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Abstract
A theory-based model for the control of plasma currents for steady-state operation in W7-X is
proposed and intended for model-based plasma control. The conceptual outline implies the
strength of physics-based models: it offer approaches applicable to future conditions of fusion
devices or next-step machines. The application at extrapolated settings is related to the validity
range of the theory model. Therefore, the predictive power of theory-based control models
could be larger than for data-driven approaches and limitations can be predicted from the
validity range for the prediction of bootstrap currents in W7-X. The model predicts the L/R
response when density or heating power is changed. The model is based on neoclassical
bootstrap current calculations and validated for different discharge conditions. While the
model was found to be broadly applicable for conducted electron-cyclotron-heated discharges
in W7-X, limits were found for cases when the polarization of the electron cyclotron heating
was changed from X2 to O2-heating. The validity assessment attempts to quantify the
potential of the derived model for model-based control in the operational space (density,
heating power) of W7-X.

Keywords: Wendelstein 7-X, bootstrap current, plasma control, stellarators, model validation,
neoclassical modelling
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1. Preparation for steady-state operation on
Wendelstein 7-X: the need for robust control of
long-pulse operation

Wendelstein 7-X (W7-X) is a superconducting fusion device
built as a proof-of-principle to demonstrate the reactor poten-
tial of optimized stellarators [1]. To this end, plasma scenarios
for high-power, long-pulse operation need to be developed.
The plasma performance target is to provide conditions as
close as achievable to fusion power plant conditions. In terms
of dimensionless plasma parameters, the collisionality needs to
be sufficiently small to examine stellarator-specific losses from
the hot plasma centre. Therefore, the stellarator 3D-magnetic
field requires an effective mitigation of neoclassical 1/ν energy
losses (with ν being the collision frequency), leading to a detri-
mental scaling of energy losses Qloss with temperature T as
high as Qloss ∝ T4.5 [2]. W7-X mitigates these losses by min-
imizing transport from ripple trapped particles by shaping the
magnetic field. W7-X is also seen as a first-of-a-kind heli-
cal axis advanced stellarator (HELIAS) [3] implementing the
concept of stellarator optimization. The coil currents in W7-X
are flexible to examine both the efficacy of optimized HELIAS
fields (in the so-called standard and high-mirror configura-
tions) but also to assess the effects of de-optimized magnetic
field configurations. The optimization of the HELIAS mag-
netic field, moreover, includes aspects aside the reduction of
transport from ripple-trapped particles such as MHD stabil-
ity and reduced bootstrap current [3]. The reduction of neo-
classical plasma losses has been experimentally demonstrated
even in early operation phases of W7-X with fairly small heat-
ing power [4]. Relevant to the economic prospects of a fusion
reactor concept, the optimization benefits further from the dia-
magnetic effect at high volume-averaged plasma beta values
(β = 4%) [5].

Consequently, the validation of the physics design of
W7-X requires simultaneous attainment of high 〈β〉 and low
collisionalities ν∗ in equilibrated plasmas (Te ∼ T i). In paral-
lel, the leading operation target is to achieve pulses as long
as 30 min, limited only by infrastructure constraints [6]. At
present, in 2021, W7-X is being equipped with water-cooled
plasma-facing components. Heating and fuelling upgrades are
being installed along with extended wall surveillance and mea-
sures to detect high, localized power loads. The device is being
upgraded with actively cooled plasma-facing components to
sustain 10 MW-class heating power for up to 30 min. Ulti-
mately, the forthcoming campaigns aim at a power throughput
of 18 GWs [7].

