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TCV: Tokamak a Configuration Variable

] To 1
| a X3 system
f==—=m=={ (118 GHz)
=
""" i Launchers #2,
] J\': X2 system
= (82.7 GHz)

X3 (118GHz)

Launchers

71, 774

+ Flexible digital control system

o O Ooo@

— I = (100% Simulink-programmable)

Bt=1.5T, I,<1MA, a=0.25m R=0.88m k<2.8
19 separately controllable PF coils

E PF L F. Felici - Control Integration - ITER International School - San Diego July 2022



TCV: Tokamak a Configuration Variable

o O

- Shape effects on plasma
- Core, edge studies

X3 system _ _ _
(118 GHz) - Negative triangularity, snowflakes

Launchers #2,  ° NBI and ECRH heating
#3, %5, #06  « Plasma control research

X2 svst - Formation of advanced plasma
(82;yé§; shapes & vertical control (1990s-...)
\ X3 (118GHz) * MHD control: NTMs, Sawteeth
Launchers (2000-...)
#1, #4 - State estimation & Profile control
(2010-...)

- Integrated control (2015-...)

+ Flexible digital control system

:IQ

(100% Simulink-programmable)

Bt=1.5T, I,<1MA, a=0.25m R=0.88m k<2.8
19 separately controllable PF coils
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Outline

Part 1: Integrated control: architectures and some examples of solutions

Part 2: Software engineering aspects of plasma control integration
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Integrated control: key issues and some examples of solutions




Motivation: future tokamak reactors will need to fulfil
multiple control tasks with a limited set of actuators

- New control challenges:

- Simultaneous execution of several (complex) control tasks with scarce actuators.
- Real-time prioritisation of these tasks based on evolving plasma state/events.
- Real-time automated assignment of scarce actuators to fulfil various tasks.

Kinetic control

»>

Optimal ramp-down

Feedforward control
> oo Sawtooth control - »
HECD . » >
Lmode control Hmode control Lmode control

NTM control Disruption avoidance

-

Disruption alarm

Disruption alarm

Time (s)
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Traditional control architectures with separate controllers
are not sufficient for next-generation tokamaks

actuator commands measurements

[Real-time control]

|_gas, pellets I Density |< interferom.

| Controller
ECRH, ICRH MHD ECE,magn.

controller
NBI,ECH I I Beta magnetics
Controller
coil currents I §hape |< I

magnetics

| controller
ECCD, ... | |<
Controllers I
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Traditional control architectures with separate controllers
are not sufficient for next-generation tokamaks

actuator commands measurements

Tokamak

[Real-time control]
|_gas, pellets Density interferom.
Controller
ECRH, ICRH MHD ECE,magn.
controller
NBI,ECH Beta magnetics
Controller _
coil currents hape magnetics
controller
ECCD, ...
Controllers

- Issues for integrated control:
- Interaction/competition between controllers
- Time-varying priorities for control
- Time-varying actuator availability
- Response to off-normal events

L F. Felici - Control Integration - ITER International School - San Diego July 2022
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Control integration via Multivariable Controller Design

- Multivariable (MIMO) controller design

- Design one controller that takes interactions into account explicitly.
* Necessary when problems are strongly coupled dynamically.

- Quickly becomes intractable as size of system increases.

- Examples:

- Shape control (many coils -> many shape control parameters) [DeTommasi lecture, Tue]
- q profile (+betaN) control (many control points -> several actuators) [Schuster lecture, Wed]

P > > q(0)
Pec > “Plant” > q(OS)
PEC » (1D profile >

dynamics) a(0.7)
PnB > > BN

But: we can not (yet) make one single controller for everything
- we will have several separate controllers

E P:: L F. Felici - Control Integration - ITER International School - San Diego July 2022 4



ITER PCS architecture design:
Supervision layer, controllers, support functions

Plasma Control System

- - Pulse Supervision Control

Processed Data W Actuat
2 signals L
Data quality Controller status e status
Sensor status

Support Functions Support Functions

Controllers

Data
Data quality Feedback Actuation Actuator

Sensor statu Signals Commands Commands

Actuator
status
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Supervisory control architectures under study in existing
tokamaks

* DIII-D / KSTAR / EAST:
* Finite state Off Normal Fault Response (ONFR) [1]

