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Roadmap

* Intro to LIGO, gravitational waves signals and control

Case study, angular control noise injection.

— Noise Shape and old design method

Modernizing to optimal control

Noise-optimal (L2 / LQG) with guaranteed phase margin (Heo bound)

Views of the Pareto front
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Two LIGO Observatories

each one a
laser interferometer with 4 km arms




Gravitational Strain Transduction

Phys. Rev. Lett. 116, 061102
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advanced LIGQO’s noise sources

Active inertial isolation

2nm smooth core optics,
~40ppm loss on 6cm beam
aLIGO Design Curve
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Frequency Domain Signals

. . . foo h2(f)
* Key Figure of merit is SNR* =4 df
Signal-to-Noise 0 Srr(f)

° ObserVIng range Lo PHYS REV. X6 041015 (2016)
N i . J1.0
proportional to ? GW150914 h(t) 1o
SNR '

— 100’s millions of
light years
(big volume!)

{-0.5
{-1.0
11.0
B LVT151012 405
il H{0.0
- {-0.5
{-1.0 #

102"

rain (107%%)

>

41.0
- GW151226 10.5
VWA H40.0
L {-05

107 |

J/8(f) and 2/r(H)VF (strain/v/Hz)

- — Hanford
L — L|V|ngston

L - - : , l 4-1.0
101 1o2 1030.0 0.5 1.0 1.5 2.0
Frequency (Hz) Time from 30 Hz (s)

@ McCuller, ICALEPCS, Sept. 2025



advanced LIGQO’s noise sources

Active inertial isolation

2nm smooth core optics,
~40ppm loss on 6cm beam

aLIGO Design Curve
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Alignment Controls Noise

LIGO Hanford Observatory (LHO)
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Advanced LIGO detector performance in the fourth observing run

E. Capote ®1.23%1 w, Jia ®4*, N. Aritomi ®2*, M. Nakano ®35*, v, xu ®46*, R, Abbott3, I. Abouelfettouh?, R.X. Adhikari ®3,

A. Ananyeva? et al.




LIGO’s Optical Layout

e wil * Many cavities/resonators

 Each mirror is 3 degrees of
freedom in interferometer

e Each mirror has 18-24 degrees
LZomo = of freedom in suspensions
Hﬂ D Layers of control between

seismic->suspension->optical

PD
v -——p @—» GW readout

Cutput
Mode
Cleaner
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LIGQO’s Control Strategy

Diagonalize plant from models
Design SISO loops using Bode Plots

Optimize with noise projections through loops
Iterate design after measuring noise in plant

HARD

I™ . ETM

™ ETM
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Why:
Modeling is inexact

LIGO’s noise spans MANY
orders of magnitude

Our tooling is efficient for this
Workflow — Rapid operations
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* System noise shaped, sysID fit. Rolloff of f°
with 6 orders of magnitude to sensing noise
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DGSIQH Crlterla High Gain at low

frequencies for RMS

102 .
—————————— ~L_ / \)\ = = Hand Tuned Controller
0 =N~ ‘\ ,' \ Unity Gain
B 10 v \~~\
< \
s . . .
10 2 Phasi%radng%rggargm ~T—%  Rapid rolloff to reduce
s AN GW noise
< \
=104 N
\\
\
1070 *
oD ™ Ise
g 100 R N P
) O -------- L=~ I : “\\\ : :
= —100 VR ~ ! pm————— -
[a® ~q w1 |
1073 10! 10! 10° 10°

Frequency (Hz)
@ McCuller, ICALEPCS, Sept. 2025



Inertia

- “The weights or objective is arbitrary”
( no, we have a canonical figure of merit! )

- “It's complicated”
( not for SISO systems, which require all the same design inputs )

- “H> makes marginally stable loops”
( fixed, add a simple and universal h-inf bound )

- “H . doesn't optimize for noise”
(fixed, use it as a bound )

- “Al controllers will render this obsolete”
(how will you benchmark Al without optimal linear controller ?)
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Technical Fixes |

Additionally

- plant must use inner/outer

factorization U 1 || Measurement

- P’ has unstable poles and

Y
-~ meas

Noise, M

Alt. Env. Noise, E'

nonmin-phase zeros 5

Env. || Plant,

Noise, E P/P

- plant must be split for actuator
noise.

Reduced
Plant, P'

Flat total RMS
FOM, Fy,,

Plant, P

o=
- Statespace is extremely non- |_»

BNS Inspiral
FOM, Fgyg

normal

- very careful numerical
balancing

- Grammian order reduction
helps a lot (ABO9ND slicot)
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H2 solver unsurprisingly has very

Bad phase margins with highly-shaped
Input (noise) weights and

output (FOM) weights

@ McCuller, ICALEPCS, Sept. 2025

108

10°

—
o
(S

: =
BNS FOM Weight, ¢

-
o
I

-

o

Total RMS Motion (rad)

