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Advertisement

Learning-enhanced: light training, un-supervised
Structure-preserving: conservation of mass/momentum //energy; dissipation of entropy
Deterministic particle method: scalability in high dimensions

Collisional Plamsa models

Check out Yan Huang 's poster
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Nuclear Fusion
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~ Problemsetup |
Nuclear Fusion

poloidal magnetic field

toroidal field coil

plasma electrical current toroidal magnetic field

Challenges
@ complexity of disruption causes
@ high dimensional, high frequency control

@ a wide range of plasma configurations
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Control

@ Data driven chaotic control
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Q: How to actively control the fusion process?
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Our leverages

@ Kinetic model & solver

Magnetohydrodynamics Two Fluids Gyrokinetics Kinetics Everything
. .| Assign particies a speed and
o The plasma is one continuous fluid| o 0 into | 01 track superparticles: | | A=E:0% PATICIER @ SHRE SEC | Track every
scription | ~ions have allthe mass, but | reak the lons & le g fuids,| _ Straight motion - and Track sumer particles througn | Particle, atall
electron carry all the current. J o | ignore the corkscrewing. ”"::u 0 times.
Simple bulk effects like drift | S2Ptures mostof kinetic |y yinog cantured, can get
model, but much easier to [
Strengthens Easily solved. waves & reconnection can be
== solve - can model an velocity-space instabilties. | od! possible.
- entire Tokamak. rolocky bides:
jor[Tough to solve: hard to apply to full
Most things not captured: most s L|  Typically
Woakness | plasma waves, leakage, kinetic. | Pyesrma nstabiites. large ovec long draes: “‘i‘k’_“;_':"“; 0503 some effocts: | impossible to
instabilities, structures o1C. | yyeces Assumes bell curves. | invariants can be lost. | collective thomson scattering. eotve:
Navier-stokes, Lorentz force, | Navier-stokes, Lorentz force, . £a
Maxwells’ equations. Maxwells’ equations. Equation Model
L——Plasma as a fluid (Chalkboard) ——1 L——Plasma as a gas (Computer Required) m———I

@ PDE-constrained optimization
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@ PDE-constrained optimization

@ Deep learning 7
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Open loop control

Outline

© Open loop control
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~________ Openlopcontrol |
Plamsa instabilities

Vlasov-Poisson system

Of +v - Vef =ViVe-Vf =0  (x,v) € R¥
AVe=1—pe(t,x) = l—ffdv
f(0,x,v) = fo(x,v) = F(v) + f(x, v)

t=0
1004 — electric energy
4 0.15
0.15
2 1072
0.10
> 0 0.10
1074
-2
0.05 0.05
-4 10-°
-6
0 10 20 30 10 20 30 40
x time
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Of +v -Vif+(H=V,V¢)-V.f=0 (x,v) € R¥
AVi=1—pe(t,x)=1 —ffdv
f(0,x,v) = fo(x,v) = FU(v) + f(X, v)

t=0
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Control

10°{ — electric energy
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mjn JHD) = SIHICT) — P

s.t. Vlasov-Poisson
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Adjoint state method

mingy J(f)
st. L(f,H)=0
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{ st (fHy =0 < minJUIHD

Control Plasma instability 11/32



Adjoint state method

mingy J(f)
st. L(f,H)=0
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HY = HY — v J(FHY)
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mfiin J(f[H])
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Adjoint state method

mingy J(f) )
{ st (fHy =0 < minJUIHD

Gradient descent
HY = HY — v J(FHY)
_0J of
T 8f OH
Vid(FIA) € = lim S (J(TH + e€])) — J(FIHD)))

VuJ(F[H])
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Adjoint state method

mingy J(f) )
{ st (fHy =0 < minJUIHD

Gradient descent

HY = HY — v J(FHY)

oJof

T 8f OH
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Adjoint state method

mingy J(f) .
{ st (fHy =0 < minJUIHD

Gradient descent

HY = HY — v J(FHY)

oJof

T 8f OH

VaJ(F[H]) € = lim %(J(f[H" +e€])) — J(FIH))) too expensive!

