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Abstract — Core particle fueling, an essential task in the European demonstration fusion power plant EU- 
DEMO, relies on adequate pellet injection. However, pellets are fragile objects, and their delivery efficiency 
can hardly be assumed to be unity. Exploring kinetic control of the EU-DEMO1 scenario indicates that such 
missed-out pellets do cause a considerable problem for keeping a burning plasma. Missed-out pellets can 
cause a severe drop of plasma density that in turn results in a potential drastic loss of burn power. Efforts are 
under way at the ASDEX Upgrade (AUG) tokamak aiming to provide real-time monitoring of pellet arrival and 
announcement of missed-out cases to the control systems. To further optimize the controllers, system identifica
tion experiments have been performed to identify the dynamic response of the system to the actuators.

Keywords — ASDEX Upgrade, tokamak, pellet technology, plasma control. 

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

Efficient and reliable core particle fueling, an essen
tial task in the planned European demonstration fusion 
power plant EU-DEMO, relies on adequate pellet injec
tion. These pellets, millimeter-sized bodies formed from 
solid hydrogen fuel, need to be launched via guiding 
tubes from the vessel inboard. However, pellets are 
fragile objects, and their delivery efficiency can hardly 

be assumed to be unity. Thus, occasionally, a requested 
pellet will be partially or fully lost. Exploring kinetic 
control of the EU-DEMO1 scenario by investigations 
that couple the ASTRA plasma model and a Simulink 
control system model indicates that such missed-out 
pellets do cause a considerable issue for keeping burn
ing plasma sufficiently stable at reactor-grade level.1 

Missed-out pellets can cause a severe drop of plasma 
density that in turn results in potential drastic loss of 
burn power. Hence, without early detection of such 
missed-out events, the plasma control system will poten
tially struggle to keep the plasma parameters within the 
designated operational range. Consequently, this would 
require the detection of “missed” pellets (e.g., pellets 
that are not launched or that arrive with insufficient size 
in the plasma) as early as possible and accordingly an 
appropriate reponse.
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In order to gain more detailed insight, the recently 
updated code Fenix DEMO will be further applied to the 
issue. Also, efforts are under way at the ASDEX Upgrade 
(AUG) tokamak equipped with a pellet launching system 
(PLS) in a configuration regarded suitable for EU-DEMO 
(Ref. 2) aiming to provide real-time monitoring of pellet 
arrival and announcement of missed-out cases to the control 
system. In a previous effort,3 the Kalman filter–based state 
observer referred to as RAPDENS was integrated into the 
discharge control system (DCS), which is capable of esti
mating the density for real-time control purposes, e.g., real- 
time feedback control of the density profile with relevant 
actuators.4 To further optimize the controllers, system iden
tification experiments have been performed to identify the 
dynamic response of the system to the actuators.

II. PELLET ACTUATOR PRECISION ENHANCEMENTS

Since the AUG system launches pellets via a guiding 
system at high speed from the torus inboard, it indeed 
provides a reactor-relevant configuration. Pellets are 
accelerated by a centrifuge, so their velocity is precisely 
defined. This known velocity and a well-defined flight 
trajectory distance allow for precise calculation of the 
flight time. Because of the design of our stop-type cylin
der-type centrifuge,5 the time when a pellet is leaving the 
centrifuge exit at this designated speed is already deter
mined at the moment a pellet launch is initiated. In 
combination, both features thus allow for precise predic
tion of the expected pellet arrival in the plasma already at 
the moment when the pellet launch is initiated by the 
control system. Deploying this feature, we developed an 
approach for real time-monitoring of either successful 
pellet delivery or recognition of missed-out cases.