- ASDEX-Upgrade / ITER:
- Local/Global exception handling [2],

- TCV:
- Supervision Actuator Management and Off-Normal Event handling (SAMONE) [3]

- Control ‘task’ based approach, described in more details next

[1] N. W. Eidietis, et al, Nucl. Fusion, vol. 58, no. 5, p. 056023, May (2018).
[2] W. Treutterer et al, Fus. Eng Des. 117, (2017)
[3] Vu IEEE TNS (2021) and references therein
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Introduction to the task-based approach

- Control tasks:
- Tokamak independent, general formulation for any

tokamak Examples of control tasks:

- Represents ‘something’ that needs to be done by the . 3/1 NTM preemption

control system . 2/1 NTM stabilization

- Separate responsibilities for task handling: . track q profile reference
- A supervisor decides control task priorities based on - track B reference
plasma state. - track |, reference
- A set of controllers execute one or more control » track Vioop reference
tasks: receiving plasma state information and . go to H mode

compute actuator requests

- stay in H mode

- An actuator manager decides allocation of resources
for prioritized control tasks

m
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Example of task-based control on TCV:
Simultaneous H-mode and 3 control

. > #62441  [T. Vu, Fus. Eng. Des 2019]
 RT allocation of 4 actuators g [®7 T 7 1 beinumods | o
) 1x PNBI, 3x PECRH (L7,8,9) g :be 11# L-mode : 6ctr1 : be in L-mode
] . '?é 0.5 FFlctrl I I .
* 4 prioritized tasks: g GP ?2 <,35 : :éf
0 ! | | | Sy
- Feedforward power R — L 1=
- B control = b ] G
- | | | | I 4
. “Be in L mode” e e — E
| | | | | | | |
- “Be in H mode doosfe!l L 1 @ 5)© ]
; I @ @ § and ref "'o
2 0004 :
= 0.002 Y 5

[
o

Pre-programmed.:
Control task priorities
Preferred actuators per task
Control references, gains per task

(92}

P actuators [W]

o

m
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Example of task-based control on TCV:
Simultaneous H-mode and 3 control

] > #62441 [T. Vu, Fus. Eng. Des 2019]
- RT allocation of 4 actuators o [@1 1 1  bein Bomode] | '
0 1r | . i | . n
-~ be 11# L-mode I 3 | be in L-mode
* 1x PnBi, 3X Pecrh (L7,8,9) H | | ctrl |
~ 0.5 FF|lctrl | I |
- mgm D) | I
- 4 prioritized tasks: 8 @,ﬁ? @‘5 : :éf
0 . . >
- Feedforward power z Ner || 1 | A
-
+ B control L L G
| | [ - -
- “Be in L mode” L = :
I | | L1 I I
- “Be in H mode” O 30N '
@ § and ref 30
| .
1 M,:. ——— ] ?
Feedforward control task: - : : : ! ! — : <o
Apply central heating B )i JF L Pema Peen L 110 -
Actuator priority: L7,8,9, NBI P e S Py - 1\, AR -
- - 5 o
m%
0
Pre-programmed.:
Control task priorities
Preferred actuators per task
Control references, gains per task 0
0.6 0.7
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Example of task-based control on TCV:
Simultaneous H-mode and 3 control

. > #62441  [T. Vu, Fus. Eng. Des 2019]
 RT allocation of 4 actuators 7 [@r T be in H-mode| | '
9| Ibe in L-mode i i be in L-mode ]
* 1X PnBi1, 3X PecrH (L7,8,9) B, | 4 L Peen |
~ 0.5 FF|lctrl | I |
. 4 prioritized tasks: 8 @ O G
P Yk & SN 45 SN . S
- Feedforward power 0 | wer | L -
- B control = b ] G
- | | | | I 4 -H
- “Be in L mode” —— =Ll — | E
| | | | | | | |
- “Be in H mode doosfe!l L 1 @ 5)© ]
; I @ @ ( and ref -'o
5 0.004 I ne | : 4 3

B control task:
@ Track reference B

¥
T [l WL
Q S
e’
—_d ==
)
v }
4L
]
4
|>
|
R )
o =
o

Actuator priority: NBI =,
NBI power increase requested T
(NBI switches on late due to technical issues) A