VuJ(F[H])

Adjoint state method

J(f, g, H) = J(f)+ gL(f, H)
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Adjoint state method

mingy J(f) )
{ st (fHy =0 < minJUIHD

Gradient descent

HY = HY — v J(FHY)

oJof

T 8f OH

VaJ(F[H]) € = lim %(J(f[H" +e€])) — J(FIH))) too expensive!

VuJ(F[H])

Adjoint state method

J(f, g, H) = J(f) + gL(f, H)
oJof o0Jog oJ

Vil =5 ont agon T oH
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PDE-constrained optimization

miny J(f) .
{ st L(fH)—o < minJUTHD

Gradient descent
HKY = HY — v J(F[HY])
_9Jof
- Of OH
Vud(FIH]) "¢ = IimO E(J(f[Hk + €€])) — J(F[H* + €€]))) too expensive!
e—0 €

VuJ(F[H ) 7?

Adjoint state method

J(f, g, H) = J(f) + gL(f, H)
. oJ  of oJ og oJ

j= ¢ o, oL g 97 ly 2 PDE solvers!
VH af aH + 8g BH + aH only solvers
—~ ~
=0, adjoint =0, forward
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Compute the gradient: continuous version

mHin J(f[H]))

Of + vOxf — (H+ E[f])8.f =0
st E[f]=0«G*(1—pr)
f(t=0,x,v)=1fh =f94+f,
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Compute the gradient: continuous version

mHin J(f[H])
Of + vOif — (H + E[f])0,f =0
st E[f]=0«G*(1—pr)
f(t=0,x,v)=1fh =f94+f,
@ Lagrangian

L(f,H, g,n) =J(f)—(0:f+vOxf —(H+0xGx(1—pr))Ouf , g)xv,e—(F(t = 0)— 1o, M)x,v
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Compute the gradient: continuous version

mHin J(f[H])
Of + vOif — (H + E[f])0,f =0
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f(t=0,x,v)=1fh =f94+f,
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L(f,H, g,n) =J(f)—(0:f+vOxf —(H+0xGx(1—pr))Ouf , g)xv,e—(F(t = 0)— 1o, M)x,v

@ Adjoint
6tg + Vaxg — Havg + [G/ * (pf — 1)]8Vg + G’ * <f,8vg>v =0 <~ 87? =0
g(T,x,v) =f(T)—f" = 5 =0
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Compute the gradient: continuous version

mHin J(f[H])
Of + vOif — (H + E[f])0,f =0
st E[f]=0«G*(1—pr)
f(t=0,x,v)=1fh =f94+f,
@ Lagrangian

L(f,H, g,n) =J(f)—(0:f+vOxf —(H+0xGx(1—pr))Ouf , g)xv,e—(F(t = 0)— 1o, M)x,v

@ Adjoint
{ g + vOxg — HOvg + [G' x (pr — 1)]0vg + G’ x {f,0,g)y =0 < 3—? =0
g(T,x,v)=1f(T)—r <— af(LT) =0
@ Gradient oL
VHJ = aiH = <8vf,g>v,t
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Open loop control

Discretizations

e DTOvs OTD !
o Optimize-then-Discretize
Viud =(0vf,8)v.t

o Discretize-then-Optimize

H=(H(x),- -, H(xm))
Vil = (O J, - - Ou, J) Ond = (Ouf , 8)v,e(xi)

@ Semi-Lagrangian

@ Strang splitting

LHinze, Pinnau, Ulbrich, Optimization with PDE Constrains, 2018
Control Plasma instability 14 /32




Suppress two-steam instability

Set up
. f(0,x,v) = (1 + acos(8x))f*U(v), (x,v)€[0,2r/8] x [-6,6]

() = 5= (o (—@) e (—@)) |

Opt landscape:  ming J(f) := 3[/£(40, x,-v) — £9(-v) |15, H(x) = > ax cos (0.2kx)

