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=Pl TCV (Tokamak a Configuration Variable)

an ideal test-bed for integrated control
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plasma electrical current toroidal magnetic field

Tokamak schematic TCV inside view

Located at Swiss Plasma Center (SPC), Lausanne, Switzerland

First plasma in November 1992

16 poloidal field coils & elongated vacuum chamber: strong shaping capabilities
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Neutral beam injection (NBI) + flexible electron cyclotron (EC) systems

Flexible real-time digital control system
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Pl Future long pulse experiment (e.g. ITER) will require real-

time task prioritization

Kinetic control

Sawtooth control

NTM cdntrol,
«—»

Flattop phase

Ip | |
g g %
| 3 | =
| E | S
! = »
Time (s)
Real-time decision:
i Solution:
- multiple control tasks —) controller
- actuator sharing cross-talk
W Swiss - time varyin iorit
Plasma y g pI’IOI’I y
Center K J
f
//‘,’5\}\

WW_ 1) .
- Trang VU | Real Time Conference | October 19th 2020| Page 4 .



cPFL

B Swiss
Plasma
Center

f

(7N

\{:\.ﬂ )

e

Feedforward
H&CD

Kinetic control

Future long pulse experiment (e.g. ITER) will require real-
time task prioritization

EC

Fusion power control

actuators Optimal ramp-down

Y_

bein L-mod

be in H-mode

v

control

P Sawtooth control

|
|
|
<
|

bein L-

5

————1 D

»

oQQ

NTM detected

Real-time decision:

N\

multiple control tasks
actuator sharing
time varying priority y

-:=:

|
Disruption avpidance
< |

)
Ll

<
|
|
|
|
|
|
|
|

|
! |
: |
|
|
45 £ g
N S G
s g s %
© c ol
i 2 o S5 >
! o | F—~ |
= o
2 5 | 7 <
Z . DY
: o : | |
|
| | I

Trang VU | Real Time Conference | October 19th 2020| Page 5 .



cPFL

Generic PCS architecture:

solution with a supervisory layer

Separates clearly responsibility/decision
making in various components of PCS
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Plasma control system (PCS

[1] T. Vu et al., Fusion Eng. Des. 147 111260 (2019)
[2] T. Blanken et al, Nucl. Fusion 59(2) 026017 (2019)
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=Prl Generic PCS architecture:

solution with a supervisory layer

Separates clearly responsibility/decision
making in various components of PCS

“Tokamak-agnostic”
in the sense that the
functionality,
algorithm,
implementations are
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=Pl Example: B, NTM, feedforward controls
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(2 NTM stabilizations)
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" ITER example: multi-control tasks

and actuators
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=Prl Generic PCS architecture

Separates clearly responsibility/decision
making in various components of PCS
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Generic controllers: with standardized interfaces,

key for rapid development and maintenance

generic
plasma, : -
actuator | Plasma state ldiscrete-value} SUPEIVISOry control AM
state . plasma state | controller scenario e
monitor L evaluate allocation
evaluate state of level of danger | | eferences allocate
plasma/actuators :c cgﬁzrr;?) task activatio r{(eﬁs_ourtce tko
- active tasks
& priority  —
requests
per task
commands

to actuators

B Swiss
Plasma
Center

f
/‘((’5\}\
S/

AM-resource

distribution
distribute commands
to actuators

3

actuator
régource
controllers | per¥Yarallel task

execute tasks

ﬁ /
Activation
Controller _
Assigned commands
resources _ [1] T. Vu et al., Fusion Eng. Des. 147
Controller (i) 111260 (2019)
Plasma state , Controller
requests
Task and control
parameters

\ / Trang VU | Real Time Conference | October 19th 2020| Page 13 .



cPrL Di I I 25 : P
Disruption avoidance s ® ® @
discharge with density limit g 1 f