[
o

Pre-programmed.:
Control task priorities
Preferred actuators per task
Control references, gains per task

(92}

P actuators [N]

o

m
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Example of task-based control on TCV:
Simultaneous H-mode and 3 control

] > #62441 [T. Vu, Fus. Eng. Des 2019]
- RT allocation of 4 actuators 2 [@T T T T ke inmmede 1 '
9| i Jpe in L-mode i i be in L-mode |
* 1x PnBi, 3X Pecrh (L7,8,9) ) | 4 L Pem
~ 0.5 FF|lctrl | I |
- 4 prioritized tasks: s D G ® )
0 e — . I
- Feedforward power A | wer ! | i
- B control - B ] §
- | | | | [ -4 -
- “Be in L mode” —— =Ll — | E
I I | | L1 I I
- “Be in H mode _ <c>i 0 @ 308 ]
| 3 § and ref Ho
i | | . :
U e | 9
y Ao 0l e Lo TN ——"12
I ! ! x10

Be in H mode —

I 1 1
@ Highest priority task "‘d)i J | | : fona Jotr || 10
Overrides power request to P>Prn joma 57 I N1 Pu =

B reference no longer tracked

;////
(&

o

Q

g
I

m

8

o

Q

()
o

Pcmd

E 1 1
n 10
Pre-programmed.: §
Control task priorities S 5
Preferred actuators per task §
Control references, gains per task B o
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Example of task-based control on TCV:
Simultaneous H-mode and 3 control

. > #62441  [T. Vu, Fus. Eng. Des 2019]
* RT allocation of 4 actuators ¢ [ 7 7 1 be insmode; | |
] 1r I . i f . n
-~ be 11# L-mode I 3 | be in L-mode
* 1x PnBi, 3X Pecrh (L7,8,9) ) | . ctrl |
~ 0.5 FF|lctrl | I |
- g m D) I I
- 4 prioritized tasks: 8 @,ﬁ? @‘5 : :éf
0 : . >
- Feedforward power R — L -
-~
- B control = b ] G
- I | | | [ -4 -
= ©
« “Be in L mode” — . — >
I | | | | |
- “Be In H mode” ! — ' '
% 0.008fc), o= 1O 1
; : @ I 3 and ref "'S
S 0.004f 4 ®
= L I | ne 1 g
o UAPegn UV ol i atsase 1o, SNSRI S e o= P
B control reference increase /9‘” : — — : <10°
@ B reference can be tracked - (d)i ] L e Potmy || 110 _
Since Prequest>Pl_H | cmd |F | | N | LH E
£
Q..U
=
n 10
Pre-programmgq: §
Control task priorities S 5
Preferred actuators per task §
Control references, gains per task B o
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Example of task-based control on TCV:
Simultaneous H-mode and 3 control

] > #62441 [T. Vu, Fus. Eng. Des 2019]
* RT allocation of 4 actuators ¢ [ 7 7 1 be insmode; | |
9| Lr :be i:# L-mode i 3 i be in L-mode |
* 1x PnBi, 3X Pecrh (L7,8,9) ) | . ctrl |
~ 0.5 FF|lctrl | I |
- g m D) | I
- 4 prioritized tasks: 8 @_ﬁ@ 5‘35 : :éf
0 : . >
- Feedforward power (b)i | . - L | ' -
-
- B control = b ] G
- I | | | [ H4 -d
= ©
« “Be in L mode” — . — >
1 I | | L I I
- “Be in H mode” A ' '
@ 0.008[ () <2'> Q‘I‘) @ 5) (&) o { .
. : I (# and re >
3 0.004f _ : &
™ 0.002f e VRl R S A< 5
B control reference lowered — e — : x10°
@ Not tracked due to H-mode request (D J L Pema Peen L 10 -
| cmd IF I I N | LH E
£
Q..O
=
n 10
Pre-programmed.: §
Control task priorities S 5
Preferred actuators per task §
Control references, gains per task B o
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Example of task-based control on TCV:
Simultaneous H-mode and 3 control