1d parameter scan o paramter scan k=1,2 convergence
12
0.8 —— k=2, initial a=0.3
\ k=1,2
10 — -
07!\ initial =0.25, 0.1
08 —06
0.6 0.5
0.4 0.4
-02 0.0 . 1 2 3 4
al iterations
k=2, )=4.3e-01, a=0.155 k=1,2, J]=3.7e-01, a=-0.0165, 0.112
0.150
0.10 0125 010 0125
0.05 0.100 0.05 0.100
0.00 0075 > 0.00 0.075
—0.05 0.050 0.050
-0.10
0.025 0.025
-0.15
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5d parameter: hybrid optimizer

target

k=1..5, J]=2.4e-03, initial: A

0.03

4 0.02

2 0.01

> 0 0.00
-2 —-0.01
-4 -0.02
-6 -0.03

0 10 20 30

convergence

1014 \\
—_— ..5, initial: A
— .5, initial: B
—— k=1..5, initial: C
1072

2 3 4
iterations

k=1..5, J]=1.5e-02, initial: B

0.03

4 m 0.02

2 0.01

> 0 0.00
-2 -0.01
-4 —-0.02
-6 —-0.03

0 10 20 30

Control Plasma instability

0.15

0.10

k=1..5, J=1.2e-01, initial: C0

.03

4 0.02
2 0.01
0 0.00

-2 -0.01

-4 -0.02
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5d parameter: hybrid optimizer

target convergence
4
0.15
2 107
— , initial: A
>0 0.10 — , initial: B
—— k=1.5, initial: C
-2 , 4
0.05 10
-4
-6
0 10 20 30 2 3 4
x iterations
k=1..5, J]=2.4e-03, initial: A k=1..5, ]=1.5e-02, initial: B k=1..5, J=1.2e-01, initial: C
0.03 0.03 0.03
[ H] [ H] [ ]
4 0.02 4 0.02 4 0.02
0.15 0.15 0.15
2 0.01 2 0.01 2 0.01
>0 0.00 0.10 >0 0.00 0.10 0 0.00 0.10
-2 -0.01 -2 -0.01 -2 -0.01
0.05 0.05 0.05
-4 -0.02 -a -0.02 -4 -0.02
-6 -0.03 -6 -0.03 -6 -0.03
0 10 20 30 0 10 20 30 0 10 20 30
x x x
Improvements

@ Better parameterization
@ Improve optimization
@ Reduce computational cost
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Open loop control

Moment system

{ Oif + vOxf + (E+ H)0,f =0,

E:_X¢9 3xE=—3>2<¢:P—pion7 p=ffdv

—~ V2 —~ 1 2 d" 2
f t) =Y 2 ma(x, t)He, “ 7, Hen(v) = —1)"ez :
(v, = S mae, D), Fes(v) = | L (aye? O
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Moment system

{ Oif + vOxf + (E+ H)0,f =0,

E=—-0:p, OE=-020=p—pion, p=[fdv.

—~ V2 —~ 1 2 d" 2
f t) =Y 2 ma(x, t)He, “ 7, Hen(v) = —1)"ez :
(v, = S mae, D), Fes(v) = | L (aye? O

o Let my(x,t) = [, f(x,v, t)He,(v)dv, then
Ormo + Oxmy = 0,
Oemy + Oemo + V20, my = (E + H)mo,
dema + V20,m1 + V30xms = V2(E + H)my,

demn + VNOmy_1 + VN + 18,my11 = VN(E + H)ymy_1 .
o [ [If(x,v,t)— F9(x, v)Pdvdx < ZOOO [|ma(-, t) — a(-)||3 where
Fo9(x, v) = 3007 o in(x)Hen(v)e -
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Open loop control

Quantifying errors
H(x; o) = Zakwk(x)
k
ming 3N |[mY(T; @) — i3 mina 3||f(T;a) - feq”%gw

=(En+ H)DNm%7 E=—0/p, —0%)=p— pion
En = —0x¢n, —0idn = pn — pion p(x,t) = [f(x,v,t)dv

dmpy + Avdxmy + VN + 19 1en41 { Oif + vOif + (E+ H)O,f =0
1N
pn(x,t) = (2m)amp (x, t),
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Open loop control

Quantifying errors

H(x; o) = Z akr(x)

ming 3N |[mY(T; @) — i3 ming %Hf(T?a)_feqH%g,v

=(En+ H)DNm%7 E=—0/p, —0%)=p— pion
En = —0x¢n, —0idn = pn — pion p(x,t) = [f(x,v,t)dv

dmpy + Avdxmy + VN + 19 1en41 { Oef + VO f + (E + H)df =0
1N
pn(x,t) = (2m)amp (x, t),

