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Large disturbances

Requirements

1. Calm-down phase

Requirement:
- Decay time <1 min.

Settled

2. Lock-acquisition phase

Requirement:
- RMS mirror velocity £ 1 um/s
- RMS mirror angle £ 1 urad

Interferometer
locked

3. Observation phase

Requirement:
- Low control noise at >10 Hz

7
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Top Filter (TF)
Filter0 (FO)
Pre-Isolator
Type B Inverted Pendulum (IP) .- e
suspensions ~ e
- BS
Magnetic Damper (MD)
Standard Filter (SF
- SR2 S0
GAS Filter
e SR3 Chain
Bottom Filter (BF)
« SRM -
Intermediate Recoil Mass (IRM)
Intermediate Mass (IM)
Payload

Recoil Mass (RM)
Mirror (SR)
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Type B model in SUMCON

SUMCON Version:1.4

S UM CGN in Muathematica Q About SUMCON Version Info m

spension odel  struchor )
[

New Maodel Load Maodel Save Model TypeB_SEM_GAS_freq_IP_new_stiff_updated_20190209.m

Model Construction | Calculation Result | Export Model kel

odel Basic Information

Degrees of Freedom:
45 State Variables
6 Input Variables
3 Float Variables

Ground Position:
xg =0, yg =0, zg = 0. pitchg = 0. yawg —+ (0, rellg =10,

Equilibrium Point:

xF0 =10, zF0 = 0. yawF0 = 0. *MD = 0. yMD =+ -05719  zMD = 0.
pitchMD = 0. yawMD = 0, raliMD -0, xF1 =10, yF1 = —0.6652 zFl =10,
pitchFl = 0. yawFl = 0. rollFl =0, xF2 =10, yF2 = -1.2054 k2 = 0.
pitchF2 - 0, yawF2 =0, rollF2 = 0. «R =10, yIR = -1.708 R - 0.
pitchIR = 0. yawlR — 0. rollIR =10, M = 0, yIM = -1.7841 M = 0.
pitchIM — 0, yawlh =10, rolliid — 0. *RM =10, yRM = -2.3709 zRM - 10,
pitchRM — 0, yawRM - 0. rallRM — 0. XM =0, yTM — —2.3686 ZTM = 0,
pitch T —= 0, yawTM - 0. rellTh = 0. hiGASD - 0. hiGASL = 0. hiGAS2 =0,
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Type B eigenmodes

0.054Hz More 0.146Hz Maore 0.17Hz Maore 0.297Hz More 0.313Hz More 0.315Hz Mare
| |11 L1 Tl 1| |
0.352Hz Maore

:

0.383Hz Maore 0.384Hz Mare 0.544Hz Maore

5

And more...




Type B eigenmodes (Individually)

#1 Wire torsion #2, 3 IP Translation #7 IP Rotation
(0.054 Hz) (0.063 Hz) (0.31 Hz)




Cross-coupling on the IP stage

Unlike the ideal system, the
suspensions exhibit cross-coupling #2, 3 IP Translation #7 IP Rotation
in their stages. It is necessary to (0.063 Hz) (0.31 Hz)

decouple the DoFs.
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IP frequency tuning

But first...
Add mass on the IP table to get a

lower resonant frequency.
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Sensors and actuators of the IP at different positions 0
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Safety band for diagonalization

Useful gap for

Eigenmode list of SRM. - diagona"zation_
. /
4
#9 | 11705 | PF2 LIR PIR, LIM, PIM, LRM, PRM, LTM. /| M pendutum
#0 |12328 | PF2 RF2 TIR.LIR, PIR RIR. / F2 pitch roll
#1 12341 | PF2,RF2, TIR.LIR, PIR, RIR. / F2 pitch roll
#32 [ 13749 | YIM YRM, YTM. / ™ yaw
#33 | 15218 | TF1.LF1, PF1, RF1, TF2, LF2, PF2, RF2, Tw. PIR,RIR, TIM, LIM. | pendulum
#34 165251 TF1 I F1 PF1 BFE4 _TFE2 LE2 BET B = = pendulum
—— ——
#35 | 50066 | PIM. PRM. RM pitch
#36 | 116134 | VIM VRM, VTM. M vertical
#37 | 159279 | RRM.RTM. ™ roll
#38 | 49.4722 | VIM, VRM. IM vertical
#39 | 520648 | VMD. MD vertical
#40 | 524298 | PMD. MD pitch
#41 | 524634 | RMD. MD rol
#12 | 659552 | RIM. RRM. IM roll
= 11

7777
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IP sensor/actuator diagonalization

e i el

LVDTs ADC calibratiof |\ o¢ iy sensor  servo coil .. DAC yoice-coil
> blending  filter / matrix ROIAMZAtON M o0t ators
LVDT-2 e > x
&> S L 1 re Hi— >
(wor3)}+ - — 1 I
Geo- iBH— R HLs A } [ »[aci2)
phones I
- r {50 > )
1/sH(s) —> S 1 _ '\/
N (G virtual virtual

— _ sensor actuator —

signals signals

Measure the motion of the IP stage when injecting a signal at a
single frequency within the 'safety band' at each coil, using the
sensing matrix.