During recent years, continuous efforts were made 
to set up the PLS in a way making it a valuable com
ponent in the controller toolbox of AUG. This allowed 
for its variable application for different research topics. 
However, with the control tasks at AUG also becoming 
more and more complex, requirements of the PLS 
actuator get more demanding as well. One suggestion 
for improvement emerged when trying to include fast 
and efficient pellet fueling into the path-oriented early 
reaction to pending disruptions.6 There, the gyrotron 
power is controlled for adapted local heating and/or 
current drive via electron cyclotron resonance heating 
(ECRH) and/or electron cyclotron (EC) current drive. 
However, combining pellet and gyrotron operation 
requires additional safety measures. Injecting a pellet 
during gyrotron EC actuation can lead to power 

reflection at the high-density cutoff layer of the ablating 
pellet and, consequently, emergency shutdown of the 
gyrotrons. Hence, the gyrotron power is switched off 
during pellet ablation (“notching”), and both actuators 
can be applied simultaneously.7 Yet, this causes 
unwanted cross talk between the EC and the pellet 
flux actuator, which is an increasing pellet flux result
ing in decreasing gyrotron power. To minimize this, an 
approach was undertaken to shorten the notch duration 
as much as possible.

Notching is handled by the DCS to enable all such 
kinds of interactions. Making use of precise pellet 
acceleration and transfer timing, a predictor signal is 
generated by the PLS and communicated for every 
attempt to launch a pellet. This predictor signal 
announces that a pellet is expected to arrive at the 
separatrix to ensure proper processing safely within 
a DCS cycle. With the DCS cycle time of 1.5 to 
2 ms slightly dependent on its operational conditions, 
the predictor lead time was set to 3 ms (Ref. 7). 
A 3-ms duration of the generated predictor pulse was 
chosen as such pellet arrival had to take place only 
shortly after the falling pulse edge.

The travel time of the pellet to the plasma is propor
tional to the centrifuge speed and is calculated thereof by 
the centrifuge control system. Investigations proofed by 
this means that pellet arrival at the separatrix can be 
predicted with less than 1-ms uncertainty; i.e., the algo
rithm can be set so that pellet ablation sets in between 3 
to 4 ms after the rising edge of the predictor pulse 
generated. Under normal operational conditions, the fol
lowing pellet ablation lasts less than 1 ms.

Figures 1 and 2 show results obtained during the 
restart phase of AUG campaign 2022 with the described 
predictor signal but still employing the initial notching 
approach necessitating an ECRH off sequence lasting 
three DCS cycles. This duration had been needed with 
the old static calculation to ensure that no pellet ablation 
takes place during gyrotron actuation.

The optimized predictor settings have proven 
favorable during PLS restart commissioning; a pellet 
arrival predictor is now at hand at a precision that 
ensures that the entire pellet ablation process takes 
place within a 2-ms interval. Hence, for the detection 
of an expected pellet arrival, analysis can be restricted 
in this narrow time span. For validation of pellet arri
val, considerations can be limited/focused on this nar
row time slice.

It is self-evident that this utility was employed for 
notching improvements as well. However, here, it has to 
be taken into account that pellet launching times are not 
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correlated to the DCS cycles. Thus, it can take up an 
entire DCS cycle until the gyrotron off command is 
communicated. With gyrotron switching faster than 

1 ms and less than 2 ms covered by pellet actuation, the 
notching gap was shortened to two DCS cycles, which is 
the possible minimum sequence anyway.

Fig. 1. Lower part: Gradually replacing gas by pellet fueling, the requested linear increasing pellet flux results in a pellet train with 
increasing repetition rate. Simultaneous heating by ECRH enforces notching of the power applied. Grey shaded area: zoom in as shown 
in the upper part. Upper part: Pellet predictor signal generated by centrifuge control system using the centrifuge speed value lasting 
3 ms initiating a transient ECRH power switch-off. Pellet arrival at the separatrix, as indicated by the onset of the pellet monitor signal, 
is admitted only after the end of the predictor pulse. Hence, the duration of the time span in between indicated as “Δ” has to be small but 
positive. For safe simultaneous operation of the pellets and ECRH, the indicated periods between heating power off and ablation onset 
(“Elapsed”), respectively, ablation finishes, and power on (“Left”) must stay positive, too. 

TARGETING A VERSATILE ACTUATOR FOR EU-DEMO · LANG et al. 3

FUSION SCIENCE AND TECHNOLOGY · VOLUME 00 · XXXX 2023                                                                            



III. REAL-TIME MONITORING OF PELLET DELIVERY

In order to provide the information of a missed-out 
pellet in real time, a new diagnostics has been developed. 
It relies on the already existing pellet monitor, recording 
the intense radiation emitted during pellet ablation inside 
the hot plasma with a microsecond temporal resolution. 
Though this monitoring approach is likely not the most 
suited one relevant in EU-DEMO (Ref. 8), it was chosen 
for its simplicity and reliability at AUG and to allow for 
a straightforward proof-of-principle demonstration. In 
principle, any suitable pellet monitor signal or even sev
eral confirmation techniques can be applied following the 
same ansatz.