@ Target error: Ag:=0.8 + vg

— 2 —k|ak 2
D lmn—malli £ NTHASE = W1},
n=N+1
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Open loop control

Quantifying errors

H(x; o) = Z akr(x)

ming 3N |[mY(T; @) — i3 mina 3||f(T;a) - feq”%gw
dmpy + Avdxmy + VN + 19 1en41 Oef + VO f + (E + H)df =0
= (En + H)Dnmy, E=-0p, —0d=p— pion
En = —0x¢n, —0idn = pn — pion p(x,t) = [f(x,v,t)dv

pn(x, t) = (27)s mY(x, t),

@ Target error: Ag:=0.8 + vg

— —k k 2
D lmn—malli £ NTHASE = W1},
n=N+1

@ Optimizer error 2:

VvN+1

|£[ﬁmom] — L[Hw]| £ TNFE

|A* fy|

‘wfng

2Einkemmer, Li, Mouhot, Yue, 2025

(Minnesota) Control Plasma instability
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Results

Two-stream instability

Electric energy

1 ;
I =wB

\ /
-0
[TAYAY
vV

Bump-on-tail instability

1 "
IS = ullp
100 . — . . 100 . Electric energy .
10 10 g
107 -
102 terminaifime of optinizajion !

tominal
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Dynamic feedback ¢

Outline

© Dynamic feedback control
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Dynamic feedback ¢

Feedback control

Main drawback
@ Lose effect beyond T:

-
min/ P
H Jo

@ How to include time dependence?

H(x) = Zakiﬁk(x)
K

Control Plasma instability

g -

tormina
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Dynamic feedback ¢

Feedback control

Main drawback
@ Lose effect beyond T:

-
min/ P
H Jo

@ How to include time dependence?

H(x) = Zakiﬁk(x)
K

g -

Goal:

Find feedback law: H[df](t,x)

g (Minnesota) Control Plasma instability 21/32



Neural operators 3

@ DeepONet

PNN( (y 9 W,f Zb o 7U(XN);07 W) tli\lN(y;E)

branch net trunck net

@ Fourier Neural Operators

g(x) = FH(Ry - F(u)(x),  Ry(k,(Fu)(k)) := do(k, (Fu)(k))

@ Transformer

KT
Q=XW K=XWK v=xw", Atn(Q,K,V)= softmax(ci/ﬁ) 1%

3Lu et al 2019
Li et al 2021
Kovachkl et al, 2018
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Neural operators 3

@ DeepONet

PNN( (y 9 W,f Zb o 7U(XN);07 W) tli\lN(y;E)

branch net trunck net

@ Fourier Neural Operators

g(x) = FH(Ry - F(u)(x),  Ry(k,(Fu)(k)) := do(k, (Fu)(k))

@ Transformer

.
Q=XW K=XWK v=xw", Atn(Q,K,V)= softmax(%) 1%

Q: Is there any structure we can leverage from the problem itself?

3Lu et al 2019
Li et al 2021
Kovachkl et al, 2018

Control Plasma instability 22/32



Hint from the model

@ Linearization: f = 1 4 §f, ||6f|| < ||F°Y|
T H) = [ S5 0l + I ol
8:0F + v Sf + (OE + H), 4 =0,
SE(x,t) = —0,®(x,t), —02d(x,t) =dp(x,t),

dp(x,t) = [7_6f(x,v,t)dv.
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T H) = [ S5 0l + I ol
8:0F + v Sf + (OE + H), 4 =0,
SE(x,t) = —0,®(x,t), —02d(x,t) =dp(x,t),

dp(x,t) = [7_6f(x,v,t)dv.
@ optimal control H*

{ DN + VO = (0, G (-, x), [ N*(-,V/, t)D, FeU(V)dV') = —6F ,

YH* — f)\*avfeqdv =0.
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Hint from the model

@ Linearization: f = 1 4 §f, ||6f|| < ||F°Y|
T H) = [ S5 0l + I ol
8:0F + v Sf + (OE + H), 4 =0,
SE(x,t) = —0,®(x,t), —02d(x,t) =dp(x,t),

dp(x,t) = [7_6f(x,v,t)dv.
@ optimal control H*
ON + VO — (0, G (-, x), [ A*(-, v/, t)0, Fe(v')dV') = —6F ,
YH* — [ A*9,f*%dv = 0.