] > #62441 [T Vu Fus Eng Des 2019]
* RT allocation of 4 actuators o [@i 1 1  pe in H-mode| |
9| 1r :be i:# L-mode i 3 ' be in L-mode |
* 1x PnBi, 3X Pecrh (L7,8,9) B, | | ctrl
~ 0.5+ FFlctrl I —
- [—_— 0 [ |
- 4 prioritized tasks: 8 @,ﬁ? @‘5 : :@#
0 . . . >
- Feedforward power e | 1 | A
+ B control | G
I 1
- “Be in L mode” Il g
| | | |
* “Be in H mode” oo 6 T
(D . "‘r"' ‘ [+)]
M § and ref Ho
2 w
@ 0 4 ne
% ] :
Switch to “Be in L mode” task : i
@ Low [ reference — Pona Potrr | {10

successfully tracked

[
o

Pre-programmed.:
Control task priorities
Preferred actuators per task
Control references, gains per task

(92}

P actuators [W]

o

m
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Architecture of task-based PCS: separation between

specific interface layer and generic task layer

m

Actuators

ﬁ

Diagnostics

Actuator
interface

14

A

Plasma and actuator
state reconstruction

Interface layer

\ 4

Controllers

Actuator

manager

Plasma state
monitor and
supervisory

For more details:

[T. Blanken Nucl. Fus 2019]
[T. Vu Fus. Eng. Des 2019]
[T. Vu IEEE TNS 2021]

Pulse
schedule
and
Configuration
parameters

controller

Task layer

Plasma control system (PCS

User interface
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Architecture of task-based PCS: separation between

specific interface layer and generic task layer

=Pr-L

Actuators LS a0 Diagnostics

Actuator Plasma and actuator | °
interface _ | state reconstruction |

erface layer

;

Plasma state

Actuator monitor and
Controllers manager supervisory

For more details:

[T. Blanken Nucl. Fus 2019]
[T. Vu Fus. Eng. Des 2019]
[T. Vu IEEE TNS 2021]

Pulse
schedule
and
Configuration
parameters

controller

Task layer

Plasma control system (PCS

User interface
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Plasma state reconstruction: combine specific diagnostic

sighals into to generic tokamak state descriptions

Diagnostic 1

Diagnostic 2

. -~ -'.'\.
g «Mm‘

Actuator settings

RT diagnostics
& actuator info.

Suite of interconnected codes:

RT SVD (MHD analysis) [1]
RAPTOR (Te, q profile estimation +
prediction) [2]

RAPDENS (density profile) [7]
LIUQE (equil. reconstr) [3]
TORBEAM (ECRH deposition) [4,5]
RABBIT (NBI deposition) [6]

+ Various event detectors (ELMs,

Sawteeth, LH transition..)

Generic plasma and
actuator states

[1] C. Galperti etal., IEEE Trans. Nucl Science 64 (2017) 1446-1454
[2] F. Felici et al., 26th IAEA FEC, 2016 [3] J-M. Moret et al, FED 2015

[4] E. Poli et al., CPC 225 (2018) 36-46

[6] M. Weiland et al., 27th IAEA FEC (TH/6-3), 2018
[7] T. Blanken al, FED 2019

L
U

L
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[5] M. Reich et al., FED 100 (2015) 73-80

\ EC Te, Ti !
N
% “

Ne WNTM
\
\
S /

P 2/1  3/2
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Event detection example: Real-time plasma confinement
state detector using Deep Learning

« Combines convolutional
layers (CNN) + LSTM

- Based on [Matos, NF 2020]

ons +

Convolut

[G. Marceca, ICDDPS 2021]

|

s F
-
=

Xt+n+
Xt+n+
Xt+n+

ra
2

LSTM
i

ES]
R R e B b I R e e B R L
R O o O R o IR R I I D g e g e
- RIRIRRRR|R[R|R[S|S LS5
S
Q —
£ w
+
S
£ 5 | Convinputl | | Convinput2 | [ Convinput1i1 |
Qo ©
S
X S Feature Feature Feature
S Extraction 1 Extraction 2 " | Extraction 11

iy

HHHAE

=

HHHHHF

Conv Input n ]

Feature
Extraction n

|

o [HHHHMHHARA

State
Zt

Zt42

Zt+3
Zt+4

Zt+g
Zt49
Zt4+10

Zt+11
Zt+12
Zt+13
Zt+14

Zt+15

Zt+n—-1
Zt4n
Zt+n+1
Zt+n+2
Zt+n+3

= —— PD ~ ~
08 FIR

2 — DML

gO.G- — IP

= Low

©0.4 Dither

— High

©0.2- =

=)

“70.0

0.1 0.2

0.3

0.4
t(s)

0.5

0.7
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Model-based, dynamic state observer: merge model

- Amounts to performing a real-time simulation of the plasma time

m

rediction and diagnostic measurements

evolution, with corrections from measurements

- Known in control literature as dynamic state observer, or Kalman filter.