Q 0.5+ ’ - L |1=0‘35 : A
c 4 critica H
o 0 - / r :
8 s E ch #65566 , _0 5 ] dcriticalzy E ﬁ!—
35 R, o =° B8 . L L L H L L Jion H
‘@_,s Vivg 0.6 0 1 1.2 1.4 1.6 1.8 2
8 danger level
_ 9. ritieary limit : :
" i, Sy high{ : P
" i medium d'needgelim ’_
Sl /'l d>0 _ i { actuator,
@ ¢ . Sl i i ] H i i i
T 4 6 08 1 12 14 16 18 2
disruption limit » sc_e“ario
:’ soff-shutdown
1 d<0 1 backup
05 : recovery i
k normal
o6 o8 Ney e 06 0.8 1 12 14 16 18 2
egde
task priority
dne_lim > deriticall | i Dpower.nor
0.6} :
0.4+ DA g.rec
. . . gas.nor DA Y el
« no danger for event « density limit» Gzt _Foowernor o i
0.6 0.8 1 1.2 1.4 1.6 1.8 2
: 5
« normal scenario: i e ,
12+ :
 NBI and gas valve are controlled by il :
the feedforward tasks z 8
= 6 H
W Swiss = al -
Plasma :
Center 2 :
5 : , :
/ 0.6 0.8 1 1.2 1.4 1.6 1.8 2
))) time [s]

#65566

Trang VU | Real Time Conference | October 19th 2020| Page 14 .



#65566

cPrFL Dj I I 25 ; P
Disruption avoidance s} 6 » @
discharge with density limit I SO AR .

8 0.5%+ _E dcriticall=0'35 :
o M e
¢ dcri ica =0 T ‘
- ‘sau’,, : ch #65566 , o5t u] 2 | | / | | i El_,
{\ ik 06 0.8 1 1 14 1.6 18 2
i . | i anger level
dcritit:all imit i H H
vl S high
," [ medium : ; d‘needgelim ’_
N ' d>0 I%\g { actuator,, =~ :
§ ,, 14 g / . Lk i . - g
= o l 0.6 8 1 12 1.4 1.6 1.8 2
b disruption limit - mitigation 4 stfenario ) )
:’ soft-shutdo -
: d<0 p 5 ] :
a5 : Covery i
k normal ; .
06 08 i ) 12 L 16 0.6 0.8 1 1.2 1.4 1.6 1.8 2
egde
tasl_< priority
dcriticalz < dne_lim < dcriticall 0-8¢ : OApower.nor
0.6}
0.4% DA é.rec
° I d f d itv limi DAgas.n DA_1{
Oow danger 1or event « enS|ty Imit» 0.2+ - " = _ poer.r
. 0.6 ol.s T 12 14 16 18 2
o normal scenario: x10° actuators
« NBI and gas valve are controlled by 124 5
104
the feedforward tasks B i
W Swiss + the modifications of DA tasks = j 80
Plasma 40
Center 2 20
/ 06 0.8 1 1.2 1.4 1.6 1.8 5
))} time [s]

Trang VU | Real Time Conference | October 19th 2020| Page 15 .



£PFL Disruption avoidance
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EPFL _
Conclusion

A generic PCS architecture is proposed with a tokamak-
agnostic layer, device-independent

- The supervisor and actuator manager can simultaneously
handle off-normal-events and multiple control objectives

- The standardized interfaces between the components
facilitate development and implementation (add/remove off-
normal-events, controllers,...)

- The proposed PCS is successfully implemented and
tested on TCV

- This PCS architecture is proposed to AUG and ITER as
well
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Plasma and actuator state reconstruction:

actual developed modules on TCV
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=Pl Real-time control and other applications

Using real-time control for physics based studies
= control of limit approach rate
(from the example, always approach the density limit at slow rate w.r.t the distance)

Using real-time distance for better H-mode control through pedestal control
= control of distance to stay at «xgood H and ELMy phase»
(from the example, very nice regular ELMy H-mode, ~constant 3y~1.9)
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Supervisor for disruption avoidance

The supervisor selects the appropriate scenario based on Off-Normal-Events:
Eg ne 1im: distance between the (Hgg,,, €dge density) and the disruption limit
E .. 1im: @Ctuator saturation from actuator state (e.g energy_max)

Three control scenarios with the corresponding control tasks:

scenario task controller

feedforward_power feedforward
(constant Py, = 0.65MW)

feedforward_gas
(constant then fast-ramp gas flux)

normal

Eg ne 1im danger= {no, low}

recovery

Eg ne 1im danger={medium}

Pasma  SOft-shutdown

Center

e

Ed_ne_lim danger = {high}

DA_power (APyeai (dnetim)) disruption-

DA gas (slow-ramp gas flux) avoidance (DA)
controller

feedforward_power (constant Pj.4;) feedforward

DA power (maximum Pyeq¢) DA controller

DA gas (freeze gas flux)

DA _power (decrease P4 10 0) DA controller

DA gas (decrease gas flux to 0)

Trang VU | Real Time Conference | October 19th 2020| Page 21 .