In a first step, a confirmation monitor signal was 
generated. For cases showing up in the pellet monitor 
with sufficient radiation level intensity and duration (the 
latter to eliminate electronic noise spikes), a DCS com
patible square pulse “confirmed” is released. In 
the second step, a dedicated unit in the PLS local control 
unit compares the pellet predictor and the confirmation 
signals. In cases where the confirmation signal does not 
arrive within the predicted time slot, the requested pellet 

is regarded as missed out, and the according signal pulse 
is generated. While already generated in real time and 
communicated to the DCS, the incorporation of this sig
nal into the control algorithm is still pending.

The first successful demonstration of the novel unit is 
shown in Fig. 3. The discharge displayed was run with 
plasma current IP  = 1.0 MA, toroidal magnetic field 
Bt = −2.5 T, and edge safety factor q95  = 4.4; H-mode 
conditions were established and maintained by steady 
auxiliary heating applying 7.3 MW neutral beam and 
2.3 MW ion cyclotron resonance heating. The aim of 
this experiment was to identify the correlation of the 
plasma stored energy (box a) and the gas puff rate in 
the high-density regime accessed by a steady high pellet 
flux. To do so, the gas flux was reduced in steps to zero 
(box c). Simultaneously, a strong steady pellet flux was 
applied (box c) consisting of pellets, each containing 
3.6 × 1020 deuterium (D) atoms and injected at a speed 
of 550 m/s. To deliver the requested flux, the recently 
installed pellet flux controller4 toggled between 35 and 
47 Hz injection frequency. Trying to consume the entire 
pellet reservoir, 91 launch attempts took place, each with 
its accordingly predicted pellet arrival (box e). As 

Fig. 2. Time spans obtained as indicated in Fig. 1 for duration “Δ” between pellet arrival admitted and the real onset of pellet 
ablation (upper box), “Elapsed” between heating power off and ablation onset, and “Left” between ablation finished (lower box). 
Data shown were obtained from six plasma discharges dedicated during the AUG restart phase for PLS commissioning. Pellet 
injection was tested employing two different sizes and two different velocities, assignment of the according symbols as shown by 
the inset. “Δ” refers to the predictor precision showing that all pellets are kept safely within the admitted region but at less than 
1-ms delay. The larger scatter observed for “Elapsed” and “Left” refers to the DCS cycle time and can be attributed to the pellet 
launch initiated uncorrelated to the DCS cycle. As requested, all “Elapsed” values stay positive but with no further headroom left. 
As intended, from the “Left” values, it proves there is headroom for notch curtailment. With three DCS cycles demonstrated not 
to be needed anymore for safe operation, a reduction to two DCS cycles for the notching tool was approved. 
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indicated by the monitor signal (box d), 85 pellets arrived 
in the plasma and were correctly confirmed (box f). 
While processing predictor and confirmation signals, 
five out of six missed-out pellets were recognized. Six 
pellets were missed-out during the high flux fueling 
phase. The effect of such failed pellet delivery can be 
often traced in the evolution of the plasma density (box 
b). Displayed are the line-averaged density as obtained by 
real-time calibrated measurement of the bremsstrahlung 
(gray, “Validated density” line averaged), a local core 
measurement by the Thomson scattering diagnostics 
(red crosses), and the density calculated for the plasma 
core region by RAPDENS (black). Although available in 
real time, the latter was not applied for control purposes 
in this discharge. Because of the significant flux, core 
densities in the vicinity of the Greenwald density (green) 
were established and maintained during the pellet phase.