10713 |

Scroll the relative weight of two FOMs

Solves for the Pareto-front on
Bilinear noise

10711 |

10712 |

, — —— T ——————1 50
A @@ 7, Optimal Controllers
A Hand-Tuned Controller
40
)
¥ & 30 g
& » o
L > ©
> b
AT o
o’ o 20 o
&
NI @
" o je
¥
w8 A
N
& 4 10
YV NG A
e .“’.%
IIIIII 1 IIIIIIII 1 IIIIIIII IIIII 1 IIIIIIII 1 IIIIIIII 0
1072 107! 10° 10! 102 103
Range Lost From Added Noise (Mpc)
-t



w7 T i conranore ] I
105 == Hand-Tuned Controller ||
) == Unity Gain 10° . .
RIS — ~  Scroll the relative weight of two FOMSs
g T I E— 104%
T —————. o T D
=10 w2  Solves for the Pareto-front on
5  Bilinear noise
wn
Z
m

5 102
S
? 10!
&
(=W AR SR\, . F. / L1 S T R ¥ o s e 1 E T T T 106
10-2 10! 100 10! 102 103 104 102 |-
Frequency (Hz) o 10 -— 105
E 100 —~ ~
'g 10-1 -— ’ 10 E;,
P g 1072 = H, imal Controllers §
H2 solver unsurp_rlsmgly hgs very 1033 ﬁafﬂm_lidcc()iuﬁuer 105 2
Bad phase margins with highly-shaped o o i e A ] B
Input (noise) weights and 5N T AT 1 2
output (FOM) weights 3 °F ; L H [ o
2 _90E
& i : Tt ! o SNE

102 101 100 10! 102 103 104
Frequency (Hz)

( Mcculler, ICALEPCS, Sept. 2025 18



Technical Fixes ||

The u-o input to FOM can be used
as an H-co constraint on
Gain peaking (phase margin)!

Measurement
Noise, M

Use formulasof

Bernstein-Haddad for 3 coupled

algebraic-Riccati equations (z-form). o2

(J. Doyle proved sufficiency) .

Alt. Env. Noise, E'

Env. || Plant,
Noise, E P/P'

Plant, P'

Plant, P

Algebraic (deflating subspace) |_»
solver with iterative convergence is

reliable.

Can’t (yet) use convex opt. including
Matlab’s H2Hinfopt.

@ McCuller, ICALEPCS, Sept. 2025

Controller, K

ymeas
o B
y

Reduced ‘ Flat total RMS FOMI
N, FOM, Fy, >

BNS Inspiral YeoM2

X | FOM, Fays
<€
19



102

5 T IIIIIII T IIIIIII T T T TTTIIT T T T TTTTIT T T T TTTTIT T T TTTTT ].( 102 - -
10 == H, Bounded Controllers, {(=1e4 [] E 3
5 === Hand-Tuned Controller 10t 3 E
) 10 === Unity Gain Z 100 - .
E J= : :
£ 10! g 107 =
=2 |\ \F = 3 -
o l 8 102 °
@ 10-! = == H. Bounded Controllers, {=1e4 ) g
= 1073 |y --- Hand-Tuned Controller 10 8
10-3 1C _4 | ==+ Unity Gain 3
10 E 1 Ll 1 Ll 1 Ll 1 IIIIIII\\ 1 1 IIIIIII 1 1 1 11115 I
\ ~~ T T TTTT T T T T TTIrT T T, TT1 11
10—5 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII \\I 1 IIIIIII 1 L1 11l g lggz II\\\\ I X -
~~ 180 T T IIIIIII T IIIIIII T T IIIIIII\ T —TTTT ] E E E
o F BN oE 3
© 9 fF ? 3 E
E r o -90F —
0 E < F | 3
% - Q—q —180— R B B I W i 11T 100
© -90F 10t
< | S
D—l —180 1 IIIIIII 3 IIIIIII 1 1 IIIIIIF 1 L1l 1(‘, u\)
1072 1071 100 10! 102 103 104
Frequency (Hz)
% 40 =
o 1 o))
| < =
Can now generate Pareto-front as a function £ g
- 10711 =t
Of the phase margin as well. > g
> 20 g
. . . . d
@® 7., Bounded Controllers ~
Gain margin is generally monotonic with 3 . Hond-Tuned Controllor 0
1 10-13 H Lines of Constant ¢
Phase margin (not shown) DT
1 1 111l 1 111l 1 IIIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 IIIIIIII
1074 1073 1072 1071 10° 10! 102 103 0

Range Lost From Added Noise (Mpc)

@ McCuller, ICALEPCS, Sept. 2025 20



Results

- Now able to objectively model LIGO’s loop noises through fitted (input) noise weights.
- Useful (canonical) figures of merit also through output weighting functions

- Generated reliable numerical code for state-spaces with large (full) dynamic range and
highly non-normal matrices

- Still limited by MIMO nonparametric sysiD | o
and modeling issues (plant isn't as diagonal — — - Hand Tuned Controler

as assumed) . RMS
ower

- with SISO demonstrated, can move to full
MIMO solve.

- need to migrate slycot to Julia’s Descriptor
Systems library

(more from Andreas Varga)

Sound numerical methods are paramount! Lower noise

injection
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https://github.com/andreasvarga
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