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Infroduction: the “bobble"” control issue in NSTX-U
— Characteristics of the bobble
— Modeling with GSEvolve

Analysis to find source causes for bobble:
— System'’s stability via system’s poles
— Input/output cross-coupling via singular-value decomposition

Control solution 1: two-stage |, ramp
Control solution 2: multi-input multi-output decoupling controller

Conclusion
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The “bobble” conirol issue in NSTX-U discharges prevented

reliable H-mode access (planned right after plasma diverts)
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The “bobble” conirol issue in NSTX-U discharges prevented

reliable H-mode access (planned right after plasma diverts)
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The “bobble” conirol issue in NSTX-U discharges prevented

reliable H-mode access (planned right after plasma diverts)
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The “bobble” conirol issue in NSTX-U discharges prevented

reliable H-mode access (planned right after plasma diverts)
5 ohot 204100 ¢ ¢ ' , . t = 0.150 [s]
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H-mode access required stable double-null shape [1] 1 2
Lots of dedicated scenario & control development [2,3,4] EFIT

[1] D. Battaglia et al, 2018 NF 58 [2] J.E. Menard et al, 2017 NF 57 [3] M. Boyer et al, 2018 NF 58
[4] J. Wai et al, APS DPP 2022

7 @ N STX_ U A. Pajares / NSTX-U Science Meeting / November 18, 2024 .} CENERAL ATOMICS




* Infroduction: the “bobble"” control issue in NSTX-U
— Characteristics of the bobble
— Modeling with GSEvolve
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GSEvolve is a control-simulation framework that uses the NSTX-U

plasma conirol system (PCS) and can simulate the bobble
NSTX-U simulation
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[4] Welander et al, Fusion Eng. Des. 416 (2019)
[5] Welander et al, IEEE TPS pp. 1-6 (2023)
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GSEvolve is a control-simulation framework that uses the NSTX-U

plasma conirol system (PCS) and can simulate the bobble
NSTX-U simulation
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[4] Welander et al, Fusion Eng. Des. 416 (2019)
[5] Welander et al, IEEE TPS pp. 1-6 (2023)
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GSEvolve is a control-simulation framework that uses the NSTX-U

plasma conirol system (PCS) and can simulate the bobble
NSTX-U simulation
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NSTX-U experiment a—,
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model within is based
on Grad-Shafranov equation.

+ Diagnostics models, plus

[4] Welander et al, Fusion Eng. Des. 416 (2019)
[5] Welander et al, IEEE TPS pp. 1-6 (2023)
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GSEvolve is a control-simulation framework that uses the NSTX-U

plasma conirol system (PCS) and can simulate the bobble

NSTX-U simulation
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GSEvolve [4,5] plasma-response
model within is based
on Grad-Shafranov equation.

+ Diagnostics models, plus

[4] Welander et al, Fusion Eng. Des. 416 (2019)
[5] Welander et al, IEEE TPS pp. 1-6 (2023)
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GSEvolve is a control-simulation framework that uses the NSTX-U

plasma conirol system (PCS) and can simulate the bobble

NSTX-U simulation Main “bobble” dynamical features t = 0.150 [s]
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13 @ N STX_ U A. Pajares / NSTX-U Science Meeting / November 18, 2024 .} CENERAL ATOMICS



GSEvolve provides a simulation testbed to analyze this NSTX-U

magnetic-control problem and explore control solutions

Analysis to find source causes for bobble:
— System'’s stability via system’s poles
— Input/output cross-coupling via singular-value decomposition
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GSEvolve provides a simulation testbed to analyze this NSTX-U

magnetic-control problem and explore control solutions

Analysis to find source causes for bobble:
— System’s stability via system’s poles
— Input/output cross-coupling via singular-value decomposition
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System stability w/ and without NSTX-U PCS feedback is analyzed

with GSEvolve time-variant model and linear PCS algorithms

N

dx(t)/dt = A(t) x(f) + B(Hu(t) /
y(t) = C(1) x(1)