—> a single-layer low-rank neural operator

HIBF(O10x:0) = 3 u(x: 0) / Dy, vi0)5F (v, v, )dydv, 6 = {8,,0,}.

k=1
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Two-stream instabilities

15 15
Hindep(x) = Z Orsin(£x) + Z Or+16 cOS( £ x).
k=1 k=0

HIr-A13 Electric energy
100 4
— noH — noH
—— Htime indep 10 § — H time indep
1071 { ——- H feedback —-=-- Hfeedback
10!
1072 §
10~
1072 5 10?
1074 4 107
5 107 - Vs,
1075 § AN
e ViV N N
© Voou oy T
10-5 1 —— I VAN
e 1077
0 10 20 30 20 50 60 70 0 10 20 30 40 50 60 70
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Dynamic

(a)no H,t=0

(d) H time-independent, t = 0

(g) H feedback, t =0

‘@

(b) no H, t=35

(e) H time-independent, t =

(h) H feedback, t = 35

Control Plasma instability

i
=

(¢) no H, t =170

F 9

=

35 (f) H time-independent, ¢t =

(i) H feedback, t = 70

=

25 /32



(v—3.5)%

1
exp(—
v0.571 P(

)

2 2 0.5
iy
HIF—A13 Electric energy
0]
10°% — noH — noH
— Htime indep 100 | — Htime indep
10-1 | ==~ H feedback —-- Hfeedback
101
10723 10-2
1073 4 1073
10
1074 4
10-°
PN -~ -~
N -
1075 § 10-6 N R A Y A
VAR YR VA
\ \i
- v u
10 * i
!
10
0 10 20 30 40 50 60 7 0 10 20 30 40 50 60 70
t
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Dynamic feedback control

Robust control under noisy feedback

0f%(x,v,t) = 0f(x, v, t) + oNx vt -

1= 7113 IiF- A1 1F =A%

0175

0150

0125

0100

0075

000

o025

Figure: Left 0 =2 x 107° (0.1 ||0f||o0), middle: & =5 x 107> (0.25 - ||6f]|=0), right:
o=1x10"*(0.5-||6f]|s0).
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A quasi-optimal universal control

@ Perturbation §f := f — £°9 satisfies
0:0f + vOxSf + EO,Sf + (SE + H)O,f =0

SE[SF(1)](x) = —0x(=82) op(x,t), dp(x, t):/af(x, v, t)dv.
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A quasi-optimal universal control

@ Perturbation §f := f — £°9 satisfies
0:0f + vOxSf + EO,Sf + (SE + H)O,f =0

SE[SF(1)](x) = —0x(=82) op(x,t), dp(x, t):/éf(x, v, t)dv.

@ Design the electric field

HIF(DI(x) = —SEBF(DI(x) + SHIFF(D)](x)

cancel self-generated E  additional dissipation

%%wa(t)”% - _/5/—/()(, t)[/éf(x, v, )0, f*(x, v)dv]dx.
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A quasi-optimal universal control

@ Perturbation 0f := f — £°9 satisfies
e5F + vOLSF + EO,0F + (5E + H)D,f = 0
SE[SF(E)](x) = —0u(—02) “0p(x, 8), Op(x, t) = /6f v, t)d

@ Design the electric field

HIF(DI(x) = —SEBF(DI(x) + SHIFF(D)](x)

cancel self-generated E  additional dissipation

3 selIoFOIE = = [ HGe 0 [ 67x,v, 0.7 (x, av]ax

— SH[SF(8)](x) = /6f(x v, D0 F(x, v)dv, 7> 0
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A 2D example
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(e) t =30, n0 H (f) t = 30, H cancellation-based
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Conclusion &

Outline

@ Conclusion & Discussion
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Conclusion & Discussion

Conclusion & Discussion

Conclusion
@ kinetic equation constrained optimization
@ moment control

@ feedback control

Limitations & Future work
@ Model

o Magnetic effects
o Unknown boundary conditions, actuator delays, turbulence

@ Control:

e Of is impossible to measure
o time delay, better generalization

@ Optimization

e parameterization, objective function, optimizer
o analyze the optimization landscape = better parameterization
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