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<> IKAGRA Suspensnon Conflguratlon ( for a test run)
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< bKAGRA Suspension Configuration ( for observation )
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< Modeling tools : We have 2 ways. Passive Model

Passive Model Active Model
Mechanical Model Control Model

‘SZQMQIC‘ Qym, in Mathematica State-S pace MATLAB
Model SIMULINK

Main Concern : Main Concern :

- Seismic noise - Controllability

- Vibration from heat links (V=N - Servo filter design

- Eddy current damping Main Concern : - Sensor / Actuator noise
- Suspension thermal noise - Heat link
Transfer func.
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< Modeling tools : Mechanical model

S U M C 0 N in Mathematica

spension odel  structor

is 3D rigid body simulation software created by T Sekiguchi.

—E

(3 6 DoFs( 3 translation, 3 rotation ) for each mass Vertical

(Yaw) Transverse
(Pitch)

Length
(Roll)

Beam

1 No deformation of masses

[ Non-mass wire / No wire string vibration

[ GAS -2 vertical spring moving for only one direction
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< Modeling tools : Mechanical model

S U M C ON in Mathematica

spension odel  structor

is 3D rigid body simulation software created by T Sekiguchi.

—E

More detailed information is here :

T sekiguchi, LCGT internal Document : JGW-P1200770 (2012)
http://gwdoc.icrr.u-tokyo.ac.jp/DocDB/0007/P1200770/002/MasterThesis.pdf
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< Modeling tools : Mechanical model

S U M C ON in Mathematica

spension odel  structor

Required information Main outcomes

Mass & Mol m Transfer function :
: : Construct Displacement & Force / Torque
Vertical spring —)

linearized

Ei Li D sh
m m Eq of M igen mode List & 3D shape
Eddy current damper Thermal & Seismic noise plot

L

.

y
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< Modeling tools : Mechanical model SUMCON in vatnemaica

ﬂ \ N\ A
Displacement

Eigen frequency / Thermal & Seismic

& Force / Torque Eigen mode shape noise plot
Transfer function

SUMCON Version:1.32
wpocL0oag o L1 Y9 L0 &g LI POy L1 yawg L] fON) AU SeISIC Specirunt Foy
0.411Hz  mord
l . l 8 4H Z Mo ':I . 5 ? 4H Z More output: [  xfo O zF0 [0 yawFo [0 xMp [ yMp [0 zvp
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10-F Show Legend
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< Modeling tools : We have 2 ways. Passive Model

Passive Model Active Model
Mechanical Model Control Model

‘SZQMQIC‘ Qym, in Mathematica State-S pace MATLAB
Model SIMULINK

Main Concern : Main Concern :

- Seismic noise - Controllability

- Vibration from heat links (V=N - Servo filter design

- Eddy current damping Main Concern : - Sensor / Actuator noise
- Suspension thermal noise - Heat link
Transfer func.
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< Modeling tools : Active model

MATLAB
SIMULINK

Required information

is used in active controlling simulation

[ 8.or [wrive

Construct
State-space
model

L

Y

THE UNIVERSITY OF TOKYO Bt Sewoncolesl

EINS TEIN

Main outcomes

r

Open loop / Closed loop TF

Open oop / Closed loop TF
Sensor noise couping.

Sensor noise coupling

Mirror angular fluctuation

seeu8 ELITES 4th general meeting on 2nd December, 2015




< Modeling tools : Active model MATLAR

SIMULINK

ﬁltypemslmctr\_lﬁﬂng ¥ [Pa|TypeBiprota ¥ ’ ‘

102

IM servo filters
using OSEMs
(displacement sensor)

B IERE e

4

102 101 100 101 102

Frequency [Hz]

Viscous damping filter using displacement
- X f

Infinite gain at f — oo is not applicable!

. - Need to add a low-pass filter with cut-off.)

c | , e dsssim  ELiTES 4th general meeting on 2nd December, 2015
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Modeling tools : Active model

BENES|e

Open loop( / Closed loop)
Transfer Function

MATLAB
SIMULINK

D

Open Loop Gain

Cy

Magnitude
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&
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Phase

L
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Noise coupling
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Frequency vs Damping Time
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T
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< Implementation to BS SAS prototype exp.

