





Figure 13: Performance of controller in shot #54414 where the same four targets for 8 and ¢ as in #54402 need to
be tracked, but with the plasma current I, as third actuator. Although the ¢ tracking improves for the first and
last target (f)-(g) by lowering or increasing Ip (a), the control-loop involving Ip is clearly unstable (but bounded
by the ramp-rate limits). Changes in I correspond to changes in density (d,i) and lead to the presence of NTM
(j), resulting in a bad S-tracking (e).

We expect that correctly modeling the delays and actuator dynamics will already remove the
closed-loop instability. The last two expected origins of the closed-loop instability can be solved by
adding an equation for the density in RAPTOR and including shape control in the experiments.

This experiment shows the potential and limitations of using the plasma current I, in feedback
in the present software configuration. It is shown that using the plasma current as feedback
actuator allows to achieve a broader range of ¢-profiles. Applying the described remedies to
remove the closed-loop instability should enable the controller to efficiently use the additional
control freedom provided by I,.

8. Comparison of online and off-line profile reconstructions

To investigate the sensitivity and accurateness of the reconstructed profiles by RAPTOR-
observer, we compare these to other (off-line) reconstructed profiles. For the shot #54402, we will
now compare the real-time reconstructed g-profiles and plasma 8 from RAPTOR-observer with
those obtained in:

e Real-time reconstruction using LIUQE [21]. See Section 4.2 for more details.

e Off-line reconstruction using LIUQE [21]. The off-line version of LIUQE uses different basis
functions than the real-time version, allows more iterations of the numerical scheme and
includes measurements from the diamagnetic loop (DML).

e Interpretative simulations using the ASTRA transport code [35]. In these simulations of
the poloidal magnetic flux evolution, ASTRA uses the EC deposition profiles from TORAY-
GA [33], the Thomson electron density and temperature profile measurements, a simplified
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Figure 14: Comparison of reconstructed g-profiles (at the same four time steps as in Figure 12) from the RAPTOR-
observer to real-time reconstructions of LIUQE and interpretative ASTRA simulations.

(3-moment) equilibrium based on the plasma boundary reconstructed by LIUQE, and the
Ze value was constrained using the edge loop voltage.

The g-profiles at the time steps given in Figure 12 are compared in Figure 14 to these three
alternative reconstructions. Note the agreement in the reconstructions from mid axis to plasma
edge. The discrepancy in the center between the LIUQE reconstructions and the RAPTOR re-
construction and ASTRA simulation is due to the fact that while RAPTOR and ASTRA include
the simulated effect of the EC current drive on the core ¢-profile, LIUQE employs a parameteriza-
tion of the g-profile with only a few degrees of freedom to fit the (magnetics-only) measurements
(which is why we do not use the the real-time reconstructed g-profiles from LIUQE in these profile
control experiments). However, RAPTOR and ASTRA do not take into account here the effect
of sawteeth which usually reduces the radius of the ¢ = 1 surface and increases the on-axis value
of q.

Figure 15 compares the time evolution of the t-profile (a), electron temperature T, (b), electron
density n. (¢) in RAPTOR-observer and in ASTRA interpretative simulations, the actuator inputs
(d) are also plotted. Electron temperature and density profiles for both reconstructions are given
at three time instants in Figure 16.

The ¢-profile evolutions from both reconstructions are overall in good agreement, except during
the phase between ¢t = 0.5s and ¢t = 0.7s when an electron-Internal Transport Barrier (eITB) is
present, and during transitions between targets. During the presence of the eITB, the Thomson
diagnostic measures a twice as high central temperature than the (line-averaged) XTe diagnostic
(see Figure 15(b) and Figure 16(a)), resulting in more peaked conductivity and current density
profiles, i.e. a higher ¢(p = 0) (lower ¢(p = 0)). Notice that during transitions between targets,
the ¢(p = 0) in ASTRA moves initially in the opposite direction as RAPTOR-observer. This
is caused by a difference in the temperature and density profiles. For example, when cluster A
(driving counter-current) is pushed to full power at ¢ = 1.5s, the Thomson diagnostic measures
quickly afterwards at t = 1.53s a stronger increase in central temperature than the XTe diagnostic
(see Figure 15(b) and Figure 16(c)-(e)). Simultaneously, a decrease in the core density can be
noticed (see Figure 15(c) and Figure 16(d)-(f)). The redistribution of particles in the plasma core
cannot be observed in RAPDENS-observer as it relies on line-integrated FIR measurements. Both
differences result in a more peaked conductivity and current density profile (i.e. higher ¢(p = 0)).

The plasma [ evolution as reconstructed in the RAPTOR-observer is also compared to off-
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Figure 15: Comparison of reconstruction by real-time RAPTOR-observer and off-line interpretative ASTRA. Time
evolution of t-profile (a), electron temperature profile (b), electron density profile (¢) and actuator inputs (d).
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Figure 16: Comparison of reconstructed temperature and density profiles in real-time RAPTOR-observer and fits
of Thomson scattering measurements used as input to off-line interpretative ASTRA simulations.
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Figure 17: The plasma beta (a) and normalized internal inductance (b) evolution reconstructed from RAPTOR-
observer, post-shot reconstruction using LIUQE and interpretative ASTRA simulations.

line reconstructions from LIUQE as well as the interpretative ASTRA simulation in Figure 17(a).
Note the agreement between all three reconstructions, indicating that the actual plasma 8 behaves
as reconstructed in the RAPTOR-observer.

