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E-TEST: new isolation approach.
E-TEST prototype.
Closed loop for E-TEST prototype.

Future work.

07.06.2022

Outline

3

a E-TEST ERE %000

https://www.etest-emr.eu/

Abbreviation:
AP: Active Control Platform

A‘E,-A-rs“hl l GAS: Geometric Anti-Spring Filter

o

IPL: Inverted Pendulum Leg
300k IPP
g] I T l IPP: Inverted Pendulum Platform
~ Mar: Marionette
[ IPP_Mar O CP:Cryostat+Cold Platform
0.6m Mir: Mirror
k: Stiffness
m: Mass
m_Mar= 150kg I CK: Counter WEIth
I_Mar_cP
1.3m
m_CP
400kg
m_IPL=12Kg m_IPL=12Kg
[ IPL=2.8m | IPL=2.8m
| ¢

1_CP_Mir

0.65m

100kg

O O Sensor
N PaN
| m_AP=1800kg |
k_AFR/2
; %LAP/'? AR/ rActuator
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Active Control Approach
LIGO: HAM-ISI (1m)

(b) Geoph\one

Actuator

Active/Passive Control Approach [1]
LIGO: HAM-ISI (1m)

BSC-ISI System

Optical
Payload

Pre-Isolator
(HEPI)

Ground

Common GW Suspension System

[3]
Virgo (11.5m)

B

mla E-TEST SReh e ooy

qul‘el-hro

Pre-

Passive Control Approach

[2]

KAGRA (13.5m)

top filter

inverted pendulum

standard filter&—

Lsolator

bottom filter.

N

outer shield (80 K)

pIatformjL

[~

manonette\

duct shield (80 K)

main [aser

S |

inner shield (8 K

)

iiterreg
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Wide angle bafﬂej I

ET (17.5m)

S

[ 300kg ||| m_IPP ]
o \kIPPr2 k_IPP/2f N7
O 2.6m|
GF_1
[ e
200kg m_ST1
2.6m
GF_,
el
200kg m_ST2
m_!PL. om lm-IPL
GF_3
el
200kg m_ST3
2.6m|
GF_4
= el
200kg m_ST4
O 2.6m O
AN\ [z K IPLI N
GF_5
| re
200kg m_ST5
2.6m
GF_6,
[ AP: Active Control Platform
200kg m_ST6 GF: Anti-Geometric Spring Filter
IPL: Inverted Pendulum Leg
0.7m IPP: Inverted Pendulum Platform
ST: Standard Stage
m_IM CP:Cold Platform
IM:Intermediate Mass
0.7m)| Mir: Mirror
k: Stiffness
m: Mass
150kg



E-TEST (new isolation system): ET Superattenuator

E-TEST New Isolation System

« Shorter. * Too long.
« Extraisolation in low

. R freq uency. ET Superattenuator

inverted pendulum o o

P . | | . 1 [ 300kg ||| m_iPP |
assive Isolation ki KPR
(Inverted Pendulum ™ R
>m —
+ bottom filter. ST
Slmple Pendulum) outer shield (80 K) e

E-TEST Appraoch

platform\\; \

GF_0 | |
marionette A F 200k 512
~ [ 300kg||| m_irP ] =
~~ NC_IPP/2 k_IPRr2f NS m_IPL m_IPL
O/} 1.6mlcr | éko 2.6m
o2
duct shield (80 K) (e
1.8m 200kg ||[m_573
GF 2
| e |
200kg em
=l 1.8m GF_4
| ~Tner shield (8 K) GF_3
N m
wide angle baffle : B
12m A O 26m o)
m_IPL R [ m_IPL ke _IPL/Z KIPL2\ A
[le=ra] e
200kg ||| m_5T4 o
Geophone m_5T5
(b) s 1.8m
. 2.6m AP: Active Control Platform
[ CP= 20089 ] GF: Anti-Geometric Spring Filter
A t' im GF_6 IPL: Inverted Pendulum Leg
C |Ve 120k [ e ] IPP: Inverted Pendulum Platform
. e m_ST8]  ST: Standard Stage
I SO I atl on Stage1’ kar/2 1 k_IPL/2 0.7m CP:Cold Platform
— IM:Intermediate Mass
Q 150kg Sensor Mir: Mirror
I ™ _AP=500kg | 0.7m ke S:fﬁ'less
m: Mass
Actuator Y i %k—’qpf 2 kApr2 Actuator 150kg
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Output Response of ET Superattenuator & E-TEST Isolator