IV. ALTERNATIVE PELLET MONITORING TECHNIQUES

Providing an adequate monitor is considered challen
ging within a reactor environment. In our first proof-of- 
principle demonstration at AUG shown previously, pellet 
arrival or loss is detected in real time by the ablation 
radiation. Once this information is integrated in the con
trol algorithm, losses can be compensated by either fast 
instant substitutions or adaptation of the pellet flux 
requested by the control system. Yet, the currently used 
method requires observation of a considerable fraction of 

the designated ablation region. However, analysis 
showed8 that a sufficiently large field of view cannot be 
covered with reasonable effort in EU-DEMO under cur
rent assumptions (pellet flight path, penetration depth, 
and diagnostic lifetime) and is thus anticipated as being 
unsuitable. Consequently, alternative methods need to be 
investigated in parallel. As one option, magnetic pickup 
coils mounted in a DEMO-like configuration at the vessel 
exterior of AUG were successfully tested. Despite their 
moderate sensitivity and temporal resolution, missed-out 
pellets were well identified, even in plasmas with strong 
edge localized mode (ELM) activity.

An example is given in Fig. 4. There, a sequence of 
three pellet launch attempts into an ELMing H-mode is 
shown. The two arriving pellets show a clear impact on 
density, ELM monitor, and different magnetic coil moni
tor signals including one installed in a reactor-relevant 
configuration outside the vacuum vessel. The missed-out 
pellet can be recognized from the absence of an according 
impact within the expected time window.

V. REAL-TIME DENSITY MONITORING AND CONTROL WITH 
PELLET FUELING: FURTHER DEVELOPMENT

The entire approach of pellet core density control relies 
on three capabilities. The first capability is to reliably monitor 
the plasma density while pellet injection is ongoing. 
The second capability is to derive the pellet flux request 
needed to establish the target density. And, finally, the third 

Fig. 3. Demonstration of detecting most missed-out pellets in real time during a performance investigation experiment. The 
stored energy is investigated at different gas flux levels in the presence of strong pellet fueling ramping up the core density to 
reactor grade. For every launch attempt, the pellet is announced by the predictor prior to its expected arrival at the plasma edge. 
Analyzing the ablation monitor signal in real time, either successful pellet delivery is monitored as “Confirmed” or identified as 
“Missed.” Unwanted drop in density can be correlated to failed pellet delivery (arrows in box b). 
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capability is to cover the required pellet fueling flux with 
sufficient preciseness by discrete pellet injection. These basic 
techniques have already been developed as described else
where; hence, just a brief overview is provided here.

The first capability is provided by the state observer 
RAPDENS (Ref. 3), which reconstructs in real time the 
one-dimensional radial density profile inside the last 
closed flux surface (separatrix). Optionally, different 

characteristic density parameters can be derived as, e.g., 
local densities for any position inside the plasma column 
or line-averaged or volume-averaged densities for prede
fined radial regions. For example, in the discharge shown 
at Fig. 5, the volume-averaged density within the core 
region containing 40% of the poloidal magnetic flux 
inside the separatrix (ρpol. 0.0 to 0.4) had been chosen 
as a control parameter.

Fig. 4. Alternative approach for missed-out pellet detection. Even under H-mode with strong ELM activity, with some likelihood 
such events can be recognized. Relying on pellet arrival is expected only within a short phase, which is visualized by the yellow 
bars; absence of typical pellet-related impact indicates a missed-out event. 

Fig. 5. Gas flux modulation in a dedicated system identification experiment. In the presence of strong pellet fueling ramping up 
the core density to a reactor-grade level, the gas flux is modulated to determine the response of the neutral density in the divertor 
region. Missed-out pellets are recognized as “Predictor AND NOT Confirmed” (see inset in box d). 
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To establish or keep a designated target density, the 
required pellet flux is computed by a proportional- 
integral controller tuned on the model for the pellet fuel
ing included in RAPDENS (Ref. 4). The pellet flux 
request is calculated for every time step, for adaptation 
reasons synchronized with the DCS cycle, and, hence, 
appears as a quasi-continuously evolving trajectory.