For the operation in forthcoming experimental campaigns,
all actuator actions need to be integrated to arrive safely at
the envisaged performance. To this end, appropriate plasma
control schemes need to be qualified to ensure safe and reli-
able device operation. This motivation serves as a background
for this prototypical study which is to put forward theory-
based models for control. With the progress of 3D plasma
theory, the development of predictive, theory-based tools for
safe long-pulse operation comes more and more within reach
for scenario preparation. To this end, this paper describes an

approach to develop theory-based models customized for con-
trol applications on W7-X. Differently to purely data-driven
approaches, the main benefit of theory-based approaches is
seen in its predictive power allowing one to expect a wide
applicability when new parameter ranges are explored or for
the assessment of scenarios in future devices. As a general
concept, the use of theory-based models for tokamak control
applications was reported in this conference [8]. A predictive
scenario development employing a combined density and heat-
ing control to reduce the impact of bootstrap current in W7-X
has been reported in [9]. The central novelty of this study is
the validation of theory-based bootstrap current models with
data-sets from W7-X experiments and the identification of lim-
itations of the model in terms of the heating power and density.
A key physics result in this paper is to explain the mechanism
of bootstrap current reversal in the transition from attached to
detached divertor plasmas.

The specific application of the model developed in this
paper addresses the same issue as in reference [9]: in order
to operate W7-X with an island divertor in long pulses at high-
performance, the island divertor (see, e.g. [10, 11]) needs to
handle high-power loads. The working principle of the island
divertor employs strike-lines guiding particles and the non-
radiated fraction of energy to the exhaust system [11]. The
strike-lines appear due to the intersection of a large magnetic
island emerging from an ι- = 5/m (m = 4, 5, 6 are possibili-
ties in W7-X) resonance of the rotational transform. The posi-
tion of the island and thus the position of the strike-lines is
sensitive to perturbations from plasma currents [12]. Despite
being minimized and much smaller than in tokamaks [13] (at
most a few 10 kA), the remnant neo-classical bootstrap current
depends on heating power, density and settings of the mag-
netic field [14]. The effect of the pressure-driven bootstrap
current is observed to shift the strike-lines [11] and thus its
control is required. Electron-cyclotron-current drive is found
to be a reliable actuator to impose compensating current [15].
Therefore, predicted plasma currents can be used to control
the strike-line position by adjusting the current-drive from an
electron-cyclotron current drive system. In W7-X, the current
drive can be adjusted by front-steering mirrors [16]. While a
fully predictive electron cyclotron current drive (ECCD) sim-
ulation from measured plasma profiles cannot be conducted
sufficiently fast for immediate control applications, simpli-
fied models can provide control input within response times
required to react on strike-line changes. To summarize the
motivation behind this paper, strike-line control is expected to
be key to achieve long-pulse operation, especially when higher
heating power becomes available in future campaigns leading
to higher bootstrap currents.

2. Theory-based models for control—a conceptual
approach

Before the specific model development is discussed, the con-
ceptual approach is described. Being explained in more detail
in the course of this paper, the control-workflow elements will
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Figure 1. Workflow for the design and the qualification of model based design (adapted from [18]).

be specified in advance. Figure 1 shows the main elements for
model-based control. An example for which the scheme has
been applied is the RAPTOR framework [17]. The design and
application domain is separated but understood to allow itera-
tions not shown in figure 1. Usual steps involve the definition
of the control objective (here the control of divertor strike-
lines). The identification of requirements includes the required
response times to avoid overloads and involves the specific
properties of actuators and sensors.

Here, we focus on the model formulation and model valida-
tion steps (indicated in red). For the model formulation, differ-
ent successful approaches have been applied such as transfer
functions but also physics constraints. Here, we employ the-
ory models for the formulation of the control model. As will
be outlined below, a transport model applied on plasma profiles
is reduced to a parametrized response function. This result can
be exploited for a model-based control design. Although not
addressed in this paper, it is of use to consider the application
domain of the controller as outlined in figure 1. The deploy-
ment of the controller needs a qualification to assess the model
response to sensors and actuators. At the end of the qualifi-
cation process, an independent validation of the model could
be made by measurements independent from the sensor sig-
nals used for the control design. The validation step should
result in figures of a metric (e.g. the deviation from expected
to measured plasma current) that allows one to quantify when
the controller is expected to work.