* Widely used in robotics, image processing, broad literature exists
e.g. [Kailath, Linear Estimation, Prentice Hall (2000)]

actuator commands measurements
» Tokamak
[Real-time control]
Tokamak predicted
- ) Diagnostic | measurements
»| simulation > model >~
—®| time step

—1

- y

predicted state

updated state| Measurement

Controller

update

<

measurement residual

Model-based, dynamic state estimator ("observer")

F. Felici - Control Integration - ITER International School - San Diego July 2022
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Nonlinear observers: need linearization around
nonlinear trajectory

* Nonlinear model

LTk4+1 = f(xk?uk)
yr = h(zk)

- A well-known observer for nonlinear systems is the Extended

Kalman Filter (EKF).

- Evolve state error covariance matrix Sk together with state x«.

- Matrices Rk (sensor noise covariance) and Qk (process noise cov.) to be tuned

Tr\k = Tr|k—1 + Li[yr — h(Zxx—1)] state meas. update
Tri11k = fe(Zrx,ur) Predicted state
Ly = Sppp_1Hi Q' Q% = HiSpp—1H. + R Kalman gain
Skik = (I — Sk|k_1H352;1Hk)Sk|k_1 covariance meas. update

Skt+1lk = FkSkaFE + GrQrG;  covariance time update

Need Jacobians

of

Fy, = 9y
_ of
Gk N Ouk
Oh

Hk — gk

- Other nonlinear filtering methods exist e.g. Unscented KF ...

m

P:: L F. Felici - Control Integration - ITER International School - San Diego July 2022
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‘Kalman gain’ reflects confidence in models vs
measurements

- If the system is linear, the Kalman Filter is the optimal filter
- Gives the smallest state error covariance w.r.t. any other filter

- Though all systems are nonlinear, we can still use KF

« Useful features:
- Model-based filter to remove diagnostic noise and obtain estimated states

* (e.g. velocity from position measurements)
- Can treat uncertainties in model parameters

— Can represented as fictitious process noise entering the state equation

— Can define augmented state = [plasma state; model parameters] to be estimated
- Diagnostic fault detection

— Single diagnostic residual increases — detect fault — eliminate from update law.
- Anomaly detection

— Sudden deviation of a set of diagnostic measurements from model — trigger disruption
mitigation.

m
1
"1
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Example: real-time density profile reconstruction on
ASDEX-Upgrade using state observer

- RAPDENS model (related to RAPTOR)

- Model combining 1D profile evolution and
particle inventory model.

- Update to these predictions using interferometer
& bremsstrahlung measurements

- Detection and rejection of diagnostic faults and
model inaccuracies.

* Needs

- Real-time capable simulator for 1D profiles

- Ad-hoc models for transport coefficients +
sources

- Real-time diagnostics

* Future improvements of models, or
diagnostics, feed into same state
observer, no need to change controller.

[T. Bosman, Fus. Eng. Des, 2021]
TCV implementation [F. Pastore, Poster Tuesday]

[CRH1 [MW [CRH2 [MW] (a)
[ [MA] L [102#m/?]

=

[102":/1112]_ n_[10*#/m?]

‘n
- —

o~

—
—
fa—

n_[10#/m?]

—
—
-

[ . R
& AT SN

Central TS measurement

Estimated centr: ll(Ln\ll\ I
| AA A
[ 1 —
'—%ﬁ

H, H, V n//f’
H, 1 ——
) 1 T 1
FHH (d)

| b H, H
W_/E |

- (e)

— — — — ——————————— — —

— — — — — — — — — — — — — — — —

[AU]

0

Bremsstr. 2 r ' ‘ (f)

0
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Example: real-time density profile reconstruction on

ASDEX-Upgrade using state observer
- RAPDENS model (related to RAPTOR) 2{  ICRHI [MW [CRH2 [MW] ()

[ [MA] I' [102#m/]

- Model combining 1D profile evolution and 1
particle inventory model. ‘ F"":" .