Get the TF coefficients for each DoF and compute the TF
coefficients matrix. Use the inverse of this matrix as the new coil

matrix.

12
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Magnitude [dB]

Phase [deg]

Transfer functions of the system

SRM IP Longitudinal

0

—20 7

_4(] -
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=20 1

—40 1

—60

—80 1

=100 7

—120 7

Measured TF
—— TF Fitting

10~
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=50 1

=100 A
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Measured TF
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Frequency[Hz]

101

Magnitude [dB]

Phase [deg]

SRM IP Yaw
_2(] -
_40 .
_60 -
_80 .
—100 1
Measured TF
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—120 1
T T T T
102 101 100 101
150
100
50 1
0_
—50 1
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T T T T
102 101 10° 101

Frequency[Hz]

IP stage ZPK fitting to help with the design of active filters.
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Magnitude [dB]

Phase [deg]

Transfer functions of the system

SRM FO GAS filter
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GAS Filter Chain ZPK fitting to help with the design of active filters.14
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Magnitude [dB]

Magnitude [dB]

Transfer functions of the system

SRM IM Longitudinal

-20
—40 1
—60 1
—80 1
—100
—120
_140 - Measured TF
—— TF Fitting
T T T T T
102 101 100 101 102
SRM IM Transverse
_20 .
—40 1
—60 1
_80 .
—100 -
—120
~140 - Measured TF
—— TF Fitting
T T T T T
102 101 100 101 102

Magnitude [dB]

Magnitude [dB]

SRM IM Pitch

20
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—— TF Fitting

T T T T T
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SRM IM Vertical

—20 7

—40

—60

—80 7

=100 T

—120 T

=140 T

—160 1

Magnitude [dB]

Measured TF
—— TF Fitting

102 1071 100 101 102

SRM IM Roll

20+

—20 1

—40

—60

—80 T

—100 A

Measured TF
—— TF Fitting

T T T T T
10~2 101 100 101 102
SRM IM Yaw

—20 7

—40

—60 T

—80 T

—100 +

—120 -

Measured TF
—— TF Fitting

10~2 101 100 101 102

IM stage ZPK fitting to help with the design of active filters.
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Transfer functions of the system

SR Mirror Pitch SR Mirror Yaw
0 . 07
-20 —207
—40 —40 1
=) =)
2 _60 Z  —60
9 5
2 -80- 2 —801
- -
o on
T —100 T T o_ 4
2 = -100
—120 T ~1201
—1404 ° Measured TF Measured TF
—— TF Fitting —140 1 — TF Fitting
=160 t—— e £ FRH ks - —HH — — —
1072 101 100 10! 102 102 1071 10° 101 102
0 .
150
—50 1
100 |
—100 T
§ | g, 50 T
S —150 S
1] [10]) 0
@ —200 - i
' & -50-
—250 A
—100 T
—300 T
Measured TF _150 4 Measured TF
—350 17 — TF Fitting — TF Fitting
H i HHH i FHH e H - - -
1072 101 100 10! 102 102 1071 10° 101! 102
Frequency[Hz] Frequency[Hz]

Mirror stage ZPK fitting to help with the design of active filters.
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Damping of the modes stage by stage

Payload servo I(

GAS servo |<

IP servo I(

disp. sensor

seismometer

Payload

disp. sensor

disp. sensor

-

optical lever

Sensors used at
each stage and its
active filter control.

17
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Damping of the modes stage by stage

IP Control-------=--==-===-=-=----- i Payload Control ToTTTTTTTTTIS
1 : 1 amp 1
[ Pvor [ LTV DC*Damp - 1@7@_ i
: _\_/\ IP-Actuator : : TV IM-Actuator : .
[ 1P Geo. g a REY ' | Control filters for
PR | _opter . | Calm-down phase.
GAS Control -4 fm ™77 """ X Damp '
i = AN GAS-Actuator E i opter 7y QI_ W-Actuator i
: DC ! :_ _______________________________ :
i F1, F2 _\ i
IP Control---=--==============-- + Payload Control PO
1 1 amp 1
I p. [Ty DC+Damp I 1
5D e o W e L) S ) B e
: IP-Geo. ! : o DC+Dam :
. {EXN ¥ 3 |
Control filters for | --------------------omoomoeooe- s oeter |
Lock-acquisition | SAS Control=---gg--ossmmmemnes i P |
1
phase. i b \ ||I— GAs-Actuator|} | 2PV J——1 N\ M-Actuator]
i 'l !