The validation step opens the door to assess the control
model in terms of predictive power. This may result in the
benefit of transferring a control design developed at lower-
performance devices to up-scaled machines or to adapt a
physics-model-based controller for upgrades of a device. This

property appears to be fundamentally different than purely
data-driven approaches, the validity of the latter is hardly
expected to be predictable for unexplored plasma parameters.
The expected applicability of theory-based models, however,
is expressed by the validity of the underlying physics model:
if the validity of the theory approach covers newly achievable
plasma parameters, a theory-based controller appears to be the
best-knowledge design for a controller that can be provided
in advance. As a vision, theory-based control might find an
application in predictive integrated discharge simulations. The
IMAS framework of ITER [19] formally allows an integrated
discharge plasma and control simulation (flight-simulation)
and efforts on existing devices are underway [20].

The added value from the approach proposed in this paper
emerges from the systematic use of theory derived from first
principles. It is assumed that the use of theory implies a valid-
ity range of the physics-based model equivalent to the validity
range of the underlying theory. Specifically, sensor data (from
plasma diagnostics) are fitted and subsequently modelled with
a neoclassical transport model to calculate key parameters
describing the plasma response. A simplified physics model is
the outcome of the model development described in this paper.
The main benefit of the model-based approach is seen to avoid
analysis and modelling steps that need too long processing
times being incompatible with requirements of a plasma con-
trol system while still being sufficiently accurate to describe
the observed plasma currents. And rather than implementing a
full control application and qualification sequence (application
domain in figure 1), this paper also focuses on the validation
of the model to provide a first discussion on the potential for
extrapolating the model to scaled parameters (i.e. the model’s
predictive power).
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Figure 2. Operation space of W7-X test-divertor discharges (OP1). (a) and (b) show the electron to ion temperature ratio Te/T i and central
electron collisionality ν∗e (0), respectively, vs the volume averaged plasma beta 〈β〉. The colours show different magnetic configurations. The
symbol reflects plasma states. O2 refers to electron cyclotron heated plasma in O2 polarization. Target values for the forthcoming campaigns
OP2 (green patches) are shown for reference.

3. Definition of objectives: survey of achieved
discharge characteristics in W7-X and future
targets

In order to specify the control objectives in figures reflecting
plasma properties, the expected plasma beta and collisionali-
ties for reactor-like conditions for W7-X are shown in figure 2.
The plots show a projection of the operation space from con-
ducted campaigns in terms of plasma beta 〈β〉, core electron
collisionalities ν∗e (0) and Te/T i-ratio target parameters. The
data result from a systematic transport modelling of W7-X
discharges from recent campaigns with an uncooled diver-
tor (‘OP1’: limited in pulse lengths τ pulse < 100 s) and heat-
ing power P < 7 MW). The modelled discharges encompass
a density range from ne = (2 . . . 12) × 1019 m. All plasmas
shown in figure 2 were heated with electron cyclotron heating
(ECH) in X2- or O2 polarization. Target values in figure 2 were
chosen to be 〈β〉 > 4% and ν∗e (0)< 0.02. At fusion conditions,
it is the ion collisionality that is relevant. Thermal equilibration
of electrons and ions (Te ∼ T i), however, is expected at high
densities for expected reactor scenarios.

The data in figure 2 indicate stable, stationary discharge
conditions with one selected exception showing a transient
high-performance pellet injection case (red triangle). For the
subset of discharges heated by electron cyclotron heating
(ECRH) with Te � T i, a clamping of the ion temperature typi-
cally occurs [21]. Moreover, most discharges have low plasma
beta. Small collisionalities having target values indicated by
the green regions, appear to be attainable given the achieved
result. But many plasmas are found to be in a stellarator-
specific transport regime that is not expected to occur under
reactor conditions. These core electron-root confinement dis-
charges (indicated by circles in figure 2) have large portions
of the plasma affected by large positive radial electric fields
Er and regions of large shear of Er within the plasma (see
next section). These conditions, along with unfavourable ion-
to electron temperature ratios are not expected for reactor

operation. As indicated in figure 2, electron-root conditions
show up for even wider ranges when the magnetic configura-
tion is altered to the high-iota divertor configuration (ι- = 5/4),
or if a higher toroidal mirror is introduced (high-mirror data)
or by scanning the rotational transform and in a scan from
ι- = 5/5 → 5/4 [22, 23]. On the other hand, steady-state com-
patible detached plasmas have been attained [7, 11, 24] already
but are operating at fairly high collisionalities. And even the
best plasma performance (red triangle in figure 2) in W7-X [25,
26] is far from the performance targets. The gap to reactor con-
ditions did not come unexpectedly: W7-X is not yet equipped
with the heating power to obtain the required increase of 〈β〉
at low ν∗ and Te ≈ T i at high density. Heating upgrades are
underway [7].