E-TEST Isolator
achieves
Superattenuator
with less 5m of
height

07.06.2022

Amplitude (m/m)

Amplitude (m/m)

Transmissibility

Horizontal

10°

10-10 L

== E-TEST-11m (Control off)
= E-TEST-11m (Control on)

Superattenuator 17m

A

\

107"

107

Frequency (Hz)

Vertical

10-10 L

s E-TEST-11m (Control off)
== E-TEST-11m (Control on)

Superattenuator-17m

A

10718

107

10°

Frequency (Hz)

i
10"

“4E-TES

Einstein Telescope
EMR Site & Technology

ASD (m/« Hz)
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S
&
T

ASD (m/+/ Hz

N
e
5

Horizontal

ASD — Inertial Platform

10°

N

o
&
T

mmsss Ground Motion (Terziet)
=== Sensor Resolution

= Active Platform (Control off)
s Active Platform (Control on

107! 10°
frequency (Hz)

Vertical

10-10

T

ws Ground Motion (Terziet)
=== Sensor Resolution

=== Active Platform (Control off)
== Active Platform (Control on)

! L

1071

107 10°
frequency (Hz)
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ASD (m/« Hz )

ASD — Mirror

Horizontal

N

o
&
T

=
<
B

N
<
=)

f ===== Ground Motion (Terziet)
wmmm Mirror E-TEST (Control off)
wms== Mirror E-TEST (Control on)
Mirror Superattenuator

107

frequency (Hz)

Vertical

f m==== Ground Motion (Terziet)
= Mirror E-TEST (Control off)
ws== Mirror ETEST (Control on)
Mirror Superattenuator
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E-TEST Prototype

Features of E-TEST Project: https://www.etest-emr.eu/

 Suspended heavy mass (about 50 kg, 300mm X 300m).

Abbreviation:
| B . B e |
* Atcryogenic temperature (20K). — | a— e g
Mar: Marionette
- Radiative cooling strategy (no contact). Q e Q ChicryostatiCold Piatform
k: Stiffness
 Developing cryogenic sensors and electronics. e -
 Operation of the laser and optics at 2 microns. wam
m_CP
- Developing isolation system — concern of this presentation. e
Tipiz.6m TieL=z6m
| ¢
Isolation System is a prototype |
(5.5m height) due to budget &
vacuum limitations O oo | A
N N
| m_AP=1800kg |
L%k_mﬂ/.? k_AP/.?ier
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Dynamics of The Prototype in 3D
(Obtained by Simscape Simulink Toolbox (MATLAB))

Simscape:
 To build multi-body model.

« Allowing to study lumped mass

systems under gravity.

« Convenient for implementing

feedback control strategies.

Inertial Sensor

3D View of the E-TEST Simscape Model (Left: Front View) and (Right: Isometric View)
07.06.2022 > Wilerrey

.
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Mode Shape Visualization
(Obtained by Structural Dynamic Toolbox (SDT))

Simscape Model Mir
Mode 23 at 1.768 Hz

Three steps to obtain mode shapes:
1. Extraction of a state space model from Simscape.

2. Calculation of eigenvalues and eigenvectors in MATLAB.

3. Projection of these modes on a finite element representation
of the system.

z
Lx Wl —y

Simscape Model Mir Simscape Model Mir Simscape Model Mir
17(@ 0.9886 Hz 0.50 % e e e e Mode 15 at 0.7563 Hz Mode 9 at 0.2481 Hz

TV

WN-x

07.06.2022 ’. \ il Ilﬂ[ley
= e E-TEST B 5heiens Euregio Meuse-Rhine
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Input/Output of Active Platform of E-Test

Top View

c2,f2 A Input Force Output sensor
@? F_1H] [S_1H
k1S e, F_1V S_1v
<] — F 2H N S 2H
F=lra|™ G s
F_3H S_3H
| F_3H AP Plant [S_3H]

(Linearized Simscape Model )

Front View

m: mass Front View
I: Moment of Inertia

N

X

k1 % icl ,f1 % icz f2 k3 c3,f3

0 Horizontal 0 Vertical
. w 10
m m
a o
LA G2
D Q
o < 10°
= =
= =
c c
= o
L] 1]
= =
10°1°

{5t Pairs | |
== n = 2ad Pairs

1360 T T = 360

& & 180 - ;
=h 3 == 3rd Pairs
g 180 - . 8
8 —1st Pai_rt 8 -
o =nui2ed Pairs o
== _3rd Pair
0 ! -180
107 10° 10" 10°
Frequency (Hz) Frequency (Hz)
07.06.2022 " HILtCeIrecy B
= /o E_TEST Ginanlesssee oy Euregio Meuse-Rhine  europea union