y(1): Plasma
measurements

u(t): Coil
commands
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System stability w/ and without NSTX-U PCS feedback is analyzed

with GSEvolve time-variant model and linear PCS algorithms

u(t): Coil y(1): Plasma
commands measurements

Doing some
algebra,
find poles

y(t) = C(t) x(t)
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System stability w/ and without NSTX-U PCS feedback is analyzed

with GSEvolve time-variant model and linear PCS algorithms

u(t): Coil y(1): Plasma
commands measurements

Doing some
algebra,
find poles @ d2x dx
Mﬁ +C d_ +Kx =20
Example: K Mr?+Cr+K =0
‘ Poles r = - = 4 Y 4K
2M 2M
S——
e C>0, M>0 = poles <0 = stable
c C<0 - poles >0 - unstable
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System stability w/ and without NSTX-U PCS feedback is analyzed

with GSEvolve time-variant model and linear PCS algorithms

N
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System stability w/ and without NSTX-U PCS feedback is analyzed

with GSEvolve time-variant model and linear PCS algorithms
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System stability w/ and without NSTX-U PCS feedback is analyzed

with GSEvolve time-variant model and linear PCS algorithms

u(t): Coil y(1): Plasma
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GSEvolve provides a simulation testbed to analyze this NSTX-U

magnetic-control problem and explore control solutions

Analysis to find source causes for bobble:
— System'’s stability via system’s poles
— Input/output cross-coupling via singular-value decomposition
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Singular value decomposition (SVD) is a traditional linear algebra

technique that informs about input/output (1/O) cross-coupling
GSEvolve model in fransfer-function form:

G is a tensor (matrix)

t)=6{)u(t)~———= o
Outputs: Plasma y(t) () u(t) Inputs: Coil relating inputs and outpufts

measurements commands
SVD:G=U1LIVT
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Singular value decomposition (SVD) is a traditional linear algebra

technique that informs about input/output (1/O) cross-coupling
GSEvolve model in fransfer-function form:

G is a tensor (matrix)

t)=6{)u(t)~———= o
Outputs: Plasma y(t) () u(t) Inputs: Coil relating inputs and outpufts

measurements commands
SVD:G=U1LIVT

L. Diagonal matrix with singular values o; of the system
When o; > 1 =2 amplification from singular input 1o output direction

U: Matrix whose columns are the output singular directions
V: Matrix whose columns are the input singular directions
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Singular value decomposition (SVD) is a traditional linear algebra

technique that informs about input/output (1/O) cross-coupling
GSEvolve model in fransfer-function form:

y(@) = G(t) u(t) s———=

G is a tensor (matrix)

Outputs: Plasma Inputs: Coil relafing inputs and outputs
measurements commands
’ SVD:G=U1LIVT ’
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Singular value decomposition (SVD) is a traditional linear algebra

technique that informs about input/output (1/O) cross-coupling
GSEvolve model in fransfer-function form:

G is a tensor (matrix)

t)=G({t) u(t) «~——— Tate N
Outputs: Plasma y(t) (t) u(t) Inputs: Coil relating inputs and outputs
measurements commands
1 SVD:G=UIV' 1
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NSTX-U PCS uses “decoupled” loops, but they are not decoupled when diverted
- OH caoll specifically used to control |, but also strongly affects z,,

- PF5 used to control shape but also strongly affects I, and z¢y,

« PF3 used for VS (z.,) and shape but affect I,



GSEvolve provides a simulation testbed to analyze this NSTX-U

magnetic-control problem and explore control solutions

Control solution 1: two-stage |, ramp
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Control solution 1: use a 2-stage |, ramp to ease |, control,