4. Model formulation and validation: a simplified
model for the prediction of plasma currents in
W7-X from neoclassical transport calculations

The L/R response model are solutions of the inhomogeneous
differential equation for an LR circuit:

L
R

dI(t)
dt

+ I (t) = Icd + Iref (1)

with the inhomogeneous part Icd + Iref chosen here to separate
the current in the plasma at a reference time (the initial value
of equation (1)) and a driven current Icd. In cases current drive
was applied (not considered in this paper), the offset Icd could
be calculated with current drive simulations. In case electron
cyclotron current or neutral beam injection were applied, a
ray tracing code for ECCD (TRAVIS [27]) and neutral beam
current drive (BEAMS3D [28]), respectively, are in place to
determine Icd. For the neoclassical simulations conducted here,
the plasma profiles and information on Zeff was the required
information for determining additional currents carried by the
plasma. Again, this input is considered to be stationary shortly
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Figure 3. Profiles of W7-X discharge 20 180 927.033 for stationary conditions at t = 3.5 s (TS: Thomson scattering, XICS: x-ray imaging
spectroscopy). (d) and (e) are results from modelling with the transport code NTSS employing transport coefficients calculated with the drift
kinetic equation solver DKES. Red lines correspond to electrons, blue ones to ions and black lines refer to total values. The broken lines
correspond to error estimates from fitting errors (dashed) and Zeff uncertainties (dot-dashed).

after the heating power and the plasma density are set (i.e. typ-
ically within an energy confinement time) but lasting on the
long L/R time scale.

The simplified physics model applied in this paper is
the step-response of the plasma current set by the plasma
resistance R and inductance L. The plasma acts to shield
non-inductive currents: the bootstrap current arising due to
the pressure gradients and to so-called current drive as a
result of NBI or micro-wave heating. Consequently, the time
response of the plasma current for a relaxation to station-
ary conditions (when plasma conditions are altered) is mod-
elled by an ‘L/R-response model’ reading as a response
I (t) = I∞

[
1 − exp

(
−t/τL/R

)]
to a step-wise change of con-

trol parameters.
The key step for the derivation of quantitative, theory-based

L/R-response models is calculating the stationary current I∞

(which is a non-inductive current) and the response time τL/R.
The calculation of the neoclassical bootstrap current from
plasma profiles is made by using the NTSS code [29]. The
neoclassical modelling includes transport coefficients calcu-
lated from solving the drift-kinetic equation (DKES) [30] and
includes effects from the radial electric field. The Ohmic resis-
tance R is calculated with the parallel conductivity profile σ
to be R = R0/

∫ a
0 σ (reff) reff dreff. The parallel conductivity and

the bootstrap current are calculated from the DKES monoener-
getic transport coefficient employing parallel momentum cor-
rection of the DKES solutions [31]. This approach ensures to
capture deviations from the Spitzer conductivity due to trapped
particles effective at low collisionalities. The calculation of the
L/R time approximates L as the inductance of a conducting
torus L = R0μ0

(
ln
(
8R0/a

)
− 2

)
with the plasma major radius

R0, the minor radius a and the vacuum magnetic permeability
μ0. W7-X has a large aspect ratio, so that 8R0/a ∼ 81, and this
approximation along with the neoclassical parallel conductiv-
ity can with good accuracy reproduce the current evolution in
W7-X [14].

For the validation of the model conducted in this paper,
experimental data are used (profiles of temperatures and den-
sities) and stationary solutions of the transport model are cal-
culated with NTSS. The time response is constructed from the
stationary solution: the saturation level of the plasma current
I∞ is the bootstrap current IBS. The response time is τ L/R. This
construction implies its validity for periods the plasma profiles
remain stationary.

