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'ripples' in space-time caused by
some of the most violent and
energetic processes in the
Universe.
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NCU Michelson Interferometer

TM Mirrors and BS are
suspended by multi-stages
pendulum structure.




NCU Michelson Interferometer
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Input Optic

INTERFEROMETER

E(x,y)=Aexp(iwt)

Beam Intensity Phase

(-
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Pre-Mode Cleaner (PMC)
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Current work in progress for PMC locking
by John Chan (Msc student)



s S e

Digital Control System

1415934191

1415934259

AR

=7

%

=

™

<




supervisory
control

front end Beckhoff >
computers
EtherCat PCle over fiber 4 :
field racks digital ——
& NEEN - DREN —
(/). _—
F 2 :,. i
2 S physical I > Ew—
o = plant w . -
D s arX&9005.00219 -
— = ol
> >
© c
© b
wn
2
<<

Digital Control System

Our computing system use Debian and advLigoRTS (The
Advanced LIGO Real-Time Digital Control and Data Acquisition
System) which also uses EPICS (Experimental Physics and
Industrial Control System).



Piezo Stage
B Top Stage (Inverted Pendulum Stage)
B PM Stage
B |IM Stage

B TM Stage

To detect h(t) GW, TM must
remain as motionless as
possible which should be
isolated from the ground
vibrational noise.




B 6 Piezo + 6 PD Panel (3 vertical + 3 Horizontal)

B Based on these sensor and actuator, we can

reconstruct the motion of top plate in 6 DoF to do

the feedback control.




AVIS - Piezo Stage MEDM

Y_end_AVIS.adl

Tue Nov 19 01:58:16 2024

‘f-end Piezo stage -
1416032602

Calibrated PD readout (mm):  @PD volt2mm TPIP Filts FD Panels matrix Dok Filts Matrix Diagonalization @Ik Filts DAct Filt,s

PIL PI7 31,
52.964561 [, FE 51660946 0,003730 il e _ _ _ 0,004973 Y2 PITGH ROLL YA ) oooesm 0.000000
PD2 29,958118 PI8 29,735773 — b.0000(0, 0000(}0, 00001 —

H1: RIS
¢ F1051. 2067, F1284.
' _. - ~0,061102 0,000000
PI3 32.227085  PI9 27.456274 0.093380 _: [ , ~0.013367 Seinidl

9,316 1912,€ /4337, £ 1860, 7
: — — 0.,628( 4,057 4,2647 -694,£-1290, F510,; m ~0.032202 0,000000
PD4 27126696 P10 32,902788 .040778 ‘ : 0000087 1 bt : D 000073 —

3: P19 19,001932 vz, P11 29,258350 0,001328 00000 —— -0,000037 . L0010, 0353 | . . 7.208( -0,000771 0.000000 M E D M
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Motif Editor and Display Manager is a
[ ] L] L] L]
e G e GUI For designing and impl ting
PD Readout (V): GEHPD2Volt Filts Or::O {3.9l h;lfc Piezo matrix O r eSI n I n a n I m e m e n I n
PIL o, PI7 o, : ——— . .
- e X [— e control screens which display the

PD2 0187845  PI3 0,321019 TR T

o, PIS O.A%IE5  PD3 0.123576 ° 0 0,500 10,2 PL  0,000000 P4 0,000000 os {WW— oy il _ Va lU eS O F E PI CS p ro Ce SS Va ri a b les.

P4 0.211747 PIO 0.128822 s B 0.50 10,0 P2 0.000000 PS5 0,000000 o0 5575

H2:

Line Injection Qlﬂemodulatio

g, PIB 0481182 PO 0.232902 : - 0.500 7.0 L« 0,000000 PE 0,000000 P5 0.643
* PIg 0.269125 PD12 0.274360 ' pg F0.643F
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We reconstruct 6DoF motion (X, Y, Z, Pitch, Roll, Yaw)
based from the sensors and actuators.



Cross-Contamination on 6 DoF

CDS Diagnostic Test Tools - /home/controll/PS_meas/Y_A_X_09092024.xml

File Edit Measurement Plot Window

Input | Measurement| Excitation
Kl

Traces | Range | Units

Style | X-axis | Y-axis

V| Show
Placement
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*T0=09/09/2024 02:44:29 Avg=20

Power spectrum

| Config
’ Param

Magnitude

Frequency (Hz)
*T0=09/09/2024 02:44:29 Avg=20

Reference...

Resume

N1:VIS.Y_AVIS_C2A_X_A_FIl_IN1
N1VISY_AVIS_C2A ¥ _A_Filt_IN1
N1VISY_AVIS C2A Z A_Fl_IN1
N1:VISY_AVIS_C2A X_A_Filt_IN1{REFD)
N1VIS-Y_AVIS_C24 ¥ _A_Filt_INV(REF1)
N1:VISY_AVIS C2A_Z_A_Fl_IN1(REF2)

BW=0.0234367

N1:VIS-Y_AVIS_C2A Piich_A_Filt_INT
N1:VIS.Y_AVIS_C2A_Roll_A_Filt_IN1
N1:VIS-Y_AVIS_C2A Yaw A_Filt_INt
N1:VIS-Y_AVIS_C2A_Pich_A_Filt_INI(REF3)
N1VIS.Y_AVIS_C2A_Roll_A_Filt_IN1(REF4)

BW=0.0234367

Calibration... Print...

Abort

Repeat Fourer tools Y

Diagonalization

We injected 0.9 Hz
signal on X from the
actuators, however
from the output of
sensor matrix, it
showed 0.9 Hz peaks
on all 6 DoF.

Diaggui — a tools developed by LIGO
to measure power spectrum and
transfer function.



