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Introduction X

This talk aims to
+ give an overview of the ASDEX Upgrade tokamk and its control system.

« illustrate how continuous control in combination with decision logic is enabling
plasma operation.

* introduce dynamic pulse scheduling which can be used to implement

* exception handling
» advanced disruption avoidance schemes

* more sophisticated physics studies




ASDEX Upgrade



ASDEX Upgrade

AxialSymmetrisches DivertorEXperiment Upgrade or short ASDEX Upgrade

 Located in Garching near Munich (Germany)

» Operational since 1991 with a fully digital
control system.

* Demonstration of a reactor relevant design of
the coil system.

* First tokamak to demonstrate operation with all
tungsten plasma facing components.

Figure: The inside of ASDEX Upgrade.



ASDEX Upgrade - Main Parameters

divertor coils V1o
Major plasma radius | Ry 1.65m 2
Minor plasma radius | a 0.5m
Plasma height b 0.8m
Plasma elongation k=b/a 1.6
Plasma aspect ratio | A 3.3 =
Plasma volume Viplasma 13 m3 v
Plasma surface Splasma 42 m?
Plasma current lolasma 04 —-1.6MA Vs
Pulse duration to <10s B
Heating Paux up to 32 MW
Ohmic heating Pon 1MW
NBI heating PxEI 20 MW —
ICR heating PICRH 6 MW OH2u . .
ECR heating Pecru 6 MW divertoreoilsViu
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Discharge Control System (DCS)



Discharge Control System (DCS) X
ASDEX Upgrade is operated using the Discharge Control System (DCS).

* DCS is not a monolithic system but is implemented using modular micro services
(both rt and non-rt).

» DCS is a distributed system, e.g. it is not limited to one control computer.

* The majority of custom services are implemented in C++.

Core DCS has 260k lines of code.
AUG DCS has 200k lines of code.

» The concept is to define its behaviour via configuration.



(Dynamic) Pulse Scheduling



Pulse Scheduling

A plasma discharge requires a timed sequence of events /
actions to be executed.

* Configuration of the plant prior to the discharge.

* Initialization/startup of plant systems (e.g. fly wheel
generators) and diagnostics.

 Control of the plant (coils, power supplies, gas system,
heating systems, etc) before, during and after the pulse.

+ Transition of the plant to a safe state after the pulse.




Pulse Scheduling

( Segment 2]
At ASDEX Upgrade the discharge sequence is described in a so called [ Seamen 9.
discharge program (DP). E——
» The DP defines the complete discharge sequence, including W
¢ plant setup and shutdown. w
* the nominal path. e o]
* exception handling and alarms. o

» The DP is part of the DCS configuration, set by the session leader :
prior to the discharge. Trajectory

Execution Rule  Interpolation Linear / Step / Pulse|

Exit Rule Revert / Last
Data Points

* The DP itself is defined using XML.

Time Value
05 20
15 25




Pulse Scheduling

( Segment 2]
. [ Segment 1]
Segments contain Segment 0
Conditions
* trajectories which specify control targets (control modes, references, etc). watchdog Time 2.5
Watchdog Target Segment 2
» conditions on which to execute another segment, enabling exception Conaten 99 10 Sament)
handling.
Trajectory
Traiectories Contain Execution Rule Interpolation Linear / Step / Pulse|
Exit Rule Revert / Last
* data points (segment time, value). The value passed from the previous F—
segment is used as start value, if no point at time zero is defined. 0s 20
* an execution rule which specifies the interpolation type (linear, step, :
Trajectory
pu'Se) . Execution Rule Interpolation Linear / Step / Pulse|
Exit Rule Revert / Last
* an exit rule. This specifies which value is passed to the next segment. ata points
Time Value
Last: The last evaluated value is passed on. 05 20 ]
15 25

Revert: The value that was passed to the current segment is passed on. -




Dynamic Pulse Scheduling

* Dynamic pulse scheduling, e.g. the control system decides
which path to take, is available and used in every discharge on
ASDEX Upgrade.