The first example in figure 3 shows modelling for a typ-
ical discharge in OP1. The relevant result of the modelling
is derived from the conductivity profile and the neoclassical
bootstrap current density profile shown in figures 3(d) and
(e). The stationary plasma current I∞ is calculated to be the
bootstrap current integrated up to the last closed flux sur-
face (LCFS) I∞ =

∫
LCFS jneo dA. External current drive was

not considered here and was not expected from the settings of
the electron cyclotron heating launch. To determine L/R, the
plasma resistance was calculated from the conductivity profile
in figure 3(d) and an estimate of the plasma inductance was
obtained from an equivalent torus as described above.

These conductivity profiles σ (reff) and current density pro-
files jneo

e,i (reff) (as functions of the effective minor radius reff)
were ultimately obtained from measured plasma profiles as
follows: for the electron temperatures and densities, data
from a Thomson scattering (TS) system [32] are shown in
figures 3(a) and (b). The ion temperature was measured with
an x-ray imaging spectroscopy (XICS) system [33]. The ion
densities were derived from the electron density data with a
global correction for the effective charge Zeff [34], assuming
carbon (as the wall material) to be the main impurity. In order
to process the data, fits were calculated employing Gaussian
processes (with stationary Gaussian kernel and a fixed corre-
lation length) [35]. The resulting error margins of the fit were
used as the input for error estimate of the calculated currents
and resistivity. The broken lines in figures 3(d) and (e) show
simulation results from upper and lower bounds of the fits and
Zeff variations, respectively. The NTSS code processes the pro-
file fits and calculates the ambipolar radial electric field shown
in figure 3(c). As mentioned in the introduction, the shape of
the radial electric field profile indicates a spatial bifurcation
between solutions of the ambipolarity condition [36]: the large
positive Er is an indication for the so-called electron-root solu-
tion [37], whereas smaller negative radial electric fields indi-
cate ion-root conditions. It is noted that the cross-over from
electron- to ion-root comes with a large shear of the radial
electric field typically showing up at around the largest elec-
tron temperature gradient or farther out. A comparison with
measurements of the poloidal rotation by XICS indicated a
good qualitative agreement [38]: the reversal of the field is
found in XICS measurements and the magnitude of Er is of the
same order but not generally matching within error bands. The
broader data set analysed in this paper indicates that the XICS
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Figure 4. Measured plasma current and forward modelled bootstrap
current from profile modelling at 3.5 s in the W7-X discharge
20 180 927.033. Dashed lines indicate expected model uncertainties.

cross-over lies further outside than the calculated one. The
effect of the root transition is mainly seen in the ion bootstrap
current density which is roughly halved at the transition point.
The overall effect of Er for the total current, however, is not
exceeding uncertainties from the profile fitting or uncertainties
from Zeff .

Having conducted the calculation of the bootstrap current
profiles and the plasma conductivity, the respective profiles are
integrated to yield the parameters τ L/R and I∞ for the current-
response model. In order to validate the results, the mod-
elled current was compared to Rogowski coil measurements
[39]. Figure 4 shows the L/R-response model with parame-
ters derived from results shown in figures 3(d) and (e) at a
reference time tref = 3.5 s early in the discharge. It is noted
that good agreement (i.e. within the estimated uncertainty) of
the model prediction is found when profile measurement in an
early phase are used. The agreement of the measured plasma
current and the modelled/predicted bootstrap current is almost
perfect even for periods t � tref . It is therefore concluded that
the plasma current evolution corresponds to the relaxation of
the current initially shielding the bootstrap current. Moreover,
it is concluded that the L/R-response model based on neoclassi-
cal bootstrap current calculations is validated for electron-root
discharges. Limitations of the model are found in transient
phases of plasma current redistribution, e.g. during plasma
start-up or changes of the heating power and current drive with
minor effects on the long-term current evolution. Limitations
in terms of settings are discussed in the forthcoming section.