A
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Damping of the modes stage by stage

- Foton

File Plot Window

ceio | s Insert the ZPK

—Module Selection — Sections — Switching mOdeI Obtai ned
Path: [= Root -] Select | Mutiple - -] -] Input: | -] .

— w — 3| beforein the

. i~ IDC I~ Isusmodel

[ fitter _archive ~ Idamp il IsusmodeIZ Ramp Time: I 0 :I sec fi Ite r ba n k-
gi:::p I Igam r | Tolerance: I i :I
- |_1 - I Timeout; I il :I 580

L“KWESRMTN j il | Transfer function
Module: ISRM_IP_DAMP_L == ————— ————— — — g
20 [ current_out / current_in
—Design 0 )\\J Nﬁ__
oI

.20 = e |
fSample: |2D48 I Hz o = =
i 3 -40 = =
Command:  |zpk([]. [0.0001],1, "n")gain {10000} +=zpk{[0.007;0. 4 % =60 = =
zpk ([0. 0074+1i+0. 184852;0. 0074-1+0.184852;0. 01335 2 .80 = =
0.0133+1i#0. 265667;0. 0133-1+0. 265667;0. 00536923 +18 5 B =
0.0110625+1+0. 530885;0. 0110625-1+0. 530885, 0. 0064 o -100 = —]
[0.00828571+1+0. 0574051;0. 00828571-1i+0. 0574051 ; (] = 120 = =
140 = |
Alternate: zpk ([0. 00739999909905760-1+0. 1848510999943658; 0. = =
0.01335289999998T08+1+0. 2266070000093517;0. 0 -160 = =

0.01330000000001263+1i+0. 2656670000098094 ;0. ( EE s e i R E

o onmocoommosscmmone 7 memomoomonncanas - 107 102 10" 1 10 1

Frequency (Hz) IP Longitudinal open loop TF
T0=06/02/2019 06:37:13 K1VISSRMT.txt
[ [Transfer tunction

= I I Jﬂ; I : cll.lrrle;ﬂl_lnht f curnalnt_inI — Ii =
o A =
Study of closed-loop - R 2
T = -100 |- U =
2 = =
stability based on the - IR ]
@ 200 [ =
loop TF usi I
o - -]
open-loop using a0 -
'Foton’ b i
" = =

10° 102 10" 1 10 1

Frequency (Hz)
T0=06/02/2019 06:37:13 K1VISSRMT.txt
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Damping of the modes stage by stage

SRM IP Longitudinal SRM IP Transverse SRM IP Yaw
14 100 5
10 101 4
04
—_- 10 — 107 R AT Y b
e o “gnaatads b e 2 e = 1013 T TNTNVMRSeg-----Coolzz
S S S
Z 10-14 2 2
FRCE e E e ol 'E 1071 ghEoisssomsroiioaitotd s PR R s s et =
o e o I o
10-2 Control off S Control off 10 Control off
RMS control off 10 RMS control off ‘ RMS control off :
—+— Control on : —s— Control on 1 —s— Control on 1
10~3 § =—- RMS control on ! 10-34 ——~ RMS control on : 10-3 - === RMS control on :
1072 101 100 10! 1072 101 10" 10! 1072 101 10" 10!
Frequency [Hz] Frequency [Hz] Frequency [Hz]
SR Mirror Pitch SR Mirror Yaw
10?2 3
102 § . .gn
Only IP stage with position
10! 5 1]
107 geeas t control on.
o - — g a8
- 10 L 10° £HEESES "'“;"'"““".":
%;s 1071 g § i
2 2 10711 Angular fluctation of SRM.
o o n
£ 10724 g 2] Pitch: 10.3prad --> 1.17prad.
Control off Control off
1073 4 RMS control off 10-3 - RMS control off YaW: 24-4“ rad --> 1 -1 Sprad .
—+— Control on ¢ Control on !
10-% 4 ——- RMS control on : 1044 """ RMS control on 1
1072 101 100 10! 1072 101 10° 101
Frequency [Hz] Frequency [Hz]
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Magnitude [-] Magnitude [-]