13th May, 2015 %
Installation b

Inside
a vacuum

KAGRA SAS for BS, SR ks

b
)

~. oth stage pendulum
Bottom ilter with IP, 3 GAS filters

Intermediate
Mass

5K A
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< Implementation to BS SAS prototype exp. ; Local control overview

IP IP servo:
DC position control (L, T)
Thermal drift control

i P LVDT & Geophone & Pendulum mode damping
3 L\&I’{Actuator Voice-coil Actuator
N\
\ o
BAS R o i e GAS flli.:e.r servo
LVDT & DC position control (V)
maneic®™ | Voice-coil Actuator Thermal drift control

GAS filter mode damping

Vertical

(Yaw) Payload servo:
Transysrse DC alignment control
L(ean%h Pendulum / rotational mode damping
(o]

se ELITES 4th general meeting on 2nd December, 2015
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< Implementation to BS SAS prototype exp.

1. Make a model and do simulation on Simulink, Mathematica (and FEM)

!

2. Assemble suspension system with Frequency response test

!

3. Tune servo filters on Simulink from measured Transfer Functions

!

4. implement the servo filters to the actual system

!

5. Test SAS performances

e ELITES 4th general meeting on 2nd December, 2015
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< Implementation to BS SAS prototype exp.

BELER| e

| -
=

Suspension

i 5tk ¥ i
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® Implementation to BS SAS prototype exp.

Visual part Numerical part

MATLAB
.‘;EG{MQIC'QNH

= = SCC
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< Implementation to BS SAS prototype exp.

Irl. Make a model and do simulation on Simulink, Mathematica (and FEM) }

l

2. Assemble suspension system with Frequency response test

!

I 3. Tune servo filters on Simulink from measured Transfer Functions

e i e e

I I S .
G S S S

4. implement the servo filters to the actual system

1 5. Test SAS performances :

‘-------------------------------------------J

i ELITES 4th general meeting on 2nd December, 2015 E
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sfer function from LTM actuator to LTM sensor

Measurement

Any strange responses
against the model ?

— 1 'A J
( ’ THE UNIVERSITYOFTOKYO kool g

Nati | Astronomical

Any strange responses
against the model ?

Any strange responses
against the model ?

KAGRA WAET:

ELiTES 4th general meeting on 2nd December, 2015 E




<> ImEIementation to BS SAS prototype exp.

Force / Torque transfer function with No controls

m T “onction from LTM actuator to LTM sensor
. .

2 ~Model m Large discrepancy against the model in
o ~ [Measurement - resonance frequencies ?
; ~ Vo« f2 - Q factor ?

e
F =Y

1 If, Yes

180 |
2 o, I Investigate the reason
e S — with Eigen mode shape etc.
10 10 10 10 Any friction?
Frequency [Hz] ~ Broken parts?

% E{j( 'j:& et B — gt ELITES 4th general meeting on 2nd December, 2015 m
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< Implementation to BS SAS prototype exp.

1. Make a model and do simulation on Simulink, Mathematica (and FEM)

l

2. Assemble suspension system with Frequency response test

S

A . . . [
1 3. Tune servo filters on Simulink from measured Transfer Functions [

I__l.________________________________________.l

4. implement the servo filters to the actual system

!

5. Test SAS performances

e ELITES 4th general meeting on 2nd December, 2015 E
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< Implementation to BS SAS prototype exp.
Discrepancies