» The graph on the right illustrates the segment sequence of a
typical ASDEX Upgrade discharge.

* Ellipses represent segments. BZ505 is the main segment
containing the plasma discharge after breakdown.

* The arrows indicate possible segment transition.

* The labels at the arrows indicate conditional segment
changes.

BZ155/Start TF Gen/OH-Kond.laden

Generator ready

BZ303/Start PF Stroeme
BZA404/Start Plasmaentladung

BZ505/Start Lagereg.+ Flatiop

Alarm OH range low
Alarm Plasma VPE
Alarm Coil Ranges
Alarm OH2 Thyristor
(Alarm high delta Ip*Bt

BZxxx/APE (incl. VPE)

BZ802/Ende TF Flattop

BZ900/Ende Schuss-Programm




Dynamic Pulse Scheduling

A simple example: The sequence during ramp-up and flat top is static.

Lageregelung- 09, 1M standarden 140

o / A Plasma Current ;

BZ155/Start TF Gen/OH-Kond.laden

Generator ready

BZ205/Start TF Strom

BZ303/Start PF Stroeme

B i | e—rts:Pl/Shape/Reurrdp.
2 R requests i
. é BZA404/Start Plasmaentladung
1wk __gae®
008 Z requests L sotstusezanss BZ505/Start Lagereg.+ Flattop
o A 5
ousf—{ Alarm OH range low
008 P P Alarm Plasma VPE
ousk—g) Alarm Coil Ranges
" — S E—— Alarm OH2 Thyristor
2 1: Reurs Zeur (blue) L Position control mode

(Alarm high delta Ip*Bt

BZxxx/APE (incl. VPE)

‘:_TJ\ 3t Rass Zoqs (Dlack) " |

. Control Mode Change

Gas requests —

BZ802/Ende TF Flattop

BZ900/Ende Schuss-Programm

|

Heating requests

N




Dynamic Pulse Scheduling - Exception Handling X

* The capability to act on events during a discharge is important for current fusion
experiments and will only gain importance / be essential for larger devices such as ITER.

* On ASDEX Upgrade exception handling is implemented using segments in combination
with condition for segment changes.

» Exception handling provides the capability to
* react on unwanted events that pose a potential risk.
* Disruption avoidance.

* Handling of e.g. NTMs.
* Plant failures.

* react on expected events in order to

 control the desired discharge sequence
* aid the experiment (scenario setup, physics investigations, ...)



Examples: Disruption Avoidance



Disruption Avoidance X

+ Disruptions, a sudden loss of plasma confinement, induce significant thermal and
mechanical loads onto the device.

+ Disruption mitigation techniques such a scattered pellet injection (SPI) are
foreseen for ITER to mitigate the impact of a disruption.

* Disruption avoidance aims to prevent the plasma from becoming disruptive via

e continuous control.

* exception handling.



Disruption Avoidance

 Both disruption avoidance and mitigation require

* an observer which detects a critical state.
* a suitable actuator.
* a decision logic which can issue the correct response.

* In case of continuous control a suitable controller is required.



Examples: Disruption Avoidance
H-Mode Density Limit



Disruption Avoidance - H-Mode Density Limit

* H-Mode (High Confinement Mode) discharges exhibit a
disruptive operation limit at high densities.

But: Operation at high density is required for a fusion reactor.

* The H-Mode density limit (HDL) is commonly preceeded by a
radiative phenomenon the so called X-Point Raditor (XPR) /
MARFE. (See green area in the illustration).

* The location of the XPR/MARFE is reconstructed in real time
using the mesaurements from fast photo diodes (red lines).




Disruption Avoidance - H-Mode Density Limit

* The measurements can be
used for continuous control
and as input for the decision
logic.

* For disruption avoidance
different actuators have been
tested, avoiding the disruption,
once the XPR/MARFE position
exceeded a certain threshold.