Magnitude [-]

Damping of the modes stage by stage

SRM IM Longitudinal

10-1 §
10-2 4
1073 4
104 4

1075 3

Control off
RMS control off
Control on

RMS control an |

T T T T
10-1 10°
Frequency [Hz]

SRM IM Transverse

10°
10—1 E
10—2 p
10—3 p
10—4 -
10—5 -

Control off
RMS control off
Control on

RMS control on

T T T T
10-1 10°
Frequency [Hz]

SR Mirror Pitch

10! 1

10—1 4

10~

Control off
RMS control off
—— Control on

=== RMS control on

T T T T
102 10-1 10°
Frequency [Hz]

Magnitude [-] Magnitude [-]

Magnitude [-]

SRM IM Pitch

Magnitude [-]

Magnitude [-]

107 1 \
10-2 - Control off 7 PR—ge L
RMS control off
—— Control on
107* 7 --- RMS control on !
T T T T
102 101 100 101
Frequency [Hz]
. SRM IM Vertical
10
1071 1 \
10-3 1 Control off | PR—gaaaoao
RMS control off
; —— Control on
107 7 ==~ RMS control on |
T T T T
10-2 10-1 107 101
Frequency [Hz]
SR Mirror Yaw
10! 1
Lt
10-1 - Control off
RMS control off
10-7 - * Control on

=== RMS control on i

T T T T
10-2 10-1 107
Frequency [Hz]

SRM IM Roll
lOD -
10-1 4
102 3 Control off
10-3 1 RMS control off
—— Control on
10~* 3 —=- RMS control on
T T T '
10-2 10-1 100 101
Frequency [Hz]
SRM IM Yaw
107 §
10713 ——o ———
10-2 4 Control off
_3 RMS control off
10 —— Control on
10-4 4§ ——- RMS control on

T T T T
102 10-1 100
Frequency [Hz]

IP and IM stage with
controls on.

Angular fluctation of SRM.
Pitch: 10.3urad --> 3.3urad.
Yaw: 24.4purad --> 0.4purad.
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Damping of the torsion mode (#1)

#1 Wire
torsion
(0.054 Hz) FO N-pole S-pole
P — H u
[ 1|
— 1 Eddy current
damper

F1
Conductive
plate

| Lower Stages

High quality factor. Long decay time.

Torsion mode is passively damped by the
eddy current damper.

22
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Damping of the torsion mode (#1)

Y Adjust the height of the
MD by lifting the rods.

h
T

Change distance between
MD ring and SF to tune the
damping for this mode.

Measure motion of the
mirror with the optical
lever.

23
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Damping of the Torsion mode (SR3)

Torsion mode of SR3

-—- mode # 1
60 —— decay time mode # 1
fitting mode # 1 Decay time <60[S]
407 Freq. Simulation:
0.054 [Hz]
E 20 ~
= Freq. Measured:
§ m\\xhﬁ_ 0.055 [Hz]
E 0- AAA N‘ﬁ. AN AN
S
_2{] =
_4{] -
tIII 2I5 5:[]' Tr‘l'j l[I}D ll; 5 lSID lTIr‘E
Time [5]
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Meeting the requirements

1. Calm-down phase

Requirement:
- Decay time <1 min.

Angular fluctation of SRM.
Pitch: 10.3prad --> 1.17prad.
Yaw: 24.4purad --> 1.18urad.

4

Angular fluctation of SRM.
Pitch: 10.3prad --> 3.3purad.
Yaw: 24.4purad --> 0.4purad.

Settled

f2. Lock-acquisition phase

Requirement:
- RMS mirror velocity £ 1 um/s
- RMS mirror angle £ 1 urad

Large disturbances

Interferometer
locked

3. Observation phase

Requirement:
- Low control noise at >10 Hz

We need to work in the tuning of the controls.

But we have also other urgent problems...

25
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Problems: Glitches

Glitches found at ETMY, BS and, later on, SR3.

| Time series |

LN L N S S . . L
: K1:VIS-SRI_IM_DAMP_V_IN1

klog6012

klog6062

Different sources:
HP Coil Drivers, Satellite
amplifiers, DAC...

\

“\

f
f

uuuuuuu

The glitch only appears in the
current monitor at SA#2 IM-II1

1
/
!

!
i

KCurrcnt monitor for IM-H1 OSEM at SA#2.
Read at Kl:IOP-SRBiMADcﬂiEP:C57CH24.