Force / Torque transfer function

, : . - EM coupling
f“"mo"f"°mL:T“a:°"m°"t°L"M”“w Wlth LVS .F:u!nctionBo:de Plotfrom:acf\’Fl:]:to‘l Model 0 SEM . above 5 Hz
01| - [Model .8  |Measurement ' '
8,  |[Measurement | |[.410 WA ] LVDT :above 50 Hz Z
L= 1 = 3 WL — ]
2 L & 2 | | — I é
24 SHEER s 7 | q
1 TM(Lsens. / TM(Ljact. | | TUTHH atopGAS(V)sens. / TopGAS(V)act. 1™
8 : e : - Resonance frequency
oo |l | 1 E I
(«)] i Y M T . e, @
g0 1] oL ié-so- A Hanging condition
m-180‘;m;i_ R A MRS | ‘ n__m(- N 1 . .
w1l 1°1i - 10 i 10| Asymmetry in IP stiffness
Frequency [Hz]! Frequency [Hz] | Ham noise
- ] < . . « e
Correspond to ! Correspond to : wire violin mode
the Model the Model
5K @J KAGRA e stm ELITES 4th general meeting on 2nd December, 2015 E
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< Implementation to BS SAS prototype exp.

Change cut-off frequency / Add notch filter(, if necessary)
at frequency easy to oscillate

z 1 1e+006 f —————— —
R R u ' ! L[~ Simulink Model ——
Simulink model | 1 100000 £|  ~implemented ——
| 10000 | :
Implemented | , — ;T o o0
; 2 100 F
............................................................................ ' 'i 10 ;_
.......................................................................... Bl A 1F
2 I I 0.1
3 Cutoff ! P 0] SRR W BV SN
10 = 102 I 10° T 102 107 " 100 10! 102
freqﬂency. . S —
180 : : 180 L— Ir"r‘l"pl'mtd —
8 g9 = \ o |
() T i
T ‘ i
';' O F b I . - o
8 g Slmulmk model A P s N - N R S A (F S N\
a |Implemented 0 1
-180 ———
102 107 10° 1q" 102 1 10°
Frequency I

5t K FIRAC) <acra L FRERE
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< Implementation to BS SAS prototype exp.

1. Make a model and do simulation on Simulink, Mathematica (and FEM)

l

2. Assemble suspension system with Frequency response test

!

3. Tune servo filters on Simulink from measured Transfer Functions

!

4. implement the servo filters to the actual system

1 5. Test SAS performances :

‘-------------------------------------------J

e ELITES 4th general meeting on 2nd December, 2015 E
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< Implementation to BS SAS prototype exp.

- Mechamcal response test

Dampmg control performance testl__, For Calming the SAS down

- Long term stability test

@ee ELITES 4th general meeting on 2nd December, 2015 E
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< Implementation to BS SAS prototype exp.

Damping control performance test for Calming the SAS down

Frequency vs Damping Time 10°

- |Damping control OFF
---------- /|Pamping control ON

Damping control OFF
Damping control ON

|

éoj i %
e e 3 —
' Model ||| "I Measurement~_ | || Lockacquisition failure

doesn’t contribute to
— this mode.

i 5tk ¥ i
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Summary

< 2 modeling tools are used in KAGRA SAS :
- SUMCON for visual confirming - Using both of them

- Simulink for numerical confirming Is useful !

< We implemented those tools into actual SAS, for the first time;
- at low frequency =2 Rigid body model could explain actual system
- control digital system for the prototype worked well.

Next step

< build SAS for iKAGRA using those tools.
< Construct current bKAGRA TM SAS model.

@sm  ELITES 4th general meeting on 2nd December, 2015
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You can use the modeling tools::
pid i SUNVICONana Simulink::

T http://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/DocDB/ShowDocument?docid=3729
http://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/DocDB/ShowDocument?docid=3606
EMMWMW“
NOTE : we don’t have any manuals, though.

D EBOD DL

If you have any problems, please contact me :
yoshinori.fujii AT nao.ac.jp

19

i ELiTES 4th general meeting on 2nd December, 2015 E

N
C_ ’ THE UNIVERSITY OF TOKYO [l 83%ena) Sotropgmice:



Thank you for your attention.
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Back up
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Water is now preparing to spring,,,?