Diagonalization

Actual Adjustment Ideal
Input Matrix — Matrix * Input Matrix
(A) (T) (M)

H.C. Hsu

In reality, our actual input matrix is not equivalent to
ldeal input matrix, therefore we need to measure the
adjustment matrix to calculate its inverse matrix so
that we can diagonalize our input matrix.

Matrix Diagonalization

XY ‘2 PITCH ROLL  YAW
¥ [1,0992 3,735 2,770% ~1051, ~2067, 1264,
~1,13712,437 -9,31€ 1912, £ 4337 £ 1860, 7

hDoF Filts|

0,004973
0,026036
-0,013367

ChloF Filts|

0,202642
-0,061102

0.628CF4,05: |4, 2647 F694,2-1290, F510,; . ~0.032202
D -0, 008 10,0307 -0,02¢ B,383£11,29¢ 4,901: -0, 000073
-0,000037 ~0,0010,0352 0,028 5,7012 14,97¢ 7, 208( ~0,000771
-0,000274 ~0,0000,0147 F0,01% 32,1308 B, 664 3, 903¢ T

& piezo_diagonalization.py X Dy

Yend > ‘@ piezo_diagonalization.py > ...

Created on Sun Oct 6 4:59 PM 2024
@author: M Maarif, Avani, Hsiang-Yu

import sys

import os

import numpy as np

from datetime import datetime
import epics

import time

import utils

from utils import Matrix, ReadChans
import sys

args =sys.argv

if len(args) < 2:
print('Please enter the frequency (args[1]) and time range (args[2])!')
sys.exit()

freq = float(args([1])

The process to calculate inverse matrix from
demodulation is done automatically by python
code.



Diagonalization Result

(RS, N I  N—_ . I
N1:VIS-Y_AVIS_C2A_X_A_Filt_IN1

wevsY A conx A wnern | Now, only X shows the peak when
N1:VIS-Y_AVIS_C2A_Y_A_Filt_IN1(REF1) !

e we injected signal on X.

Magnitude

Frequency (Hz) And it happens for all other DOFs

*T0=18/11/2024 01:56:18 *Avg=24 BW=0.1875

@
©
3
=
c
o
]
=

N1:VIS-Y_AVIS_C2A_X_A_Filt_IN1
N1:VIS-Y_AVIS_C2A_Y_A_Filt_IN1
N1:VIS-Y_AVIS_C2A_Z_A_Filt_IN1
N1:VIS-Y_AVIS_C2A_X_A_Filt_IN1(REF0)

N1:VIS-Y_AVIS_C2A_Y_A_Filt_IN1(REF1)
N1:VIS-Y_AVIS_C2A_Z_A_Filt_IN1(REF2)

N1:VIS-Y_AVIS_C2A_Pitch_A_Filt_IN1
N1:VIS-Y_AVIS_C2A_Roll_A_Filt_IN1
N1:VIS-Y_AVIS_C2A_Yaw_A_Filt_IN1
N1:VIS-Y_AVIS_C2A_Pitch_A_Filt_IN1(REF3)
N1:VIS-Y_AVIS_C2A_Roll_A_Filt_IN1(REF4)
N1:VIS-Y_AVIS_C2A_Yaw_A_Filt_IN1(REF5)

Magnitude
Magnitude
Magnitude

Fre: Frequency (Hz)
*T0=18/11/2024 01:58:38 *T0=18/11/2024 02:00:13 *T0=18/11/2024 02:01:55 *T0=18/11/2024 02:03:21 *A *T0=18/11/2024 02:05:08 *Avg=18
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N1:VIS-Y AVIS_CZA Roll A Flll lNl
N1:VIS-Y_AVIS_C2A_Yaw_A_Filt_IN1

Frequency (Hz)
*T0=18/11/2024 01:56:18 *Avg=24 BW=0.1875

107"

*T0=18/11/2024 01:58:38 *T0=18/11/2024 02:00:13 *T0=18/11/2024 02:01:55 “T0=18/11/2024 02:03:21 *A +T0=18/11/2024 02:05:08 * BW=0.1875



ITransfer function |

Transfer Function Measurement
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N1:VIS-Y_AVIS_C2A_X_A_Filt_IN1/ N1:VIS-Y_AVIS_C2A_X_A_Filt_EXC

T0=07/10/2024 06:34:32.020019

Frequency (Hz)
AVg=1 0

Transfer function
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After achieving
diagonalization, we
measured TF For each DoF
to check the coherence
function.

Based on this TF, we can
design digital filters to do
feedback control.




Foton Filter Design
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Butterworth
Low pass filter

N1VISY_Y_AVIS_C2A_X_A_Filt.adl S
@
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Control Signal

— [[Power spectrum_

N1:VIS-Y_AVIS_C2A_X_A_Filt_IN1
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Feedback Control 6 DoF Simultaneously

Feedback N1:VISY AVIS C2A X_A_TP_DQ

= Noise
1| = Feedback

Frequency (Hz)

1074 -

10_33

Feedback N1:VISYY AVIS C2A Pitch A TP _DQ
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\
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Feedback N1:VIS-Y_AVIS C2A_Y A TP DQ

m Noise
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10> 10 100
Frequency (Hz)

Feedback N1:VIS-Y_AVIS C2A_Z A TP_DQ

m Noise
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10 100
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m Noise
m Feedback

o o
Frequency (Hz)

101 100
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Current Status for MIF

Bl xend - Diagonalization and Feedback Control for Top Stage. (Dennis, Yoyo)
B Center- Installing chasis and cables connection to DGS. (Eason Lin)
[ vend - Commisioning D Filter for Piezo stage and Diagonalization for Top Stage.

(M Ma'arif)

[] input Optics — Improving PMC locking. (John Chan)



Thank you!