Finally, the third capability is provided by 
a dedicated newly implemented algorithm that calculates 
the pellet sequence required to match the quasi- 
continuous flux request. Unlike for gas puff fueling, 
where such a request can be met by a gradual change of 
the gas valve dosing rate, pellet fueling takes place as 
a sequence of discrete injection events, each delivering 
a quasi-instantaneous amount of fuel predetermined by 
the pellet particle content. In the case of our centrifuge 
launcher, these injection events can take place only on 
a discrete time grid determined by the centrifuge revolu
tion time and the maximum delivery rate of the pellet 
source. Any of these possible launching slots can be 
potentially occupied by a single pellet on request.9 

Hence, the dedicated algorithm derives the most-suited 
pattern for the population of the launching slots in order 
to match the quasi-continuous flux request. Already, dur
ing campaign 2021, this solution was applied for several 
occasions after demonstrating its full viability.4

However, while gaining operational experience and 
obtained feedback, it became obvious that there is still 
headroom for further performance enhancement by 
improvement of the model settings and by embedding this 
dedicated control feature into the versatile actuator toolbox 
of AUG. For the complexity of this task and steadily chan
ging requests and boundary conditions, it is understood that 
this is an ongoing iterative approach to still be continued. 
Further developments have been envisaged in parallel, as, 
e.g., the improved precision of pellet prediction and real- 
time detection of pellet delivery status as discussed before. 
As well, pellet fueling as the powerful actuator enabling 
operation at reactor-relevant high core densities has to be 
integrated into the actuator sharing concept for multiple 
control tasks. With its special features, it has, e.g., to rely 
on pellet-resilient diagnostics. And, because it mainly 
applied to gain access into operational conditions not widely 
used, it enforces extra effort to sound out the relevant 
control transfer functions in this regime.

Since here, density profile control is usually aspired by 
combining pellet and gas fueling, the initial step taken and 
described in the following was to characterize the response 
of the gas actuator combined with strong pellet fueling. 
Basically, this approach aims in the pellets acting on the 
core density while the edge density is adjusted via gas puff 

actuation. It turned out to be suitable in experiments demon
strating sustainable and reversible high core density opera
tion while avoiding edge-induced energy confinement 
degradation by containing the edge density below 
a critical value.10 However, rigorously taken, both pellets 
and gas act on the entire density profile. This coupling is 
neglected to simplify the approach. To better understand the 
dynamics, characterize the coupling, and develop advanced 
controllers, perturbative dynamic experiments were per
formed within the high core density operational range.

An example of such an experiment is shown in 
Fig. 5. The discharge was run essentially in the same 
configuration and the same parameter as the discharge 
shown in Fig. 3. To establish a high core density (box a, 
the same density signals as shown in Fig. 3) and grant 
access to the desired operational regime, again, a strong 
steady pellet flux (box f) was applied—again, pellets each 
3.6 × 1020 D atoms, speed of 550 m/s, and pellet repeti
tion rate toggling between 35 and 47 Hz.

The initial aim of the experiment is to characterize 
the dynamic response of the edge density with respect to 
the gas puff. However, because of pellet-induced pertur
bations, no direct reliable real-time direct measurement of 
the edge density is available. Therefore, the real-time and 
pellet resilient neutral gas pressure in the divertor is taken 
as substitute output. It has been shown in Ref. 10 that 
there is a good correlation under such operational condi
tions between the relevant edge density inside the separ
atrix and the neutral gas density in the divertor. To 
identify the dynamic response of this pressure in different 
locations (two examples are displayed in box e), the gas 
flux (box f) was modulated using a multisine perturbation 
signal with fundamental frequency f0 ¼ 1 Hz and harmo
nics (integer multiples) 5 and 11 Hz.

Again, by processing predictor (box b) and confirma
tion (box c) signals, all missed-out pellets (box d) are 
recognized as “Predicted AND NOT Confirmed” (see 
inset in box d). Two of them originate from the ice rod 
end tips, and their losses were likely caused by the wait
ing time for the discharge run after ice rod formation. 
Two pellets were missed-out during the high flux fueling 
phase, again causing a local dip in the density evolution 
(arrows in box a).

The input (deuterium gas puff rate) and output (mea
sured divertor pressure) are superposed in Fig. 6. While 
a clear relation can be seen, this becomes clearer when the 
signals are converted to the frequency domain; see Fig. 6. 
By looking at the relative amplitude and phase of the output 
signal with respect to the input, the frequency response 
function (FRF) of the system can be computed.11 This 
FRF can be depicted in a bode diagram as shown in Fig. 7.
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Fig. 6. (Top) Superposed time traces of the deuterium fueling rate (black) and divertor pressure (red) of the dedicated system 
identification experiments shown in Fig. 5. (Bottom) Amplitude of the discrete Fourier transform of the deuterium fueling rate 
(black) and divertor pressure (red). 