Disruption Avoidance - H-Mode Density Limit

* The measurements can be
used for continuous control
and as input for the decision
logic.

* For disruption avoidance
different actuators have been
tested, avoiding the disruption,
once the XPR/MARFE position
exceeded a certain threshold.

* Validated actuators:
* Auxiliary heating.
* Gas flow.

* Upper triangularity.




Examples: Disruption Avoidance

H-Mode Density Limit - Multiple Experiments



Disruption Avoidance - H-Mode Density Limit

nnnnn * Avoiding the disruption
- allows multiple

nnnnn - Bk ] ) S | experiments within one
T — discharge.

e * The example shows the
7 =1 planned schedule for
— multiple gas ramps with
i increased constant

il il i fuelling via pellets.
- — * The critical XPR threshold
L ; A L d is always set to 5 cm.
ssss I |
1] L] L] “ * Avoidance is performed
- via auxiliary heating in
i il this case.




Disruption Avoidance - H-Mode Density Limit
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Disruption Avoidance - H-Mode Density Limit

\

IR

ID

AUG: #41388 segment changes

UL,
=AML

- Epe\let emission

conditional
segment
changes

Discharge was executed as planned. Duration was
shorter then the nominal length due to dynamic segment

[eV]

* Detection of the XPR and avoidance is robust.

\?ﬁ = %
B VI .\L al_MA
v v A b o
div
4 8
Time [s]




Examples: Disruption Avoidance
H-Mode Density Limit - Triangularity



HDL - Influence of triangularity on XPR: Intro

AUG : #1027

 Strong influence of upper
triangularity on tolerable
gas flow observed.

* Less gas needed to reach
the HDL at high
triangularity.

— Investigate upper
triangularity as actuator.
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(I Aspex
\ Upgrade

HDL - Influence of triangularity on XPR: Pulse Schedule X

Step wise scan of upper triangularity.

v it i 0P HASH0L ek, St s 1.3
L - A
l RTL LTE
identical gas ramps.

—— splcun g

Recaveryot

5 BAAPE T AP BoAPE T, ‘} T VPE | 2507APE Tl VPEY | BEce APE Tl V2

-
i —n
g s
i =3
=

= = —

S
13
A H
P g

—w

vio

Recoven0d

Recoveryas

Time 5]

I B.SIEGLIN | FEBRUARY 16, 2023




(I Aspex
\ Upgrade

HDL - Influence of triangularity on XPR: Pulse Schedule X

Step wise scan of upper triangularity.
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HDL - Upper triangularity as actuator

AUG: #1154

)
Time (s)

Start with high upper
triangularity.

Gas ramp until XPR is
critical.

Freeze gas and reduce
upper triangularity.

XPR becomes uncritical
— disruption avoided.




Examples: Disruption Avoidance

H-Mode Density Limit - Automated setup



H-Mode Density Limit - Automated scenario setup

HDL Scenario Setup Scheme

. . . ___ Programmed
* The onset of the H-Mode density limit depends on I Aol oarined
the actual machine conditions (impurity content, H R ¢ g .
wall conditioning, ...). F i s
* In case no feedback control is established yet an po—
®  Trajectory Points HDL recovery

automated scenario setup is desired to increase
reproducibility.

Heating

Time



H-Mode Density Limit - Automated scenario setup X

1. Gas ramp until HDL (e.g. XPR) is detected. HDL Scenario Setup Scheme

. Automatically determined
gas flow rate

2. Pass last value of gas and heating reference to the
avoidance segment.

End of

8
g
g8
&
&
34
g
2

Gas Flow Rate

3. Avoidance segment:
* applies heating and reduces gas.
* passes references it got from the previous
segment to the next.

HDL recovery

Heating

4. Next segment contains no trajectory points Time
— Dynamically determined gas flow for HDL is set.



Examples: NTM Studies



ASDEX

Example - NTM Studies X

* Neoclassical tearing modes (NTMs) appear at Island X point
sufficiently high 5 and are detremental to the
confinement.