4
Last year,,, Q
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< Modeling tools : Mechanical model SUMCON in vathematica

spension odel  structor

1. Express H 2. Find X, : equilibrium position
U(x) :potential energy al _ o

F (x, X) : dissipation function ax; | x=x,

T (x, x) :kinetic energy (foreach U,F,T)

@) 3. Calculate matrix ﬂ 4. Construct 1

a2l . . .
K:Kij= _ : stiffness matrix Linearized Eq of motion
dxi0xj| X=Xe

92 Kx+Cx+Kx—x,)=f

C:Cij=——|._ : damping matrix
0x;0xj| ¥=Xe f : external force
M M .. aZT o t. t - ° ° ° °
Ml = Sran;| x=x,  inertiamatrix Assuming the vibration is small

7 _ so that we can linearize the system
Am RATRA R ELiTES 4th general meeting on 2nd December, 2015 E

Observatory of Japan
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< Modeling tools : Mechanical model

Transmissivity

N

—
o

d A i FEA x
10 A ; : FEAy
10° E— WLy \ \ FEA z
\] //’ \\ Model x
10" \ RN Model y
\f\\\\\\ Modelz
107} N\
NG
107} b . N
Ny
10 St 1TV
, "\.. ,ﬁ al
10° o =
Y \ /
10‘6 l,‘
107 ‘ ‘
10° 107 10" 10° 10 10

5K ¥
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< Modeling tools : actual servo filters for damping

102 e 103

100 TN .................. .................. ....................... .

101 Lo __________________ ___________________ ___________________ ______ | SerVO filter z 2 _ ________________ ________________ _____________ _____ ] Se rvo filter
1o 333333335 333333335 333333335 333333335 3 For TM OSEM e e oy | FOr GAS filter

Magnitude

90
0

Phase [deg]

'90 H H H H
_180 e v vvd vl
102 101 100 101 102

Frequency [HZ]

Phase [deg]

1073 w02 101 10° 10! 102
Frequency [Hz]

102

Land T —— ; ;
101 H V—_— e e e s 102

Magnitude
Magnitude
S,

Servo filter
For IM OSEM

Servo filter
For IP

Phase [deg]

Phase [deqg]

10-3 102 10" 100 107 10?2

102 101 100 101 102
Frequency [Hz]

Frequency [Hz]

5K AINAO
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< Modeling tools : actual servo filters for damping

Pitch Yaw

Servo filter
for Oplev
(in front of TM)

Phase [deg|

180 b = G i — = - =
10° 107 10 10° 107 10" 10 10
Frequency [Hz] Frequency [Hz]

Transfer function
from TM act. to Oplev

ELiTES 4th general meeting on 2nd December, 2015 E
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or instance,

Modeling tools : Mech

anical model

S U M C ON in Mathematica

spension odel  structor

*

Step 2. Set Connection

2-1

Set Wires

2-2

Set Vertical Springs
2-3

Set Inverted Pendulum
2-4

Set Heat Links

2-5

Set Damper

SUMCON Version:1.32

Step 1. Registrate Rigid Bodies ~

GND Name M [kqg] TIxx [kgm2] Tyy [kgm?2] 1zz [kgm?2] Shape

o g 0 [i] [i] 0 Doughnutly]
FO 554, 97.5 1914 e7.5 Cylinder[y]
MD 18. 0.717 1.493 0.717 Doughnutly]
F1 112.7 4.55 7.87 4.68 TruncatedConely]
F2 106.9 4.01 6.75 4.1 TruncatedConely]
R 83 0.159 0.263 0.17 OpenCuboid[y]
™ 26.1 0.145 0.247 0.187 OpenCuboidly]
RM 13.2 0.19 0.172 0.234 Cylinder(z]
™ 10.7 0.051 0.051 0.083 Cylinder(z]

Name Bodyl Body2 Material L [m] D [mm]
FO-MD-1 FO MD Maraging Steel 0.954903 2.
F0-MD-2 FO MD Maraging Steel 0.954903 2.
F0-MD-32 FO MD Maraging Steel 0.954902 2.
FO-F1-1 FO F1 Maraging Steel 1.27875 4.5
F1-F2-1 F1 F2 Maraging Steel 0.51305 4.5
F2-IR-1 F2 IR Maraging Steel 0.354983 2.
F2-IR-2 F2 IR Maraging Steel 0.354983 2.
F2-IR-3 F2 R Maraging Steel 0.354983 2.
F2-IM-1 F2 ™ Maraging Steel 0.584666 2.5
IM-RM-1 m RM Tungsten 0.586829 0.6
IM-RM-2 m RM Tungsten 0.586829 0.6
M RM Tungsten 0.586829 0.6

IM-RM-3

-

spension odel

New Model

100% =

Model Construction

Structor

Load Model

zg-0.
4 um Point:

0-0. zF0 = 0.
pitchMD = 0. yawMD = 0.
pitchF1 = 0. yawFl = 0.
pitchF2 - 0. yawF2 - 0.
pitchIR - 0. yawlR = 0.
pitchIM = 0. yawIM = 0.
pitchRM = 0. yawRM = 0.
pitchTM = 0.  yawTM - 0.

ON in Mathematica €

@

Save Model

pitchg = 0.

yawF0 = 0.
rollMD - 0.

rollF1 - 0.
rollF2 - 0.
rolllR = 0.
rollIM = 0.

rollRM - 0.
rollTM - 0.

SUMCON Version:1.32

About SUMCON

Version Info

TypeB1¥150723_TypeB1_Proto.m

Calculation Result | Export Model

lodel Basic Information

Degrees of Freedom:
45 State Variables
Input Variables
Float Variables

yawg - 0.

xMD = 0.
xF1=0.
xF2 = 0.
xIR = 0.
xIM = 0.
xRM = 0.
XTM = 0.
hGASD - 0.

rollg = 0.

yMD = -0.572
YF1 = -0.665
YF2 -+ -1.1984
IR - -1.6036
yIM = -1.7699
YRM = -2.3569
YTM = -2.3569
hGASL - 0.

mpacUUTxg L1 y9 o L) 4 L) P L] yawg
Output: [  xFo O =zF0 [0  yawFo O
[0 pitchMD O  yawMD O  roliMD (]
[0 pitchsF1 [0 yawsF1 O  rolisF1 O
[0  pitchsFz [ yawsF2 O  rolisF2 ]
[0 pitchsF3 [0 yawsF3 O  rolisF3 O
[ pitchBrF []  yawBF [ rolleF O
[]  pitchPF [ yawpF [ rolpF (m]
[0 pitchRMaric  []  yawRMarie []  rolRMaric  []
[]  pitchMario [ yawMario [ rolMario (m]
[  pitchIRM [J  yawIRM [0 rollIRM O
[0 pitchim O yawiM O roliim (]
[ pitchRM ] yawRM [0 rollRm O
O  pitchM O  yawTM O rolm™
0.01 - 100. Step: 1001

Frequency [Hz]

SUMCON Version:1.32

L1 Uy AU SEISIIC Specrun Fioy
XMD J  yMp 0 zvp
XSFL O ysF O =zsF
XSF2 O ysF2 O zsF2
xSF2 [ ysF [ =sr2
XBF O yeF O zF
xPF O yeF O =
xRMario  []  yRMario []  zRMario
*xMario [ yMarie [ zMarie
XIRM [0 yIRM [0 zIRM
XxIM O yM O zm
XRM O yrR™ O =M
XTM O ym O =z
Logarithmic  []  Linear
nad ot
Show Legend
{0.01,100.) A
{1.x107°, 100} A
] Seismic zg Line Sty
[ [ZTwfrom zg Line 5t
[ [Seismicyg Line 5t
[0 [yi™fromyg Line st
< >
Sum  xFactorl Tnverse  Multiply  Rv

Cy

PN
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P

BS SAS proto : OSEM Shadow sensor & Coil-magnet actuator unit

Top Filter [ A
::::: Inverted
Pendulum
Standard Filter - f
Coil-magnet
actuator J
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Type B @ fh# Eb @ simulation

Control noise coupling during observation phase

37 1o | e OSEM noise
10°° RS A GAS control noise H

AN top control noise

: 1 i | e With control total
: o : | w—No control

: I 1| ===—BS reguirrment

10"

Magnitude [m/rtHz] or [m/sec]

10° 10 10 10’ 10°

Buxws

C et
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