- Update to these predictions using interferometer
& bremsstrahlung measurements

Central TS measurement
Estimated central density

- Detection and rejection of diagnostic faults and
model inaccuracies.

* Needs
- Real-time capable simulator for 1D profiles

I

Realtime density estimate agrees with
(offline) Thomson Scattering

T VTR VI ——

[102°#/m?] n_ [1019':/111_;]

' N
— ¢
oo

- Ad-hoc models for transport coefficients +
sources

. [10}:’1&‘/1112]
P

n

- Real-time diagnostics

=0

* Future improvements of models, or Eilo —"-"_—_-_-_—_-_—_-_-_—_IC_Z
diagnostics, feed into same state Hi|

observer, no need to change controller. '~ — ———
[T. Bosman, Fus. Eng. Des, 2021] =2

TCV implementation [F. Pastore, Poster Tuesday] % 3 T ; 10

E P:: L F. Felici - Control Integration - ITER International School - San Diego July 2022 18
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Actuators

Diagnostics

Tokamak

Actuator
interface

vy

A

Plasma and actuator
state reconstruction

Interface layer

Actuator
manager

monitor and ;
supervisory g

Pulse
schedule
and
Configuration
parameters

User interface

Task layer

Plasma control system (PCS

F. Felici - Control Integration - ITER International School - San Diego July 2022

19



Detalls of ‘Task’-based control layer

generic
plasma, i -
actuator | Plasma state |discrete-valuel supervisory control AM
otate plasma state | controller scenario resource
monitor —»{  evaluate »| allocation
evaluate state of level of danger | references allocate
plasma/actuators & define task activatio
Soilo L & priority
requests
per task
actuator
commands | AM-resource | °OmTens resource
to actuators distribution per tas controllers | per parallel task
distribute commands execute tasks
to actuators
L control scenario

is a list of
considered tasks

_ state-machine for each ONE
discrete-value

plasma/actuator/ .\\q danger control controller
event states level I scenario +task

OS activation
realtime U e ivati taskprio
references

danger

level |




Detalls of ‘Task’-based control layer

generic
plasma, 4& - -
actuatoff] Plasma state iscrete-valuel Supervisory control AM
| Iasma state | controller scenario resource
monitor |} evaluate »! allocation
% | evaluate state of F level ofdanger | references allocate
! plasmalactuators f g task activatio
) 4 Sisllll & priority
requests
per task
actuator
commands AM-resource comtmakn S resource
to actuators distribution per tas controllers fer parallel task
distribute commands execute tasks
to actuators

discrete-value
plasma/actuator/

state-machine for each ONE

event states

realtime

danger
eve

OS
mapping

danger

level |

control
scenario

control scenario
is a list of
considered tasks

controller
+task
activation
taskprio
references




Plasma state monitor translates continuous-valued plasma
state estimate into discrete states

[T. Blanken NF 2019]

m

|
\

\
\ FS
f "”“‘\/\/”"““"

Fast 2/1 \\I oF ./ Slow 2/1\)

LF ]f‘ Locked 2/1 '1| SL
\ mode
Transition| Conditional test
thresh,FS T
FS f?f lmode < f?;i?'ligde AND
hresh,FS
Aﬁflmude > A;;rleriﬂde + €A
. hresh,FS
SF f?f lmode =~ fgt;iiiﬂdekﬁ + ¢ OR

thresh,.FS
Aﬁflmude < Aﬁflmﬂde

FL: SL f?;’ lmode < fthTESh?SL OR

2/1mode
thresh
Ap—1om > ALZTw + €a

LF f?}l'mode = f;?i:g:ﬁig—FEf AND

thresh
An=1tm < ALZTTM

LS f?;’lmode = f;?;:gf;ﬂ + € AND

hresh,FS T
f?}l'mode < féﬁfi?n;ﬂe + €5 AND

thresh
An=1m < A, 500

"1
r

* Discrete representation of plasma
state (including events)

 Receives continuous-valued information
from state reconstruction.