European Regional Development Fund



1 r“d-*" % First Flexible mode of Active Platform above 300 Hz

A: Modal

Total Deformation 7
Type: Total Deformation
Frequency: 320,99 Hz
Unit: m

Seismometer i 25/04/2022 09:27
|

2 2Y \‘lt g
Horizontal \\'

Seismometer

0,059812 Max

0,053171

L 0,04653

= 0,039889
0,033248

~ 0,026607

—{ 0,019965

- 0,013324

0,0066833

4,2152e-5 Min

A: Modal

Total Deformation 7
Type: Total Deformation
Frequency: 320,99 Hz
Unit: m

25/04/2022 09:29

0,059812 Max
0,053171

EI]] 0,04653

| 0.030880

L1 0033248

I 0026607

| 0019065

Ll 0013324
0,0066833
42152e-5 Min
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Decoupled System L ots of off diagonal coupling

From: F1H From: F1V From: F2H F rom: F2V : F3V

B N U e U s
_/rn\—fr*\_frx—-ﬂ\_,r»\_)\

Input Force Output sensor ;
Fiv 3t x —/'k—'"\—ﬁl‘K_J"\—H*\_J“\
o e o | ARG B NN NS NN
(o e ] e
(Linearized Simscape Model ) g " — - —
Front View _/H\ —F'H\ —F'"\—rl"\
m: mass Front View z Frequency (Hz)

1: Moment of Inertia

Few of off diagonal coupling

cl,f1 k2 c2,f2 k3 c3,f3 Decoupled System based Sensor Dynamics
_ _ From: Fx From: Fy From: Fz From: Mx From: My From: Mz
ﬁ. iL i, G,=J;1 G.J;".....new plant M | M ey
|

Active Platform (AP) of E-Test l

I o
ER N EER =N SEETE
. e | I
RN M Ll
Decoupled Plant G, based Jacobian h wk\ 1 l ol M

Frequency (Hz)

To: X

Magnitude (abs)
To:Z

To: Xr

S

10°

07.06.2022 “ il |t3"¢b .
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Sensors & Actuators of Inertial Platform (vacuum compatible )

07.06.2022

 Actuator » NCCQ0O9-39-190-1V

Same as LIGO l

* Inertial sensors — Watt’s Linkage

* Displacement Sensor - BOSEM

|

Coilformer Clamp . Sensor Devices

l.)\, Adjustment Assembly

Electrical Interconnect

:J Coilformer (front-face)

Rear isometric view

3

= wfa £ TEST 2500, Euregio Meuse-Rhine

Front isometric view
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RIXmawe

Decoupling Analysis for Active Platform alone
Ideal case - COM & COK at the Same Center

Decoupled System with Sensor Dynamics (Inertial Sensor)

G, =J5;1. G.Jz".....new plant
G

X T F S
= J.' = G > ;1

Decoupled Plant G, based Jacobian

07.06.2022

To:Z
=

Magnitude {abs)

To: Xr
‘:‘h

ey
==
ra o

To: ¥r
‘=11-

Er—y
= =
ra o

To:Zr
‘=11-

-y
=
i

|——AP - COM inside AP |

From: Fx From: Fy From: Fz From: Mx From: My From: Mz
1 ] 1
| | i
1; , i
| | J |
: __J\\* \Jl\ Residual :
] g | Coupling From
| \ | | Inertial Senson
| | ;
| | |
1 ! !_
! ! Al
] ] ]
| | i
l i | |
| | !
S e e
I
I
l i
i I L I l i
| |
I
|
107! 10° 107! 10° 101 10° 107! 10°
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Frequency (Hz)
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E-TEST - 3D Decoupling Analysis for Entire E-TEST System
(COM outside Active Platform)

jr&m: _Fx - FroE_Fy From:Fz From: foi - From:vMy From: Mz
y ' | il |[——E-TEST COM 0.65m above AP
” 4 ‘ I v AP COM inside AP
P 2 10° == - | ,I | ' ! 1 ------ ~AP COM 0.65 above AP
i | ; f il | | P |
Resonance / :

e /‘k ] ) A
o 1L =

To: Zr
=
o

Safety Tubes & Support o ol o o0 o0 o0
Shifts COM Outside AP Frequency (Hz)
07.06.2022 3 HitCIrcy 14
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The controller is working in cartesian

Classical Control For Entire E-TEST System : er _
rame. Jacobian is used to convert forces in

the cartesian frame to forces applied by the
actuators.