* Robust triggering of NTMs is desired to enable

experimental studies.
Island O point
» Triggering on ASDEX Upgrade by application

of sufficient heating power.

» Reaction on mode appearance to avoid a

disru ption. Tearing mode with
reconnected flux surfaces

Figure: F.Felici, PhD thesis, 2011



Example - NTM Studies - Pulse Plan

1. Trigger NTM
2. Stabilize NTM at reduced heating power.
3. Increase ECRH heating to slow the mode.

4. Replace ECRH by NBI to increase mode rotation if
* mode has locked.
* maximum ECRH power has been reached.

5. Suppress NTM using gas puff.

6. Retrigger NTM to compare influence of current
profile.




Example - NTM Studies - Pulse Plan

—_

. Trigger NTM
2. Stabilize NTM at reduced heating power.
3. Increase ECRH heating to slow the mode.

4. Replace ECRH by NBI to increase mode rotation if
* mode has locked.
* maximum ECRH power has been reached.

5. Suppress NTM using gas puff.

6. Retrigger NTM to compare influence of current
profile.




ASDEX

Example - NTM Studies - Plan vs Reality

ASDEX Upgrade - #41417

/’ 500000 4
= 0= — rts:Pl/Curr/l.dp
o 2 K1
e — K2
il - - K3
i 1 — K4
| — K5
ol
o1
—— — N8I
- 1 e ceizcn ] —— Central ECRH
AN 8 i
Nt R T ! ] 29
N Jﬂ_
] l 0= T T T T T T T
: it - N 0 1 2 3 4 5 6 7 8

Time [s]

» The real discharge matches closely to the planed behaviour.
* Real pulse path is not known before the pulse.



Example - NTM Studies - Plan vs Reality

ASDEX Upgrade - #41417

50 Discharge NTM $upp! ion:
500000 Stabilization Using gas ramp.
o= — ntsiPl/Curr/l.dp w0
2 K1 F L4
—x H 2
— £x0 o NTM Study using:
1 —ka § a Adaptive torque and heating scan.
— ks = ‘?
1 {
g 20 |
— N8I
A —— Central ECRH A NTM retrigger
vl \ with relaxed current profile.
10
2
) \
o ik Y g j A
0 1 2 3 4 5 6 7
Time [s] 2 H a s 6

Time (5]

» 2/1 NTM triggered and mode rotation influenced as planned.
* NTM suppression via gas pulff.
+ Different NTM behaviour during retriggering — Influence of relaxed current profile.



Examples: Runaway Electrons



Example - Runaway Electrons X

+ During disruptions electrons can be accelerated up to relativistic energies.
These electrons decouple from the main plasma and can form a runaway electron
(RE) beam.

* For large fusion devices, like ITER, these RE beams are predicted to be up to
several MA which poses a significant risk to plasma facing components.

« Stabilization and control of runaway electron beam desired to study e.g. benign
termination.



Example - Runaway Electrons X

* On ASDEX Upgrade RE beams

ASDEX Upgrade, #40441

are triggered using massive gas 1o MGI@1.0s
injection (MGI) during the T o8- — request
current ramp up of a circular 2 06 T Mmeasurement
limiter plasma. £ 9%
3 0.2
» Disabling vertical displacment E:Z N T
event (VDE) detection is 5151 fv
required to allow stabilization of 5 141 l\/
RE beam. <, |
Eos |
+ Position, current and shape of 5501 '
RE beam can be controlled. 2,5
® 0.0 T T T 1
0.0 0.5 1.0 1.5 2.0 2.5

* Controlled current ramp down
possible.

Time [s]



Example - Runaway Electrons

#40361: Stabilized RE Beam

» Sustained control of the RE beam allows study of benign
termination.

* Non benign termination leads to high electron energies
(see synchrotron radiation) and localised loads onto the
first wall.

#40361: Non benign termination.

