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Status of compact isolation of a large mirror at a low frequency

SIDER, Ameer (phd student)

asider@uliege.be

On behalf of the E-TEST collaboration
DCC No. P2200399-v1

GWADW2023 - Italy

25 May 2023
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E-TEST project for proof of concepts

Features of E-TEST Project: E-TEST Prototype {

 Suspend large silicon mirror (100 Kg)
« Cryogenic temperature (25 K)
» Developing cryogenic sensors and electronics.

 Laser and optics at 2 microns.

« Compact suspension (4.5 meters) with isolating at
low frequency (0.1-10 Hz).

E-TEST is a project funded by the Interreg Euregio Meuse-Rhine and ET2SME consortium.

- . . o — . .
Il mecnatonics [l UCLouvain @ micas RwmH Nik[her |[[IENIE] 7 Fraunhofer [»»]unAssELT] % Mastrichtunversty
Laboratory LT
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E-TEST isolator & 17m ET Superattenuator (ET CDR, 2011)

ET Superattenuator

5m

E-TEST (new isolation system):

» Compact isolator

Extra isolation in low frequency.

24.05.2023

12m

-

A

E-TEST Appraoch

GF_0

[ 500kg|

[ m_ieP

oS NOIPPS2
1.8m

|

1.8m

| A
200kg

1.8m

m_IPL

1.8m

[
200kg
1.8

k_teprzf SN
GF_1 4,\()
|

GF_2
il
GF_3

| S5T3

L

G

F_4
[ e |

m_CP= 200kg |

Im

150kg

120kg[ 77 IM
k ez 1 k_IPL/Z
O {K() Sensor

m_IPL

AN AN
| m_AP=500kg |
Y i % k AF/2 k_Ap/2 % Actuator

[

300kg |

[ m_irP

l

ml

S NKL_IPRS2
O 2.6m

| %

2.6m

|

2.6m

k_rppfzéﬁ

17m ET Superattenuator:

« Too long.

AP: Active Control Platform

GF: Anti-Geometric Spring Filter

IPL: Inverted Pendulum Leg

IPP: Inverted Pendulum Platform

ST: Standard Stage

CP:Cold Platform

IM:Intermediate Mass

Mir: Mirror

k: Stiffness

m: Mass 3



E-TEST Prototype

Schematic Diagram Simscape Model to obtain system dynamics

Abbreviation:
cas AP: Active Inertial Platform Z
MT‘. GAS: Geometric Anti-Spring
300kg I I m_IPP IPL: Inverted Pendulum Leg y
IPP: Inverted Pendulum Platform
\6/ \G/ Mar: Marionette
1_IPP_Mar CP:Cryostat+Cold Platform
0.6m Mir: Mirror
k: Stiffness
m: Mass
| m_Mar= 150kg | CW: Counter Weight
|_Mar_CP
1.3m
m_CP
400kg
m_IPL=12Kg m_IPL=12Kg
[_IPL=2.8m I_IPL=2.8m

O O Sensor
PAN AN \
| m_AP=1800kg |
;’%k_gm kAP/2 dctuator
Cryostat
(Cooling system)
24.05.2023 e iiLterrey 4
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Simscape Model Mir
15 @ 0.7563 Hz 0.12 %

Extracting mode shape
(deeper understanding of the dynamics)

i_l wx I_, o
24.05.2023 > terreg
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4 Interferometric sensors, ;

Sensors & Actuators 4 \foice coil actuators \ —
(vacuum compatible ) 4 stepper motors ———

2 stepper motor
8 coil- magnet actuators

Temperature -
Sensors

N b
- S

f

SS—
S —
o —

7

6 Cryogenic inertial sensors
(3 horizontal & 3 vertical)

UUT
custom

6 voice coil

6 Inertial sensors (3 horizontal & 3 vertical)
6 BOSEMS (3 horlzontal & 3 vertical)

Adjustment Assembly

24.05.2023 e iierrey

= wfa £ TEST 2500, Euregio Meuse-Rhine

European Regional Development Fund




Controllers are designed

based on loop shaping;
lead-lag compensator

Control strategy

Abbreviation:
AP: Active Inertial Platform
GAS: Geometric Anti-Spring

“300kg || m_1pP

IPL: Inverted Pendulum Leg

»ll\
L7
O

I_IPP_Mar
0.6m

IPP: Inverted Pendulum Platform
Mar: Marionette
CP:Cryostat+Cold Platform

Mir: Mirror

k: Stiffness

m: Mass

<

m_Mar= 150kg

| CW: Counter Weight

I_Mar_CP
1.3m

m_CP
400kg

m_IPL=12Kg
|_IPL=2.8m

O Sensor
25

m_AP=1800kg

k_AP/2

k_AP/2
Actuator

- .
Plant
m_IPL=12Kg
I_IPL=2.8m
AP damping |-=—
Y
Actuator_Jacobian Sensor Jacobian
t AP isolation |-
IPP damping |-=
24.05.2023 e iierrey
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First Flexible mode of Active Platform above 300 Hz
To obtain better control performance