In addition, the normalized inductance 153) = 2V(B2)v /[(10I2)Ro] (defined in [47]) for these

three reconstructions is given in Figure 17(b). The scalar lg?’) is a measure of the peakedness of the
current density profile and is well constrained in LIUQE by magnetic measurements, contrarily to
the g-profile itself. Note that 153) as reconstructed from RAPTOR is very close to LIUQE during

the ohmic phase. During the eITB phase (0.5s-0.7s) these 153)-reconstructions are also similar,
despite the underlying g-profiles being very different (as we have seen in Figure 14). As we have
seen also in Figure 15, RAPTOR misses the collapse of the elTB. The current density profile of
RAPTOR after 0.7s is too peaked (i.e. a too high Zl(?’)). This high lf?’) is mainly caused by the
fact that the ¢(p = 0) in RAPTOR-observer becomes very small. This could be avoided in the
future by using the sawtooth module implemented recently in RAPTOR [48] and incorporating
real-time Thomson measurements instead of the line-averaged FIR and XTe measurements may
further improve RAPTOR predictions. The reconstruction by ASTRA interpretative simulations
has a similar trend as LIUQE, although it is lower, which is linked to the differences in the current
density (or ¢-) profile.

From the comparisons given in this section, we can conclude that the plasma beta was reason-
ably reconstructed in RAPTOR-observer, but as its g-profile reconstruction is entirely model-based
and relying on indirect measurements of the electron density and temperature, it is very sensitive
to the diagnostic chosen for these quantities. Using direct measurements of the internal current
density profile (e.g. using the Motional Stark Effect diagnostic or polarimetry) would avoid this
strong dependency on indirect measurements and allow to control the true plasma g-profile. At
the same time, the model-based predictions in the RAPTOR-observer could be improved by using
the sawtooth model [48] and real-time Thomson measurements of the electron density and tem-
perature that can measure these quantities in the plasma core more accurately and with higher
spatial resolution than the line-integrated measurements from XTe and FIR.

9. Conclusions and outlook

This work has demonstrated the successful performance of a model predictive profile controller
in experiments in the TCV tokamak, employing a profile controller test environment.

We designed a linear MPC controller including disturbance estimation and demonstrated its
performance in both simulations and experiments in a TCV L-mode plasma scenario. The results
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show successful tracking of the inverse safety factor profile as well as the plasma beta using two
clusters of gyrotrons/launchers in the presence of uncertain plasma conditions and disturbances.
The controller exploits the knowledge of the time-varying actuator limits in the actuator input
calculation such that fast transitions between targets are achieved without overshoot, demon-
strating how a predictive controller can outperform other control methods in terms of effective
input-constraint handling. Avoiding overshoots can ensure to avoid reaching stability limits when
controlling high performance plasmas inherently close to several stability limits.

Secondly, a profile controller development and implementation environment is presented that
is used to prepare and test profile controllers both in simulations and experiments on TCV.
Next to the MPC-controller, it is also used to prepare and test three other profile controllers
in parallel, confirming the efficiency of this framework. It allowed us to first prepare profile
controllers interfaced to a simulator on a local computer. Next the controllers were tested more
comprehensively inside the TCV real-time control system including plasma state reconstruction
codes and experimental data. The employed software was used to automatically generate code for
the control system including profile controllers to test the real-time performance in hardware-in-
the-loop simulations and finally in experiments.

This work can be extended in several ways to further utilize the advantages of model predictive
profile controllers. The controller performance can be further improved by accurately modeling
the actuator dynamics and delays. The controller would be able to use the plasma current more
successfully as actuator if the plasma current actuator dynamics and delays as well as its coupling
with the density profile dynamics would be included in the linearized controller model and shape
feedback control would be employed in experiments.

Adding internal current profile diagnostics as input for the RAPTOR-observer would yield
more accurate g-profile estimates, ensuring that the tracked g-profile is closer to the true g-profile
of the plasma rather than a purely model-based estimate as is presently the case. We noticed
that the reconstructed g¢-profiles are sensitive to the transport model parameters as well as to
the electron density and temperature estimates that are fed to the model. We expect that using
improved transport models [49, 50], including the effect of sawteeth [48] and using real-time
Thomson measurements with sufficient spatial resolution in the plasma core will alleviate these
effects.

Exploiting model predictive profile control throughout multiple plasma regimes (e.g. H-mode,
internal transport barriers) would be eased if the controller was independent of a predefined linear
model. This can be realised by using real-time linearizations provided by the RAPTOR-observer.
Fully nonlinear MPC, involving a nonlinear prediction model, is not computationally feasible on
currently operational devices, but can be considered for e.g. ITER with its slower characteristic
time scales and hence increased available computational time.

Demonstrating handling of plasma parameter limits (e.g. normalized plasma pressure) in
experiments on currently operational tokamaks is important for developing the control expertise
to ensure reliable high-performance operation close to these limits in (future) large tokamaks. In
this work we imposed only input constraints, whereas MPC can also handle state constraints (as
shown in [10, 19]). Sufficient computational time is available to add such a limit to the controller
in future profile control experiments at TCV.

In (future) plasma control systems, a profile controller will be interfaced with a supervisory
controller that may set controller activation, references and parameters as well as available ac-
tuators in real-time based on the plasma state and detected events [51]. The MPC controller’s
ability to deal with time-varying references, activations and actuator limits encourages to use it
in the further development of integrated control strategies involving the management of actuators
shared between several control tasks.
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