Controllers are designed based loop

) fs shaping; lead-lag compensator
__’_ +_J f5> >
A Ja,
7<(\ 3 G 5
7\{() f2 >
(‘?f ;
/> f 1
y vV
T)—l GC ];1
N N4 N /[\gx ﬂ
i 6.k .
e z
(o -
07.06.2022 =" HILCITCY 15
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Amplitude (m/m)

Transmissibility (AP/ ground & Mirror/ground)

X-axis

z-axis
) === Control off ) === Control off i i
107 ¢ === Control on 10 ¢ ====Control on Damp|ng ContrOI IS not
£ £ applied yet
E E 10°
o o
o ]
= =
= S 102
£ S
< <
104
1072 10" 10° 10° 102 1072 107 10° 10’ 102
Frequency (Hz) Frequency (Hz)
y-axis z-axis
=== Control off
=== Control on
10° E
E
o
]
2
-
=== Control off S
107 === Control on <
' ' ' 2 » » p
1072 10" 10° 10" 10 10 . 10 H2) 10
Frequency (Hz) requency (Hz
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ASD (AP & Mirror)

X-axis

10°

ASD (m/+/ Hz)

=== Ground Motion-CSL

=== Sensor Resolution

== Active Platform Motion-Control off
ctive Platfdrm Motion-Control on |

L 1

1045L
102

10 10° 10’
Frequency (Hz)

X-axis

10°

10°

ASD (m/+/ Hz)

we= Ground Motion-CSL
=== Mirror Motion-Control off
=== Mirror Motion-Control on

L L

1045-
1072

10" 10° 10’
Frequency (Hz)
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Zz-axis

ASD (m/ +/ Hz)

=== Ground Motion-CSL

== Sensor Resolution
Motion-Control off
Motion-Control on |

Frequency (Hz)

z-axis

ASD (m/ +/ Hz)

10'10 -

me= Ground Motion CSL
=== Mirror Motion-Control off
=== Mirror Motion-Control on

1045h
102

fo
LE-TEST

10” 10° 10’
Frequency (Hz)
HILETTEY K
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Future Work

Activities/Years 2020 2021 2022 2023 2024
Literature review. | >
Design compact isolation system. o
Obtain fmd anlalyze‘the dynamic equations of | >
the designed isolation system.

3D design and manufacturing. —

. Apply control strategy based SISO approach to >
the inertial platform of the isolation system.

. Apply control strategy based SISO approach to
damp the resonances of the isolation masses [ >
(suspended masses).

. Assemble the system.

Experimental Work.

PhD defends. g

https://www.you
tube.com/watch
?v=hlgoy8Tp8wY

07.06.2022 > Wilerrey
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AV VAVAVAVAVAVAVAVA  AVAVAVAVAVAVAVAVAVAVA VAV VAVAVAY.

A AVAVA AVAVATAVAVA AVAVAVAVAVAVAVAVAVAVAV L AV VAVAVAY VA
AVATAVA AVAVAV VAVAVAY AVAVAVAVAY VA AVAVAY.

A V. VAVAVAVAVAVAVAV VA'AV VA AVAVAVA VAVAV VAVAVAVA AV VA'
VAVA AVA AVAVAVAVAVAVAVA. AVAVAVAV VAVAVA. VAVAVAVAVA AVAVAVAY,

A AV VAV VAVAY VAVAVAVAVA AVAVAV V VA'A VAV VATAVAVAV VAVA

AVA AVAVAVAVAVAVAVA AVAVA AV VAVAV VAV VAVAVA VAVA'  VAVAVAVAVAY.
AVAV VAVAY VAV VAVAVAVAVA AVAVA AVAVAVAVAVAVL VAVAVA AV VAVAVA
ATAVAVAV VA AVAVA A AVAVAVA AV VAVAVAVA'AY AVA AVAV VAV VAV,

VAVA VAV VAVAVAVAVAVAVA  AVA AVAVAVAV VAVA
A VAVAVAVAVAVAY  AVAV YA  VAVAVAVAVAVAV VAV AVAVAVAVAVAVAVAVAVY

The End

Thank you!

VAVAVAVAVAVAVAY
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Controller
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