CAD Views

24.05.2023 e iierrey
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Transfer function (three pairs of inertial sensors/actuators) at active inertial platform

Force by the actuator on AP disturbs the alignment of IPP (that provides soft horizontal compliance) with the
gravity field and causes tilting of the IPP (motion). This tilting motion appears as a coupling on the AP

Horizontal

1072 !
z PP 'S ,!‘ \
m A
T 100k -!kuyu- ,f ‘hi.. __ g !KH_H__ -
E ./ \.» / : ‘ \-l
5 0\ f s
S o~ : 1 5
L " : ! T
N ; :
108 : :
102 10~ 10° 10!
T T 1 T T T
i — ""'i‘"""liii.""""' First Pair B
‘_ ' ‘ --------- Second Pair
E;If | I -‘ mm mm 1 Third Pair
:J;; -180— ------------------------ !’I* ' ----:h-' lrl?“ e —
E r -l
N
0 | L N— .
102 107! 10° 10°

IPP: inverted pendulum platform Freauency (Hz)
IS: inertial sensor
AP: active inertial platform

2 Vertical
10~
= ™ E E -
105 i |
10~ 107! 10° 10!
B —_— \ | ~ - -
| S i i First Pair
— l 5 ! I """""" Second Pair
Ef i é ! i -f == = Third Pair
> OF B N ._.ﬂ e
F T 1
2 g ! I
i 1y
-180 i LA S -
10~ 10~ 10° To!

Frequency (Hz)



Transmissibility
mirror/ground

Not realistic controller is used
to show that the system is not
constrained by mechanical

design.

24.05.2023

Horizontal (x-axis)

T T

1 [ el PP T P .................... AR -

Amplitude (m/m)

10!

10" S B, W
Control off
B AP Damped
105} AP Isolated  Feerrrrrrmmmmmmmmeeeioee e
Global Control
10 i i i
10 107° 10~ 1071 10"
Frequency (Hz)
10 Rotational {around x-axis)

lnl!

107 2F ey

.........

.....................................................

1 [ el PO P 0N | /AU

Amplitude (rad/rad)

].U'_“ [ : uum SEEEEPEPEPEEPEPPPRERR S PR
Control off
) AP Damped
10 °F AP Isolated "
Global Control
1010 . i : i i
107 102 1071 10" 10t

3

a E-TEST ERE %000

Frequency (Hz)
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Vertical (z-axis)

107,
10"
E 102 .............. ............................
r':.f 104 ................
= 10 i : e TEET T T TITPO
- Control off
AP Damped
107" AP Isolated [ hereeeee e
Global Control
10 0 - i i i
107% 1072 10~* 10° 10!

Frequency (Hz)
Rotational (around z-axis)

10%,

10"

Amplitude (rad/rad)

1072

LO 4

1070 : ———— s

Control oft 2

AP Damped E

105 AP Isolated 1

Global Control !

~10 i i i ]
10 10°° 1072 101 10" 10!
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Amplitude (rad/rad)

Transmissibility mirror/ground

Comes from inertial sensor coupling

(residual coupling between the mechanics of the sensor (spring-

mass) and gravity)

............................................

Control off
AP Damped

10°% AP Isolated j

Global Control :

10~ 10 i i i
10~° 1072 1071 10° 10!

Frequency (Hz)

pe
ooooooo

nterrey

Euregio Meuse-Rhine  curorean union
European

Regional Development Fund

Inertial sensor response
for horizontal motion

Inertial sensor response
for rotational motion

11



Inertial sensor coupling — non-minimum phase zero — larger dc gain of the controlled
system than the uncontrolled system

Solution: complementary filter (relative displacement sensor & inertial sensors)

A — inertial sensor dynamic with non-

_\2
minimum phase zeros A = g_gz _’O—’&]—’u}—b P
P — entire E-Test plant. f
C — controller used.

r_ CAP__ CP(s—a)’
Y TIYCAP T (5+a)?+CP(s—a)?

around x-axis)

...........................................................

 Nonminimum phase zeros are shifted into the characteristic equation next to the
controller. This reduces the magnitude of the denominator compared to the
numerator, resulting in a larger dc gain for the entire closed-loop transfer function.

107 -

Control off

Amplitude (radg

* The controlled system will always have a larger dc gain than the uncontrolled system
AP Damped : : . . . .. .
10-5} APIsolated | A with nonminimum phase zeros. Closed-loop dc gain is proportional to the controller
Global Control : : .
- ; : : gain.
10°° 102 107! 10° 10!
Frequency (Hz) °

Modifying the sensor mechanics can reduce the effects of non-minimum phase zero,
but at the expense of sensor resolution at low frequencies.
24.05.2023 " HILEITEY
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Mechanical design

Assembly starts in June

(next month) Marionette

Inverted pendulum

Active inertial
platform

terreg

Euregio Meuse-Rhine  curorean union

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

13




Conclusion

The isolator is compact & provides isolation in low frequency but has an inertial sensor
and IPP couplings

Done:
] ] ] Useful links:
* Dynamic model is obtained.

i ] CDR: E-TEST prototype design
* Mode shape is obtained. report

https://arxiv.org/abs/2212.10083

 First control strategy is applied (simulation).

E-TEST Project website

 Parts and components are manufactured. https://www.etest-emr.eu/

E-TEST. a compact low-

Next: frequency isolator for a large
cryogenic mirror

« Apply complementary filter. LIGO Document P2200399-v1

« Assemble the system — June (next month). PML website

] ) . http://www.pmlab.be/
« Experimental work — Cryogenic test with AL dummy mass(Q4 2023).

« Experimental work — Cryogenic test with silicon mirror (Q4 2024). . 1


https://www.researchgate.net/publication/366462241_E-TEST_prototype_design_report?_sg%5B0%5D=0XAsAyZXU3xqe8IlJeA20Y16FQUVowL1YvgjLhnQWffA6Zjv2hjMRVmnOJWUAHA8lMGheNaoPJeAKwrHvfdRG7NZ3AcyMWQTmd6K53i4.99Lovdz_l8u1DibHzlDddCpMByrq_IFFHAMueujxyMXQBcmncLf7NaggBY--8QtJdYB78reBOGyXUXwSBsNZQQ
https://www.researchgate.net/publication/366462241_E-TEST_prototype_design_report?_sg%5B0%5D=0XAsAyZXU3xqe8IlJeA20Y16FQUVowL1YvgjLhnQWffA6Zjv2hjMRVmnOJWUAHA8lMGheNaoPJeAKwrHvfdRG7NZ3AcyMWQTmd6K53i4.99Lovdz_l8u1DibHzlDddCpMByrq_IFFHAMueujxyMXQBcmncLf7NaggBY--8QtJdYB78reBOGyXUXwSBsNZQQ
https://www.etest-emr.eu/
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The End

Thank you!
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Isolation loop: controllers & loop gain

Controllers are not realistic = No mechanical constrain

10% ! ! ! — 10° ! ! ! ! ! ! !

RN

[a—y
=
[

[am—
o
~1
R |

Magnitude (Abs)

_]_05 [ FRUT P
1077 107
27{] T T T """I T T I T T T """I T T T """'I T 18{}

102 10! 108 10% 10°° 100* 107% 10°% 107t 10 101 10% 10°

180 e

=00 ! i i e ~ e . RO R B D " _
10°° 10°° 10! 10" 10° 10 10> 10~* 10°° 10°* 10°* 10 10" 10* 10°
Frequency (Hz)
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Controller of the isolation control loop Loop Gains of the Isolation Control loop (red: x-
(red: x-axis, blue: z-axis, black: Rx-axis, green: Rz-axis). axis, blue: z-axis, black: Rx-axis, green: Rz-axis) 16



Magnitude

Simplified models are used to deeply understand the dynamics and coupling effects

10° : : : 104 — ——r T
: ‘ —— Horizontal I I e \\ithout CW
Tilted: F at COM — W ith CW
10-2 i awsmessss Tilted: Fat COK | m= == s Extra CW
<
106 =
=
107"
1010 i i i i
1079 102 107! 10° 10’ 102 108 i | |
Frequency (Hz) 10 2 10! 10° 10" 102

Frequency (Hz)

(leyj)

Schematic representation
of horizontal inertial sensor
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