+ User-configurable thresholds
- Different thresholds for each tokamak.
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Detalls of ‘Task’-based control layer

generic

plasma, . uperviso AM-
actuator [discrete-valge %, control
otate Plasma state plasma stg controller kscenario resou(ce
monitor evaluate allocation
evaluate state of level of danger ' oferences allocate
plasma/actuators | & define sk activatio
S soeno & priority
requests
per task
actuator
commands AM-resource s resource
to actuators distribution per tas controllers | per parallel task
distribute commands execute tasks
to actuators

discrete-value
plasma/actuator/
event states

realtime

state-machine for each ONE

danger
.=

eve

danger

level |

OS
mapping

control
scenario

control scenario
is a list of
considered tasks

controller
+task
activation
taskprio
references




Supervisor: map discrete-valued plasma state description
into prioritized tasks

* Rule-based mapping. Example:

Plasma parametersare A 2/1 NTM s present A 2/1 NTM is present
within defined ‘normal’ (size = SMALL or (size == LARGE)

bounds MEDIUM)

Tasks * 2/1 NTM preemption  * 2/1 NTM stabilization < Perform soft-stop

(prioritized) * 3 control 3 control with lower (ramp-down)
 q profile control reference
Control task e High B reference. * Lower B reference. e Appropriate soft-stop
parameters e 2 MW EC on g=2. * Increase EC power on  trajectory given present
g=2 until NTM is state.
stabilized.  (OR trigger disruption

mitigation etc)
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Detalls of ‘Task’-based control layer

generic

plasma,

actuator
state

commands
to actuators

discrete-value
plasma/actuator/
event states

realtime

Plasma state

monitor
evaluate state of
plasma/actuators

plasma state
-

|discrete-valuel supervisory

AM-resource
distribution
distribute commands
to actuators

L

control

controller scenario #1 resource

evaluate allocation
level ofdanger | (eferencesk allocate

& deﬁqe task activatio

scenario

requests
per task

actuator

commangs
per task

execute tasks

resource

controllers er parallel

task

state-machine for each ONE

danger
eve

danger

level |

OS
mapping

scenario

control scenario
is a list of
considered tasks

control

controller
+task
activation
taskprio
references




Actuator manager decides in real-time which actuator
resources are assigned to which control tasks

« Constrained

o 3 — e optimization problem
1 H
- @) ~ @ NTM3/2 stab - -
® ® sawtoon with both integer and
08 = q-profile ctr ! ] ]
> é ® ol continuous variables.
9 06 ’ - tnnny B
5 e ﬁ ﬁ ﬁ — @G - Heuristic approach works
=04 H | for case with few
02 @ — actuators / tasks.
(§)
e ———— o
L, Tanen; | GE R S S S S S S R S A
2 6(0IC); [ :
B 5(01C); | : . : -1
8 anec) | [E— S
® :
5 3Ecy [ S A I
.§ 2(1EC); | ¢ IR I T
< 1eecy | N S S S S S S S S -
0 20 40 60 80 1010 120 140 160 180 200
time [s]

Example of RT actuator allocation for ITER control tasks
see [T. Vu et al, Fus. Eng Des 2019]
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Mixed-integer quadratic programming formulation of
actuator allocation problems

[E. Maljaars & F. Felici, Fus. Eng Des 2017]

» Resource allocation problems have often been formulated in a flexible
format as Mixed Integer (Quadratic) Programming problems

- Optimization problem involves integer (and continuous) variables

minimize J(x) = x'Hx +f'x
X

Xmin = X = Xmax
Xi € N

» Cost function: things that are desired (easy to add/remove terms)
- Actuator allocation: promote good / penalize bad allocations
» Constraints: things that must be satisfied (easy to add/remove terms)

- For actuator allocation: actuator availability and allowed allocations

m
o
"1
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Detalls of ‘Task’-based control layer

generic
:clzif;:r’ Blaeala |discrete-valuel supervisory control AM-
otals plasma state | controller scenario resource
monitor —»{  evaluate »| allocation
evaluate state of level of danger | references allocate
plasma/actuators & define task activatio
Soilo L & priority
requests
per task
actuator
commands | AM.resource | c°mmanys resource
to actuators distribution e per task controllers er parallel task
distribute commands , execute tasks
to actuators st
|

discrete-value
plasma/actuator/

state-machine for each ONE

event states

realtime

danger
eve

danger

level |

OS
mapping

scenario

control scenario
is a list of
considered tasks

control

controller
+task
activation
taskprio
references




Controllers execute (one or several) control tasks, receive
resource allocations and send resource requests

controller active

task active

controller commands

v

assigned resources
(range of amp, pos, type)