1
I(
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DAC Glitches

Glitches found at ETMY. klog4072

MAX Trend from 18-01-30-23-00-01 to 18-01-31-00-00-00 G | |tCh es are a common i ssue
e Ch 3: KI:VIS-ETMY BF DAMP ¥ IN1_DQ Ch 6: KI:VIS-ETMY_BF_COILOUTF_H3_OUTPUT - -
in high speed D/A converters.

I | “ | | I | l | | | ll : o R R b ._‘- .
o NI T E Some causes:

Ch 2: KI:VIS-ETMY_TM_OPLEV_TILT_YAW_OUT_DQ Ch 5: KI-VIS-ETMY_BF_COILOUTF_H?_OUTPUT (] Tl mesS kew betwee n b | ts Of
2000
| ] -
' | | incoming data.
g = ' I
8| oo . 8| 1000 PLIY | IRV RPUPRPARUIY TTOPTY FRVTTRITTN PV DOPTROI . m 1 -
= =] T L] LIV
s " | * Major- carry transition of
- ‘ bit
MWIEO01-30 2245 00 MNRO1-30 302 24 0IE-01-30 23 16 &8 MNED1-I073 3112 MIE01-30 2345 36 MIR01-31 000000 MIR-01-30 1243 00 MWISO1-302502 2 3018013023 M6 45 WIE01-3023.31 12 ME01-30 73 45 %6 M01E-01-31 00-0000 | I S.
Ch I: KI:VIS-ETMY_TM_OPLEV_TILT_PIT_OUT_DQ Ch 4: K1:VIS-ETMY_BF_COILOUTF_HI_OUTPUT
— - _. - -
Glitch-impulse
40 n " " n
s Area, G, * Timing difference in the
§ 7 Voltage (V) . .
g | 4 pe operation of the switches of
i ]

" | the internal architecture.

MIE-O1-3 224500 2018-001-30 7302 24 MNE-01-30 2316 48 0IE4-

Code: 8000

Code: 7TFFF

ti;ne (s)

Glitch-impulse = G,

27
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Splitting real-time model of BS and SRM

Preventive measures:
Splitting and down-sampling
of the model.

SRM RTM
rate: 16K

|P stage

*GAS filter
chain

IM stage
*TM stage

*BIO

Study other solutions if
necessary...

KAGRA SRM top stage Model

Sample rate: 2K

ADCO
type-GSC_16AI64SSA

site=K1

rate=2 card_num=0

deuid=58 cdsAdc
host=k1s|
ific_cp

dcSlave=1 '

rame

KAGRA SRM Payload Model

Sample rate: 2K

-
2
ADCO

< type-GSC_16AI64SSA

site=K1

rate=2K card_num=0

deuid=59 cdsAdc

host=k1srm
pecific_cp
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KAGRA Future Work NAC)

C— Sbecrintons of Japen

Hardware Controls
 Debug remote switch  Implement IP stage inertial

for stepper motor damping (geophone).

drivers.

* Revisit optical lever and

* Revisit length sensing GAS filter controls.

oplev.

« Coupling cancellation
filters for payload.

Characterization

* Sort out Guardian for
. |M stage Type B suspensions.

diagonalization. _
Real time model

* Include signal from

Geophones. * Split the models of SR2 and

SR3 suspensions.
29
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m EnEve

e ‘['
L_/ National Astronomical
Observatory of Japan

Thank you!
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Extras
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Analog-Digital diagram

OSEM : : Input Matrix
| ED/PD Electronics Pre-filter Tearstormation

Digital Control
World Filters

Output Matrix

Electronics Post-filter :
Transformation

th - . /v/'// 7
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GAS (Geometric anti-spring) filter

(1) Blades.

(2) Blade attachment to the base.

(3) Keystone.

(4) Upper rod supporting the weight to
the GAS filter and the mass below it.

(5) Lower rod connected to the lower
stage (It moves the Keystone).

(6) LVDT (it measures the displacement
of the Keystone).

(7) Coil magnet actuator.

(8) Magic wand (to improve the
saturation value of isolation)

(9) Fishing rod (to move the Keystone).

(10) Locking system screws.

33
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IM OSEMs and TM coil actuators

6 OSEMs at the IM stage

%j. e - J % i ;F o« (Sensor and actuator).
|| (& B L L] - & — 8

4 Coil actuators
at the Optics stage.
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IM stage and OSEMs

— OSEM flag

Moving mass

Picomotor

OSEM: Optical Sensor
and Electro Magnetic actuator.

Wirre _
suspension point

Hight adjuster

actuator coil
magnet

flag

Attached to
Test mass body

LED Attached to
recoill mass body 35
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