In view of the introduced operation targets of W7-X, tran-
sitions to divertor detachment are of particular interest. In the
magnetic standard configuration, significant changes of the
plasma current, even sign reversal, were observed when the
plasma detached. In order to apply the model discussed above,
the L/R-response model is modified to an initial value problem
with changing boundary conditions when the plasma state is
altered. While the simplified-model approach is not directly
applicable, the modelled values for I∞ and τL/R from experi-
mental plasma profiles in attached and detached conditions can

Figure 5. Plasma current evolution in a transition from attached to
detached plasmas at t = 2.5 s. The lines indicate the modelled slope
I∞/τL/R. The slope of the current evolution is subject of the
comparison and the initial value of the modelled slopes (solid lines;
red: attached, blue: detached, broken lines for uncertainties) is
shifted for convenience.

be determined and will be shown to explain the plasma current
changes in the detachment transition.

As a second example, figure 5 shows a waveform of
the plasma current indicating increasing plasma current in
attached conditions and decreasing current for detached diver-
tor plasmas. The detachment was induced by a gas puff at 2.5 s.
The plasma profiles remain stationary for the attached and
the detached phase, respectively except during plasma start-
up (t < 0.8 s in figure 5). Having determined I∞ and τ L/R for
each stationary period, the temporal change of the plasma cur-
rent (and thus the change of the divertor strike-line) can be
determined. For t − t0 � τL/R, the L/R response model can
be approximated by dI/dt ≈ I∞/τ L/R reflecting a linear cur-
rent response that can be calculated from the NTSS simula-
tion results as outlined above. Figure 5 shows the calculated
I∞/τL/R values for attached plasmas (red) to result in posi-
tive increasing values and the calculated I∞/τL/R (blue) values
for detached plasmas to lead to a decrease of the plasma cur-
rent with modelling errors of the corresponding slopes (broken
lines). Figure 5 shows the slopes since the initial value of the
current evolution Iref in stationary phases is set by the plasma
current attained in the start-up phase. The time response in this
transient phase is not reflected by the simple model. But still
the increase at stationary attached conditions and the decrease
of the plasma current when the plasma is detached (and the
resulting shift of the strike-lines) is found to be linear since
the L/R time is much larger than the observation period. There-
fore, the modelling refers to the change of the plasma current
only. The blue and red lines shown in figure 5 show the mod-
elled slopes shifted for convenience by an arbitrary off-set for
two simulations. The red line indicates the change of the cur-
rent calculated from stationary profiles in the attached phase
(dashed lines show the error estimate of I∞/τL/R) at 2.2 s. The
blue line shows the I∞/τL/R in the detached phase with profiles

6
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Figure 6. Stationary bootstrap current profiles [(a) and (b)] and collisionalities [(c) and (d)] for electrons and ions in discharge
20 181 016.016 calculated at t = 2.2 s (attached phase) and t = 18.0 s (detached phase).

taken at 4 s. In other words, the simple L/R-model based on
neoclassical theory reasonably predicts the change in sign of
the plasma current. This specific finding is of use to predict the
reversed motion of the strike-lines on the divertor target when
the plasma undergoes a transition to detachment. Having the
bootstrap current modelling as a background, the change of the
plasma current is understood to be a collisionality effect when
then pressure profiles change in the transition to detachment.

To reveal the change in sign for dI/dt and we discuss the
underlying mechanism of the current reversal. Figure 6 shows
the bootstrap current profiles for the attached and detached
phase of the standard magnetic configuration ι- = 5/5 dis-
charge shown in figure 5. The ion bootstrap current profiles
appears to be only barely affected by the change to detachment.
In contrast, the electron bootstrap current profile changes sig-
nificantly. In the plasma centre, the electron bootstrap current
drops thereby decreasing the core electron contribution for the
positive current direction. In between the core and the edge, the
electron bootstrap current becomes negative in the detached
phase. The total effect is a more negative electron bootstrap
current profile in detached plasmas. The total bootstrap cur-
rent profile is positively peaked close to the centre but negative
for the plasma region outside about half of the minor plasma
radius. Since the current profile is entering the total current
weighted by reff to contribute more at larger minor radii, the
stronger negative bootstrap current profile for reff/a > 1/2 in
the detached phase (see figure 6) leads to the observed current
reversal.

Thus, comparing figures 6(a) and (b) indicates the main dif-
ference of the plasma current in attached and detached phases
to lie in the electron bootstrap current profile (red lines): the
large electron bootstrap current peak at around reff ≈ 0.15 m
(figure 6(a)) is almost vanishing in detached plasmas (see
figure 6(b)). The reason is seen in figures 6(c) and (d) which
show a change in central electron collisionalities from attached
to detached phases. In terms of temperatures and densities, the
collisionality effect can be deduced from measurements: the
ion temperature barely changes in the core in the transition
from attached to detached plasmas. The change in the ion den-
sity (which is slightly peaking in the detached phase), leaves
the collisionality profile of the ions virtually unaffected (blue
lines in figures 6(c) and (d)). On the other hand, it is seen that
the core collisionality of the electrons increases after detach-
ment (red lines in figures 6(c) and (d)). Differently to the ions,
the core electron response after detachment is a significant
decrease of the electron temperature and with the slight den-
sity peaking, thus leading to the smaller core-collisionality of
the electrons. The specific differences of ion and electron tem-
perature profiles are due to the sources and sinks (ECRH for
electrons in the very centre and some radiation in the plasma
edge and collisional transfer for ion heating) and transport.
While the neoclassical transport is calculated in the modelling,
the remaining, substantial anomalous transport are subject of
current research (see e.g. Ref. [40]).

In terms of the driving mechanism of the bootstrap current,
it can be concluded that the effect of trapped electrons at low
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collisionalities is becoming less pronounced in the plasma core
of detached plasmas. This effect reduces the electron boot-
strap current in the central plasma and causes the observed
change in the plasma current. Summarizing the overall effect,
it appears that the detachment leads to a pressure decrease at
the LCFS and the reaction of the core plasma is a small density
peaking and electron temperature decrease. While the whole
set of interacting mechanisms is entangled but supported by
experimental evidence from respective temperature and den-
sity mechanisms, an important conclusion can be drawn from
the robustly observed current reversal shown in figure 5: the
scrape-off layer plasma and the detachment mechanisms affect
the plasma core. And the resulting current response leads to a
change of the total current, thus the rotational transform and
therefore on the strike line position.

5. Conclusions: discussing the validity of the
theory-based model for plasma control

The examples discussed in the previous section show cases
for which the neoclassical modelling and the simplified model
match with the experimental findings. It is therefore concluded
that the parallel transport assessed in this study is explained
by neoclassical effects. It is noted, however, that the contri-
bution of neoclassical mechanisms on perpendicular energy
fluxes are different. Reports on the plasma confinement, even
for plasmas at low electron collisionality, indicate a substan-
tial difference between observed energy losses of the plasma
energy and losses due to neoclassical transport [21, 25]. The
difference of sinks and neoclassical energy flows with respect
to sources is usually attributed to anomalous transport. The
anomalous transport is usually assumed to result from plasma
turbulence [40]. Since the underlying mechanisms of paral-
lel and perpendicular transport are different, the agreement of
observed plasma currents with neoclassical bootstrap current
calculations is seen as a parallel neoclassical effect. Therefore,
even plasmas dominated by anomalous energy transport can be
expected to exhibit neoclassical plasma currents.

Now, the validity of the model in terms of the accessi-
ble parameter space is discussed. While the coil set of W7-X
allows one to alter the magnetic configuration in terms of rip-
ples and curvatures (see figure 2), we focus in this discussion
on a single magnetic configuration compatible with divertor
operation, (standard configuration ι- = 5/5). Since the heating
power and the plasma density are the leading control parame-
ters for the confinement, figure 7 shows a scatter plot indicat-
ing stable plasma conditions and one selected transient case at
highest nT0

i τE obtained in the first campaigns of W7-X.
The data of stable discharges are found to be limited in den-

sity for a given heating power as a result of a radiation density
limit [41] depends on the wall conditioning and boronization
had a beneficial effect on the accessible densities [42]. The
circles indicate plasmas with core electron-root confinement.
The size of the circle reflects the radial fraction of the plasma
volume with positive radial electric field from modelling the
ambipolarity condition. The case studied above is an electron-
root discharge and lies around 3.5 × 1019 m−3 and 2 MW.
While a number of co-settings, like wall conditions, are not the

Figure 7. Operation space of electron cyclotron heated W7-X
test-divertor-unit discharges (OP1) for the standard magnetic
configuration. P is the heating power, the abscissa is the line
averaged density. The magenta and broken red lines show density
limits at different Zeff. The black line corresponds to
P (MW) = n (1019 m−3). Yellow symbols are electron-root
discharges, red squares are ion-root discharges. Crossed squares
correspond to detached cases.

same in the data set shown in figure 7 (see also [43]), some den-
sity scans indicate a super-critical transition to pure ion-root
conditions with increasing density. As an experimental finding
indicated by the black line in figure 7, electron-root condi-
tions are found for n

(
1019 m−3

)
< P (MW) in W7-X stan-

dard configuration discharges. Deviations of plasma currents
from the model were found when magnetic islands are inten-
tionally shifted inside the plasma [], differences are found both
in I∞ and τL/R (in the order of a few tens of percent). The dif-
ference due to magnetic islands (even beyond the flattening of
the pressure profiles) is being investigated. General agreement
for the L/R-model was found for electron-root discharges and
adjacent ion-root discharges. For O2-heated, long-pulse dis-
charges expected to be accessible in the forthcoming campaign
OP2, systematic deviations in the predicted current occur. Dif-
ferences may be due to ECCD from multi-pass reflections of
strong microwave heating. These deviations can be addressed
by inclusion of current drive calculations to determine Icd in
equation (1) for including current drive in the current response
model.

While the specific use of the current-response model in a
control application does not lie in the scope of this paper, the
presented results allow one to discuss options for employing
the simplified model. Typical L/R times in the order of some
10 s. The specific requirements on response times for the data
analysis and the modelling are subject to detailed assessments
for a respective controller implementation. Computing times
in the order of some fractions of a second, however, do not
appear to contradict with τ L/R. Codes to analyse profile data
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are designed for a refined analysis without time restrictions
and do not meet with the even roughly formulated require-
ments. An acceleration of (off-line) analysis codes is underway
employing neural network techniques [44]. A complementary
approach could take benefit from a high reproducibility of
observed plasma profiles: a database linking control param-
eters (heating power, mean density, magnetic configuration)
with profile shapes could be used to infer profile proxies with
a smaller number of measurements that can be analysed more
rapidly. As an example relevant to forthcoming campaigns of
W7-X, the implementation of a multi-channel interferometer
with fast FPGA based analyses [45] could be used for inferring
density profiles. Likewise, a precomputation and parametriza-
tion of I∞ and τ L/R appears to be an option for a fast implemen-
tation of the modelling step to provide the required parameters
for the physics based model for plasma control.

To conclude, the reported findings demonstrate the potential
of theory-based, but reasonably simple time-response mod-
els to predict the plasma current in W7-X. The current rever-
sal observed in detachment transitions is consistently mod-
elled to be due to the electron response when the edge pres-
sure is decreasing in detachment. Moreover, the validity of
the model approach is discussed. The presented results can
be applied for real-time control of changes in the edge rota-
tional transform to have a direct effect on strike-line posi-
tions. An advantage of the simplified physics model is seen
to be computationally much faster than full time-dependent
modelling. The specific role of theory is to derive the model
parameters. A parametrization in terms of control parame-
ters and settings of the device is proposed to provide even
a look-up proxy for the required model parameters. For a
specific application, it is noted that electron-cyclotron cur-
rent drive [46] could be used as an actuator and has been
demonstrated to be fully in line with neoclassical calculations
for the parallel transport. Further applications for the general
approach of using physics models for control lie in the pre-
diction of stored energy and density control. The validation of
the approach on plasma data from W7-X is the background
for the expectation that a physics-model-based control can be
extrapolated to upgraded heating capabilities as expected in the
next campaigns of W7-X. Ultimately, the model-based con-
trol approach contributes to the development of reliable plasma
scenarios for next-step stellarators.
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