Controller (i)

plasma state ~
(eg. beta, q-profile, Te profile,...)'

controller requests

\ 4

actuator state
(range of amp, pos, type)

controller params per task
(ref, task & controller params)

- Generic interfaces for all controllers
- Enables use of resource-aware controllers (e.g. Model Predictive Control)

* More details & examples in [Schuster, lecture Wednesday)

m
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Detalls of ‘Task’-based control layer

generic
plasma, 2 -
actuator | Plasma state |discrete-valuel supervisory control AM
otate plasma state | controller scenario resource
monitor »|  evaluate »| allocation
evaluate state of level ofdanger | references allocate
plasma/actuators & define task activation| resource to
scenario & priority | active tasks

Translate prioritized commands per task
and allocation to specific actuator commands
(handle redundancies)

requests
per task

actuator

per task

resource
controllers er parallel

task

execute tasks

e

discrete-value
plasma/actuator/

state-machine for each ONE

danger
.=

level

event states

realtime

danger

level

T —

>
OS
mapping

control
scenario

control scenario
is a list of
considered tasks

controller
+task
activation
taskprio
references




Actuator interface translates generic actuator commands
into (hardware-)specific commands for a given tokamak

Actuators

Control source
power supplies,
steerable lanchers

Diagnostics

T

Actuator
interface

14

Plasma and actuator

Command:
“Deposit 2 MW EC
at p=0.4"

A

state reconstruction

m
v
"1
r

Interface layer

Actuator status and
availability feedback y

Plasma state

Controllers

Actuator monitor and
manager supervisory

controller

Task layer

Pulse
schedule
and
Configuration
parameters

User interface

Plasma control system (PCS
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Example of ITER EC actuator interface proposal

See [G. Carannante proceedings EC-21 conference (2022)]

* Function 1: Knowing where EC power is being deposited now

—

PCS / other
algos needing
this info

-

Given launch points info, +
plasma information,

Calculate description of

Calculate states of all

support functions

calculate, per mirror: beam, per launch point individual components i Id_gcalk f
Pdep, lcd launch point location of EC system: Eg a(f[ O
O/X fraction beam k vector, ellipticity gyrotrons, launchers, SYS err][
- Non-absorbed power per polarization vector TL, polarizers, comfcinen
O/X and first wall power switches.. State
intersection
TPIasma state
information
- NB Plasma information comes from plasma state reconstruction
PCS-ECCS interface proposal 31
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Example of ITER EC actuator interface proposal

* Function 2: Describe potential availability, now and in the future

— e

Actuator interface Translate availability in Per launch p.omt, Local readback
PCS terms of k vector, power | cglpulate. Cal_culate set of of EC system
algos needing | | Actuator availability in per mirror... Ava|Iab|I|j[y of power, potential states of EC component
this info terms of Pgep, hodep, into chat.lon, k & system components state_
lecco. . ho. | current drive.. polarization vectors, (present and future) + potentially
$ T (present and future) settable states

- Needs representation of EC availability in terms of power/
polarization/angles of last mirror.
- Representation to be determined, likely a set of inequality constraints, or a tree
* Include mutual exclusion conditions etc

m
1
"1
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Example of ITER EC actuator interface proposal

* Function 3: ‘Command’ to inject EC at desired location

—______ ———————————

Decide X or O mode.

: Determine launch point, k i I :
PCS control PCS.comr.nand. hi P desired Decide how to set Positioning of mirror | Local control
“Deposrt to given rho VeCtor, etc to achieve desire |aunCherS/ger'[r0nS/ .
task L 1 ) : angles, polarizers, | of EC system
o with given power and lcq deposition. switches/tl/polarizers to switches components
prioritization Find polarization vector at actuate command. P

mirror for desired O/X mode.

(inv. ray tracing
+ optimization if multiple
solutions)

- Separation of concerns:
