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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 - SUMCON'’s main concern
Transfer func.
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< Modeling tools : Mechanical model

S U M C ON in Mathematica

spension odel  structor

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

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

C | J o ig ELITES 4th general meeting on 2nd December, 2015
< ’ THE UNIVERSITY OF TOKYO [ Ngtional Astronomical L



< 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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0.1 [Set x-range] {0.01, 100.} O pitchim O yawM O rolim O xrm O yrw 0O zrm
- 10 [0 pitchRM ] yawRM [0 rollRm O xm O ym O =z
{1.x107"", 100.} O pitchTM O yawTM O relmm
L 0.01
E Frequency:  [0.01 = 100. Step: 1001 Logarithmic ~ []  Linear
g oo 0 R
5 1 New Wi Add Plot [N
= 10 O] [2RM + 2TM ] -FzRM = F2TM Open e Wi O —
10-F Show Legend
o EEmm ooni0) B
10°% I|I {1.x107°, 100} A
0. 0 [Sesmiczg Line sty
[0 [ziMfromzg Line Sty
o 180 O MR
.g %0 O 'yTM from yg Line 51,
2 0
E -00 <
=
—1800 o1 Sum x Factor Inverse Mult]
’ = ! Hide il Show
rearency - : :
Frequency [Hz] Sum  xFactor Inverse  Multiply RN

THE UNIVERSITY OF TOKYO [ Ngtional Astronomical

- NAC)J




< 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 - SUMCON'’s main concern
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

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




< Modeling tools : Active model MATLAR

SIMULINK N OTE
[PaltypeBisimetr] 150729 b [Pa] TypeBiproto b ( \

B IERE e

IM servo filters

for damping

using OSEMs
(displacement sensor)

4

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.)

5K A
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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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Phase

L
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Noise coupling

Q factor

Frequency vs Damping Time
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T
| ® CONTROL OFF
| #® CONTROL ON

Q=1000

PSRRI I B Y ¥ i

Freqd’enc‘\'{ [Hz]

;
10°

5K ¥

THE UNIVERSITY OF TOKYO

NAC)J

National Astronomical
Observatory of Japan




Contents

1 Intro
1 KAGRA / Suspension Configuration /

< Suspension modeling
1 Modeling tools
1 Implementation to BS SAS prototype exp.

ELITES 4th general meeting on 2nd December, 2015

( ’ THE UNIVERSITYOFTOKYO National Astronomicel



< Implementation to BS SAS prototype exp.

13th May, 2015 %
Installation b

Inside
a vacuum

KAGRA SAS for BS, SR ks

b
)

~ D-stage pendulum
Bottom ilter with IP, 3 GAS filters

Intermediate
Mass
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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

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

How were the simulation tools used in the experiment

BELER| e
g
)
&
2
-
Ei
el
®
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® Implementation to BS SAS prototype exp.

Visual part Numerical part

MATLAB
.‘;EG{MQIC'QNH
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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
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< Implementation to BS SAS prototype exp.
Discrepancies

Force / Torque transfer function

e VDT : . - EM coupling
r function from LIM actuator to LM sensor it S Fnction Rode Plot from actVFo to
2 . |Model muasdiENN S Model OSEM : above 5 Hz .
0l m . o1d T ~ |Measurement
3.0  [Measurement | {2 WA ] LVDL: above 50 Hz
&2 ~aa /N R _ _— é
 IM(Usens. /IM(tlact. | YN|| i Topsastvisens. / TopGas(vact. I
I L w0 : - Resonance frequency
8 g9 8 o0 a1
38° o 8" L - Q factor
Q § T . .pe
g° Wl E-%- g Hanging condition
m-lsﬁ ; -| o il N i | &_18(- N R 1 . .
T 1°1i 102 i 10| Asymmetry in IP stiffness
Frequency [Hz]! Frequency [Hz] | Ham noise
- i - i . ST
Correspond to ! Correspond to : wire violin mode
the Model the Model

¥ e Uity or Toxvo ELITES 4th general meeting on 2nd December, 2015 E



< Im Iementatlon to BS SAS prototype exp.
cx)

IM OSEM damgmg servo fllter

1
_g 0 : Measurement 'g 10 p IR [ ool N : ..........................
"3 10 e - e .‘é 100 OO SO OO SOURO o st oo ' ..................... I ..........................
uco 5 %10-1_ __________________________________________________________________________ : _________________________________________ e
S0 : . S, 2 o 1
=0 O\l s Cut- Off : !
AaMitl)sens. ZIM(L)act. - AL - 102 1 1 3
1 [M{Ljsens: / IM(Lac. . - Ty g ’ freql”.lencyT oy "
0 ___ O : _— 180 I I
a0 PR . [ | B . FE . . [r— I
oo | 3 %0 — I
0 — =2 [ 1
8 90 q’ 0 ............................................................................................................................................... ............
- R Ll : 8 g0 Slmulmk model ] P S~ .
e —1 0 2 2 o |Implemented [ I
10 10 10 10 '18(1’0-2 101 10° 1(;1 102 | 103
]
Frequency [HZ] FrequenC! [HZ] .

- Cut-off frequency - Gain | |
- High Q peak at high frequency in simulation 1 > Manually investigated

a -> couldn’t set it at lower frequency.




< 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
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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°

HEERE - |Damping control OFF
""""" Damping control ON

Damping control OFF
| Damping control ON

sEEEEEEEE YRS R

[sec.

>

Damping Time

2 100 Lo Measurement ______________ ____________ § “this mode doesn’t
RNNENEE R S BRR S 10‘210-2 1;-1 12)0 1{-;]1 152 contribute tO
Frequency [Hz] IOCk achiSition.”
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Summary

< 2 modeling tools are used in KAGRA SAS :
- SUMCON for visual confirming » POth tools worked well
- Simulink for numerical confirming in actual system !

< We implemented those tools into actual SAS.

- Mechanical system : Rigid body model can explain actual system at low frequency.

- Control system : servo filters need to be tuned according to actual system,
due to uncertainty of actual Q factor.

Next step

< Continue building the SAS for iKAGRA using these tools.
< Construct current bKAGRA TM SAS model as soon as possible.

sim ELITES 4th general meeting on 2nd December, 2015 E
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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
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Thank you for your attention.
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Back up

% o j( 'ﬂ:& NAS JJd e ELiTES 4th general meeting on 2nd December, 2015 E

C_ ’ THE UNIVERSITY OF TOKYOll 835er &5t erSmmen



Water is now preparmg to sprmg,,,,.

Last year,,, E




< Modeling tools : Mechanical model

S U M C 0 N in Mathematica

spension odel  structor

is 3D rigid body modeling 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

@e ELTES 4th general meeting on 2nd December, 2015 E
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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 RETRA R ELiTES 4th general meeting on 2nd December, 2015

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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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:
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<> 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 E
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< Modeling tools : modeled Force / Torque transfer function

Transfer Function Bode Plot

N Open Loop Gain o T - T — T
10° ; ; . : © 1§ ] —— OSEM_RIM/aciRIM
S S —— OSEM_LIM/ac(LIM : i1 1 ] ——OSEM_PIM/actPIM
L S HEHR OSEM TIM/actTIM OSEM_YIM/actYIM
NS / ” : OSEM_VIM/actVIM 10° ——T . T AR Loilsaaid
10° it PN ] )
. D : ' S z : N ) R
E] & VL N/ R

CARNR R | || Transfer function
| LT,V

Transfer function
For IM OSEM
PRY

Transfer F Bode Pl 0 :
10 e e HEREH IR E —— OSEM_LTM/actLTM
S HHE RS S I LVDT_LFOfactLFO AR RN —— OSEM_PTM/actPTM
EOSERID TR AE OSSN Ol il | =——LVDT_TFOfactTFO HEREH N \ OSEM_YTM/actYTM

LVDT_YF0/actYFO |] o S : R
s 10 B NI

I I~ | Transfer function | Transfer function
47:::: T 0 For FO ::l:;_‘ : - : 511 FOI’ TM
g 1y T L e Y

National Astronomical

Observatory of Japan



< Modeling tools : actual servo filters for damping

102 s g A A 103 ——rmw

LR T T T
F) ——

10" 4 Y — | i i - 10 F1 and F2 —— ‘ ‘ g
\\ - 101 = ................ .......... ............... ..... -

: : ; ; 3 : : : : ;
[0 L S LRI e OO - 2 100 e FR el Fl .

H H : : = : : i i ;
H H H H 8110¢ IR S R SO R e

T Ll .................. ................... ................... ...... . Servo filter = 102 _ ________________ ________________ _____________ _____ i Servo filter

10-3 _ ................ ................ ............... N

o 333333332 333333332 33333333; 33333333@ - | For TM OSEM e e oy | FOr GAS filter

Magnitude

90 90
0
_90 !

0

-90 H H H H
~180 MR R BT AT -;ligg
102 10! 100 101 102 360 L iwwl vvand 40

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

Phase [deg]

Phase [deg]

Frequency [HZ]

102 — 103
Land T ——
1w VT e SU—— 102

Magnitude
Magnitude
S,

Servo filter Servo filter
For IM OSEM p——— T |

-180
270
360 FEETRTITY B TIT R TIT EEETIETIT RS A TITT M

10-3 102 10" 100 107 10?2

Phase [deqg]
[Aa]
=

Frequency [Hz]
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< Modeling tools : actual servo filters for damping

Pitch Yaw

Servo filter

for Oplev
180 180 (in front Of TM)
Transfer function

from TM act. to Oplev

C_ ’ THE UNIVERSITY OF TOKYO



< Modeling tools : Mechanical model SUMCON in vathematica

in the modeling,

Effective bending point Dissipation dilution effects are reflected;

ppen =A 2L pwire,

Ideal spring Real wire

C ’ % 5 j( 'd:& ﬂ IAX _J g 7 " dscm  ELITES 4th general meeting on 2nd December, 2015
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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]
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< BS SAS proto : OSEM Shadow sensor & Coil-magnet actuator unit
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Control noise coupling during observation phase
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