» Benign termination aims to de-confine the RE
isotropically to avoid localised heat loads.



Example - Runaway Electrons

#40361: Non benign termination.

ASDEX Upgrade, #41336
MGI@ 1.0s

g 0:87 ( — request

—— measurement

3024 ]
0.0

#41336: Benign termination.

0.0 0.5 1.0 15 2.0 25
Time [s]

* RE beam (reduced R...r request).
* Feedback control of the neutral gas pressure during RE phase.



Conclusions and Lessons Learned



Conclusions X

( Segment 2|
[ Segment 1]
Segment 0|

» Dynamic pulse scheduling is a powerful tool combining

Watchdog Target Segment 2

* exception handling. Condition 1 0010 Segment 1

Condition 2 0.5 2.0 Segment 2

e continuous control. Trajectory

Execution Rule  Interpolation Linear / Step / Pulse|

and enabling

Data Points

Time Value

* disruption avoidance. 05 20

15 25

* more complex experiments.

Trajectory

Execution Rule  Interpolation Linear / Step / Pulse|

* The combination of segments and conditions allows

Data Points

complex pulse schedules using simple building blocks.

05 2.0
15 25




Lessons Learned

+ Complex pulse schedules require

* time and expert knowledge for the development.
* good visualisation / tools.

» Robust discharges can be achieved by putting
exception handling at the critical phases.

An all knowing decision logic is not essential.




Discharge Control System (DCS) X
ASDEX Upgrade is operated using the Discharge Control System (DCS).

* DCS is not a monolithic system but is implemented using micro services.

* The system uses both off the shelf solutions as well as custom components.

» The majority of custom services are implemented in C++.

Core DCS has 260k lines of code.
AUG DCS has 200k lines of code.

+ Aims to define its behaviour via configuration.

* Provides mechanisms for modular extensions.




Interconnection overview (not complete, DCS internals not shown)

« DCS is connected to various “powerSurnh N R
systems of ASDEX Upgrade. -Piant Systems
oFuelling
. A .
» Many connection types are : . | e
required / supported. EERE TR RN PP s
operators | [ asoex s M pawer

 Slow control (e.g. state L \ Uporade e st

information). 4 X e SRR -
* Event notifications. — L S

. . DCS — ECRH
* Real time connections (e.g. — TN
. . T%
heating requests). PR S, 4 T 3
shotfile | _:_ . L. _ . _. N
- . S Sl_em : N

« Configuration amie | !

management. : i viveyy |
° Ofﬂ'ne Storage l'-~—~ Diagnostics rt Diagnostics | | Timing System leifssi‘rs:ss:i’c“"g N NBI
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Dynamic Pulse Scheduling

A simple example: The sequence during ramp-up and flat top is static.

Generator ready

* The dynamic part of the pulse schedule here is used to

* start the toroidal and poloidal field sequence once the

flywheel generator are ready.

BZA404/Start Plasmaentladung

BZ505/Start Lagereg.+ Flatiop

* trigger the automated ramp down in case of an Alarm.

* indicate the completion of the automated ramp down.

Alarm OH range low
Alarm Plasma VPE
Alarm Coil Ranges
Alarm OH2 Thyristor
(Alarm high delta Ip*Bt

* Dynamic pulse scheduling enables more sophisticated
discharges including exception handling.

BZxxx/APE (incl. VPE)

BZ802/Ende TF Flattop

BZ900/Ende Schuss-Programm




DCS -

Control Task

» The control task aims to keep the plasma in the
desired state (e.g. position, shape, density, etc.).

* DCS operates with control cycles (t ~ 1 ms) during
which

the diagnostics publish their latest
measurements.

the plasma state is reconstructed (e.qg.
equilibrium, position, ...).

control requests are calculated and issued to
the actuators.

the actuators act onto the plasma.

Control
Requests

l

ASDEX
Upgrade

l

Measurements

Control

Physical
Quantities
(e.g. density profile, ...)

Plasma State
Reconstruction
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