Fig. 7. Magnitude (top) and phase (bottom) of the FRF (blue) obtained using the Local-Polynomial method17 (LPM) and the bode 
plot of a first order with delay transfer function (orange). Note that the first-order transfer function was derived based on several 
system identification discharges. For the discharge shown, only two periods of the excitation signal were used to go this low in 
frequency. This limits the reliability of the error bars calculated by the LPM. Further analysis is required to understand the 
behavior of the system in the low-frequency range as it differs from the trend seen in the other system identification discharges 
and will be reported on in a future dedicated publication.16 
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This frequency domain analysis can be used to detect 
nonlinearities, derive local linear models for the system, 
perform cross machine comparison, validate first-order 
models, and aid with the design of controllers (see, e.g.,  
Refs. 12 through 15). For example, the FRFs of the 
system identification discharges were used to fit a first- 
order transfer function with a delay term with constant 
parameters Kss, τ, and τd , of the form

G sð Þ ¼ Kss
1

τsþ 1
� e� τds;

where s ¼ σþ jω is a complex number frequency parameter 
called the Laplace variable, with real numbers σ and ω. The 
frequency response of G sð Þ with parameters Kss ¼ 0:045, 
τ ¼ 0:145, and τd ¼ 0:01 is shown as the dotted line in 
Fig. 7. It can be seen that it matches the FTF of the experi
ment except for the phase at the lowest frequency. Further 
detailed analysis of these experiments is ongoing and will be 
reported on in a future publication.16

VI. PROJECTED NEXT STEPS

Taking benefit of the achievements from the 2022 
campaign and in preparation for the next campaign, several 

next steps are envisaged. First, the performed system iden
tification experiments will be used to infer the dynamic 
response of the plasma to pellet injection and to complete 
the multiple input multiple output (MIMO) transfer matrix 
from the inputs gas injection and pellet injection to the 
outputs core density and edge density. This transfer matrix 
is envisaged to be used to design MIMO controllers that 
control the core and edge density using both gas and pellet 
injection and account for the coupling. Furthermore, 
missed-out pellet information will be included in the 
RAPDENS observer, and knowledge of the system 
dynamics will be used to update the models used in 
RAPDENS to improve density reconstruction.

In preparation for further refinement, work is in pro
gress on a tool to analyze ablation radiation in real time. 
Targeting not just to derive information if a pellet is 
delivered successfully or missed out but also to estimate 
the arriving pellet mass via the magnitude of the recorded 
ablation radiation. Variations of the pellet mass could be 
included in RAPDENS and allow for even better predic
tion of the expected density evolution.

Lessons learned in this study will also be incorporated 
in the planning for the EU-DEMO project. Obviously, it is 
necessary to develop a strategy for missed-out pellet hand
ling. The strategy proposed is based on our recent findings 
taking into account the current design of the EU-DEMO 

Fig. 8. Current design model of EU-DEMO with space reserved for up to nine pellet casks and the related pellet guiding tube. 
Although the detailed design is likely to change, the basic structure, i.e., separated pellet cask and guiding tube of about 25-m 
length, is not. 
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pellet system layout. This design is displayed in Fig. 8, 
which is a conceptual drawing that shows an exploratory 
solution being investigated by the EUROfusion Fusion 
Technology Department18 and already taken into account 
for the preconceptual design of the EU-DEMO matter injec
tion system.19 Up to nine pellet casks can be placed above 
the torus vessel; according space reservations are already in 
place. As required for efficient particle fueling,20 pellets 
will be transferred to the torus inboard side via a 25- 
m-long guiding tube and will finally enter the plasma in 
free flight.

