of the
simulation.

Despite the remaining discrepancies, it is noteworthy that the simple models chosen for the conduct-
ivity and for simulating the sawteeth already result in such good agreement between the simulation and
the experiment.

In the remainder of this section, the current diffusion equation is validated against W7-X dis-
charge 20171206.036. An overview of the time evolution of plasma parameters during this discharge
is presented in figure 9. In principal, the discharge is similar to the previously investigated discharge
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Figure 9. Temporal evolution of experimental measurements fromW7-X discharge 20171206.036. The transparent grey line
at around 23 s indicates the end of the simulated time interval. (a) ECRH heating power from the experiment. (b) Measured
diamagnetic energy,Wdia, throughout the discharge. (c) and (d): Core electron temperature measured at r/a≈ 0.05 (c), and line-
integrated density (d). Transparent vertical lines at around 0.1 s, 1.1 s, 4.5 s, 7.5 s, 13 s, 18 s, and 20 s denote the intervals for which
experimental profiles were fitted for the ASTRA simulations. (e) Experimental core electron temperature over line-integrated
density as measure for the ECCD efficiency. (f) Experimental effective charge on axis displayed with error bars. (g) Measured
total toroidal plasma current.

20171206.025, however, in this case, the direction of the ECCD was reversed (cf figure 9(g)). As a result,
instead of increasing ι, the rotational transform is decreased, thereby preventing the occurrence of (1,1)
modes. Again, three ECRH beams were used to heat the plasma, combining approximately the same
total heating power as at the start of discharge 20171206.025, but this time none of the beams dropped
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Figure 10. Comparison of the temporal evolution of the toroidal current in discharge 20171206.036. The black line represents the
experimental measurement, while the coloured line corresponds to the simulation.

(cf figure 9(a)). In addition, the electron density exhibited much larger variations during discharge
20171206.036 compared to discharge 20171206.025 (see figure 9(d)), which can significantly influence
the ECCD efficiency [48, 49]. The changes in the plasma temperature, shown in figure 9(c), also affect
the current drive. It was found in [49] that the efficiency of the ECCD scales approximately with Te/ne.
Figure 9(e) displays the ratio of measured core electron temperature to experimental line-integrated
density, which varies during the discharge, significantly affecting ECCD efficiency. To account for the
changes in temperature and density, this time, profiles were taken from seven time intervals around 0.1 s,
1.1 s, 4.5 s, 7.5 s, 13 s, 18 s and 20 s (see transparent vertical lines in figures 9(c) and (d)). As before, the
simulation covered the first 23 s of the discharge (see grey transparent vertical line in figure 9). After
19.4 s, the kinetic profiles were assumed to remain constant, using the fit obtained from the interval
at around 20 s. To account for changes in ECCD efficiency, the ECCD profile was calculated for each
interval—except the very early one at 0.1 s—using TRAVIS (see transparent vertical lines in 9(e)), and
the same procedure as for the previous discharge. The jECCD profile was held constant before the first
and after the last illustrated interval. The Zeff profile required for the TRAVIS calculations was also taken
from the experiment (see figure 9(f)). The expression from [28] was again used to compute the parallel
conductivity. As in the previous discharge, the bootstrap current was assumed to have a constant para-
bolic profile with a total current of 2.5 kA.

The result of this simulation is shown in figure 10(lime) and compared with the experimental evol-
ution of the total toroidal current (black). The simulation is in good agreement with the experimental
data. Neglecting the influence of sawteeth in discharge 20171206.025, the evolution of the current is
more complex in discharge 20171206.036. Initially, the current is slightly positive. However, after approx-
imately one second, the current reverses direction and remains negative for the duration of the dis-
charge. During this period, the total current increases in an approximately linear fashion. Upon closer
inspection, the current begins to saturate slightly as the discharge approaches 10 s, before increasing
again more strongly after 10-11 s and then exhibiting further saturation from around 19–20 s. This beha-
viour is reproduced in the simulation, providing insight into its underlying mechanisms. In the begin-
ning of the discharge, the bootstrap current dominates over the ECRH-driven current, owing to stronger
screening of the ECCD, resulting in a net positive current. As the screening effect diminishes, the elec-
tron cyclotron driven current becomes dominant, leading to a reversal in the direction of the total cur-
rent. While the kinetic profiles in 20171206.025 remained relatively constant (when averaged over the
sawtooth periods), the kinetic profiles in discharge 20171206.036 change significantly. The combination
of a decrease in density and an increase in plasma temperature between approximately 7.8 s and 18.2 s
(cf figures 9(c) and (d)) substantially enhances the efficiency of current drive (cf figure 9(e)), and thus
gives rise to the observed behaviour of the total plasma current.

Small deviations are visible between the simulated toroidal current and that observed in the experi-
ment. However, these discrepancies are readily accounted for by uncertainties in the calculated ECCD—
arising from uncertainties in the employed experimental profiles—and by the use of a conductivity
expression derived for axisymmetric plasmas.
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In conclusion, it has been demonstrated in this section that, in general, the solutions of the newly
implemented generic current diffusion equation are consistent with theoretical expectations. Moreover,
the experimental evolution of the toroidal current and rotational transform in a stellarator can now be
modelled in ASTRA.

5. Summary and outlook

In this work, a generic current diffusion equation for the poloidal magnetic flux was implemented in the
transport solver ASTRA. A coupling to VMEC was also developed, enabling VMEC equilibria to be read
and utilised within ASTRA. Finally, the updated current diffusion equation was benchmarked against
theoretical expectations and validated against experimental data from W7-X discharges 20171206.025
and 20171206.036.

The implementation in ASTRA of the generic current diffusion equation derived in [15] was
described, including the procedure for calculating quantities such as the parallel current density and the
rotational transform from the evolution of the poloidal magnetic flux. Furthermore, it was demonstrated
that, in the limit of axisymmetric geometry, the generic equation is equivalent to the current diffusion
equation used for tokamaks.

Secondly, the unidirectional coupling to VMEC was presented. The susceptance matrix is calculated
from the VMEC output file using pySTEL [27]. Subsequently, the matrix elements are transformed into
the ASTRA coordinate system and interpolated onto the ASTRA radial grid. Prior to their application in
ASTRA, S11, S12, and S21 are further subjected to quadratic interpolation in the core to minimise numer-
ical errors.

Lastly, simulations were performed to confirm the correctness and applicability of the current dif-
fusion equation for stellarators. Initially, simple example cases were presented to demonstrate that the
implemented equation in ASTRA is consistent with theoretical expectations for a generic current dif-
fusion equation. Subsequently, the equation was validated against the W7-X discharges 20171206.025
and 20171206.036. It was shown that the evolution of the toroidal current in W7-X can be modelled in
ASTRA. Moreover, the occurrence of sawteeth-like instabilities observed in the experiment can be related
to the ι profile crossing resonant surfaces in the simulation. Employing a simple Kadomtsev-type saw-
tooth model already led to surprisingly good agreement between the modelled and measured total tor-
oidal current.

In conclusion, ASTRA’s underlying transport equations are now valid for both stellarators and toka-
maks. As a result, ASTRA is capable of simulating the evolution of the plasma inside the LCFS for both
device types, provided that appropriate transport or bootstrap coefficients are supplied as input. In
future work, a quasilinear turbulent transport model applicable to stellarators could be developed and
implemented in ASTRA to allow for the prediction of particle density and temperature profiles. A ded-
icated module is already under development to enable the fast calculation of neoclassical transport coef-
ficients, bootstrap current coefficients, the parallel conductivity, and the radial electric field specifically
for stellarators. Furthermore, the development of faster 3D equilibrium solvers could motivate the estab-
lishment of a bidirectional coupling between ASTRA and such solvers in the future, thereby enabling
the incorporation of self-consistent changes of the equilibrium during a discharge. Expanding ASTRA to
support stellarators lays the foundation for a stellarator flight simulator and for the predictive modelling
of stellarator discharges in the future.
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