reducing OH coil osc:|llahon and |ts negqhve mterachon wﬂh Zey

Orlglnol r '\ T -
The simulated shot with the 2/ Pobble 7, | os
2-stage |, ramp has @ oe
reduced bobble versus the
original bobble simulation 04 |
Two-stage I, ramp
4 __Reduced bobble ~ 03 for reduced bobble
25+ ‘ \ ‘ 2 . . . '
Limits for H-mode Original
Reduced bobble has drsep __ /access o bobble 1_Reduceol bo\bble :'\‘
within the limits found in [1] § "} o on o
~— - 0'
for H-mode access, and a g, \ | = ] \
° ° ° s ~
much smaller oscillation in TN I S -1 ’\‘vl v
. _1 L . b
the OH coil voltage (Von) reduced bobble 2 {Original v
5 | | | 5 LPObble | . A
150 200 250 300 100 150 200 250 300
[1] D. Battaglia et al, Nuclear Fusion 58 (4) (2018) 046010 Time (ms) Time (ms)
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Control solution 1: use a 2-stage |, ramp to ease |, control,

reducing OH coil oscillation and its negative interaction with z_,,

Original bobble
Reduced bobble: more stable shape, more elongated and closer to DN, but still bobbles
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GSEvolve provides a simulation testbed to analyze this NSTX-U

magnetic-control problem and explore control solutions

Control solution 2: multi-input multi-output decoupling controller
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Solution 2: use Multi-Input Multi-Output (MIMO) controller based

on SVD to decouple input/output interactions

Output measurements

Algebraic Algebraic

Transformation U Transformation V

Coupled Decoupled -

measurements commands
to to
decoupled coupled
measurements commands Coil
commands
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Solution 2: use Multi-Input Multi-Output (MIMO) controller based

on SVD to decouple input/output interactions

Output measurements

Set of PIDs, but
Nnot the same

Algebraic Algebraic as present PCS
Transformation U Transformation V PID-control;

Coupled Decoupled .
measurements commands Control is done
to to on de-coupled

decoupled coupled coordinatesl!l!l
measurements commands
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Solution 2: use Multi-Input Multi-Output (MIMO) controller based

on SVD to decouple input/output interactions

The simulated shot with the
MIMO control does not

experience the vertical
oscillation found in the

original bobble simulation
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Solution 2: use Multi-Input Multi-Output (MIMO) controller based
on SVD to decouple input/ouiput interactions

The simulated shot with the 2| bObb’e,\
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oscillation found in the ]
original bobble simulation MIMO control ¥\,

Zeur (Cm)
o
b .
\ “
’
" ( | i

Limits for H-mode OI’IQ'II’)CI/
l access ‘bobble

MIMO control keeps drsep 1
within limits [1] for H-mode
access and the double-null

drsep (cm)
<
—
P
1
[}
I
| ]
l »
-~
[}
I
| ]
1
I
L}
I
i
<
!
AN
L}
I
| ]
I
-

shape is well controlled 1 T MIMG control
450 200 250 300
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GSEvolve provides a simulation testbed to analyze this NSTX-U

magnetic-control problem and explore control solutions

Conclusion
% @ONSTX-U
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Conclusion (1/2)

37

Phenomena as complex as the NSTX-U “bobble” can be simulated thanks
to GSEvolve’s time-variant model

o No shot-specific tuning carried out
o More “fraditional’” time-invariant models cannoft reproduce this effect

o Only main dynamical features reproduced, but further refinement
possible by looking more deeply info uncertain model parameters

GSEvolve represents a valuable tool for control development not only for
this specific “bobble” problem, but for any general problems / scenarios

o Simulation tests with real device's PCS can help tune / troubleshoot PCS
design and controllers implemented (cheaper than real discharges)
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Conclusion (2/2)

- Stability analysis and SVD allow for understanding the bobble origin (source:
system instability + input-output interactions) and finding solutions to it

o Modifications of the |, ramp-up frajectory may reduce bobble, but
other constraints must be considered (e.g. MHD instabilities, transport...)

o MIMO decoupling control designed to minimize loop interactions has
potential to fully eliminate the bobble, needs extension to full discharge

o FED publication will be submitted very soon

« Future work may involve:
o Implementation of the above control solutions (MIMO) in NSTX-U PCS
o Additional solutions (e.g. feedforward voltages, gain scheduling...)

o Robustness studies of the control strategies proposed
s @ONSTX-U
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Thank you for your attention!

Questions??
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Real part of poles
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