Diagnosing the successful production and launching 
of a pellet is thus possible by installing a proper diag
nostics protected in the cask at the launcher exit. Reliable 
methods for analyzing the integrity via volume measure
ments of pellets in flight via shadowgraphy images are 
available.21 During the transfer via the guiding tube, 
further diagnosing does not seem adequate: Installing 
equipment there would be difficult for space restrictions 
in a harsh environment and would cause the risk of 
unnecessary pellet losses. Finally, the ultimate check of 
pellet arrival takes place via detection of arrival in the 
plasma. Hence, there are mainly two stages of response. 
A missed-out launch due to failed pellet production or 
acceleration can already be detected a few milliseconds 
after the according request. Then, an immediate replace
ment with the predictor signal adjusted in time is possible 
due to this delay is much shorter than characteristic 
response times for burn control. Pellets lost during the 
transfer or pellets arriving not in proper shape inside the 
plasma can be recognized in as few as 10 ms after their 
requested pellet delivery due to the time of flight. In this 
case, it is likely the controller has to make an according 
adjustment of the entire flux request.

All the activities described so far aim to enhance the 
pellet actuator and embed it into the environment of 
a multiactuator control framework. It should be noted, 
however, that the pellet injector itself has the potential 
to act as a multiactuator.4 For example, pellets have 
proven capable of controlling the frequency of ELMs 
causing periodic plasma losses22,23 and mitigating their 
impact on the wall components exposed.24 Yet, recently 
revalued, this potential has become less reactor relevant; 
it showed the capability of pellet actuation beyond sole 
fueling. On the other hand, the technique of plasma 
seeding by gases needed for either performance 
enhancement25 and/or radiative power exhaust26 has 
been found to work better with pellet doping than with 
pure gas puffing.27 On that account, pellets can turn out 
to be beneficial for yet unknown applications in the 
future. Hence, the broader approach for a reactor-grade 

pellet system is to develop a multiactuating tool capable 
of serving a couple of different tasks simultaneously. As 
a potential prototype system of this kind, the pellet 
system for the new superconducting large tokamak JT- 
60SA is currently under manufacturing. In its initial 
start-up configuration, it is envisaged to allow in- 
parallel fueling and ELM pacing, its design allowing 
extension for a third possible option.28

VII. SUMMARY

The development of a suitable control tool for the 
pellet actuator is recognized as an important task for 
EU-DEMO. In order to grant access to the desired high 
core density regime needed to harvest sufficient fusion 
power, pellet injection from the torus vessel inboard 
side is concluded a sine qua non. However, recent 
modeling efforts unveiled requested, but missed-out 
pellets do potentially form a severe problem for burn 
power control. Consequently, an approach is required 
allowing fast recognition of such events and a suitable 
strategy for a timely and sound response. At AUG, an 
algorithm was developed and successfully tested during 
plasma operation that was able to detect missed-out 
pellets in real time. This current approach relies on 
pellet ablation radiation.

Since it might cause too much effort in EU-DEMO to 
install ablation radiation diagnostics,8 an alternating 
approach relying on magnetic pickup coils was tested as 
well. For the recognition of pellet arrival in the plasma 
via its impact on properly diagnosed parameters, it is 
considered advantageous to precisely predict the pellet 
arrival time. Centrifuge acceleration systems are most 
suited to achieve this.29

Making use of optimized predictor algorithms, the 
performance of the AUG pellet launcher with respect to 
this precision was improved further. Beyond its applica
tion in missed-out pellet detection, this turned out to be 
beneficial for other applications as well as for minimized 
notching.

To make the best use of the pellet actuator, it has to be 
properly embedded into the full actuator tool box. The initial 
approach at AUG combined pellets and gas to control the 
density profile. Employing pellet resilient control parameters 
for core and edge density, this already worked well by 
attributing the pellet actuator to core and gas puffing to 
edge control. However, further refinement needs to take 
into account the full impact of both actuators on the entire 
density profile. Therefore, system identification experiments 
have been performed sounding out the dynamics of the gas 
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actuator in the relevant high-density regime. Sought-after 
data have been achieved, and detailed analysis is still 
ongoing aiming for an updated model in RAPDENS. It is 
understood that controller improvement will be an iterative 
process, further gradually enhancing the entire control sys
tem step-by-step.

With pellets proven to be a powerful actuator even 
beyond the pure fueling task, this enhancement finally 
aims at a pellet tool capable of covering several assign
ments in parallel. Currently, such a system is under 
development for JT-60SA, fostering further development 
of reactor-relevant pellet technology.
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