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Introduction

Control system setup

The control system has been designed using a hierarchical strategy regulated
by the dynamic range of the actuators.

= 23 Coil Magnet Actuators in 3 points (actuation stages) of the SA:
- Filter 0:

Large displacements (hundreds of microns) for f<10 mHz.
- Filter 7 + Marionette:

Small payload displacements (1 micron) in the 10 mHz<f<
- Filter 7 + Mirror:

Small residual mirror displacements (a few nm), fo

= >20 Local Sensors
- Accelerometers

- 4 Displacements Sensors (LVDT:
- 6 Displacements Sensors on Fi
- Optical Readout of Marione

= Digital Control syste
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Introduction
Control system setup

On long superattenuators (BS, NI, NE, WI, WE, PR, SR) are installed:

FO

» 18 LVDTs of 3 different types
* 9 Vertical LVDTs (FO — F7 Crossbar, Bottom Ring)
* 3 FO Horizontal LVDT IP
*6 F7 LVDTs

» 5 Accelerometers of 2 different types installed on FO: F1
* 3 Horizontal Accs
« 2 Vertical Accs

F2

« 23 Coils of 4 different types
* 5 FO Coils
* 6 F7 Coils
» 8 Marionette coils
* 4 Mirror coils

* 3 Piezos on bottom ring ( )

* 21 Motors
* 1 Top screw FO vertical motor
3 FO trolley motors
* 6 Fishing rod motors
» 2 Marionette motors
* 4 F7 motors
* 5 Accelerometer motors
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Introduction
Control system setup

On IB superattenuator are installed:

* 9 LVDTs of 2 different types
6 Vertical LVDTs (FO, F4, F7 Crossbar, Bottom Ring)
* 3 FO Horizontal LVDT

* 5 Accelerometers of 2 different types installed on FO:
3 Horizontal Accs
* 2 Vertical Accs

» 13 Coils of 2 different types
* 5 FO Coils
* 8 Marionette coils

* 3 Piezos on bottom ring ( )

* 18 Motors
* 1 Top screw FO vertical motor
3 FO trolley motors
+ 3 Fishing rod motors
» 2 Marionette motors
* 4 F7 motors
* 5 Accelerometer motors
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Introduction
Control system setup

On MC superattenuator are installed:

* 9 LVDTs of 2 different types
6 Vertical LVDTs (FO, F4, F7 Crossbar, Bottom Ring)
* 3 FO Horizontal LVDT

* 5 Accelerometers of 2 different types installed on FO:
3 Horizontal Accs
« 2 Vertical Accs

» 17 Coils of 3 different types
* 5 FO Coils
* 8 Marionette Coils
* 4 Mirror Coils

* 3 Piezos on bottom ring ( )

* 19 Motors
* 1 Top screw FO vertical motor
* 3 FO trolley motors
* 4 Fishing rod motors
» 2 Marionette motors
* 4 F7 motors
* 5 Accelerometer motors
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Introduction
Control system setup

On detection (SDB1) superattenuator (OB) are installed:

* 9 LVDTs of 3 different types
6 Vertical LVDTs (FO, F4, F7 Crossbar, Bottom Ring)
* 3 FO Horizontal LVDT

* 5 Accelerometers of 2 different types installed on FO:
3 Horizontal Accs
* 2 Vertical Accs

* 5F0 Coils
* 3 Piezos on bottom ring ( )

* 18 Motors
* 1 Top screw FO vertical motor
3 FO trolley motors
« 3 Fishing rod motors
» 2 Marionette motors
* 4 F7 motors
* 5 Accelerometer motors

Cascina, 30-06-25
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Introduction
Control system setup

10 Vpp, differential I/O

6ch ADC 24bit, up to 3.84 MSPS
6ch DAC 24bit, up to 640 kSPS

Analog and digital parts have been
embedded in a single board.

2 lanes x Gen2 PCle (up to 10 Gbps)

UNK

Gigabit Ethernet - Control
» +» +» Upto 12 modules pe

4 lanes x SRIO (up to
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Introduction

Control system setup
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Introduction
Control system setup

= There is a total of 130 DSP boards in SAT, PAY, INJ of 7 alternative configurations
depending on their use:

Installed boards

Piezo

LVDT: digital demodulation of horizontal and vertical LVDTs of FO and F7.

Accelerometer: LVDT digital demodulation and control of the sensing element of both horizontal
and vertical FO accelerometers.

PSD: signal acquisition of mirror (PSDf, PSDi) and marionette (PSDm, PSDt) optical lever PSDs.
Coil Driver p4: the board is equipped with TI OPA544 operational amplifier and is used for FO and
F7 actuation. The opamp is capable of erogating a peak current of 310 mA.

Coil Driver p5: the board is equipped with AD8397 operational amplifier and is used for mir
marionette high power actuation. The opamp is capable of erogating a peak current of 2 /
board type has been produced in limited quantities (20 samples).

Coil Driver p6: the board is equipped with analog shaping filters, TI OPA1612 op
amplifiers and it is used for NE and WE low noise mirror actuation. The opamg
erogating a peak current of 40 mA.

Piezo: driving of bottom ring piezoelectric actuators.

Electronic board name |Installed Boards
LVDT 36

PSD 36

2.3%
Accelerometer

Coil Driver p4 18 14

13.8%

Coil Driver p6

Coil Driver p5 17 13

1.5%

Coil Driver p5

Coil Driver p6 2 2
Accelerometer 18

13.1%

Coil Driver p4

Piezo 3

13.8%

VIR-0XYZA-24
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Introduction

Control system setup
* A total of 14 boards, each one equipped with an 8-core TMS320C6678 DSP, are connected to each

long suspension: Fﬁ
RTPC

Sa_XX

Slot 1
Slot 2
Slot 4
Slot 5
Slot 7

H=—= Slot 11

-

RO LS VAccs FO Coils HAccs

VLVDTs FO VLVDT

RapidlO

RTPC

Slot 1
Slot 2

g

PSDf PSDm PSL
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Introduction
Control system setup

SA control is an extremely complex system:
» 130 DSP boards are installed on BPC, BS, IB, MC, PR, NI, NE, WI, WE, SR, OB
+ 185 control code files are running at the same time on the DSP cores at 10 kHz (IP, F7, LC controls), 40 kHz
(Global signals oversampling) and 320 kHz (Digital demodulation of sensors)

« All the DSP software (code, generated assembler and binaries) is archived in an SVN repo that can be b
https://svn.eqo-gw.it/svn/satsw/DSPCode Adv/

02 SOFTWARE MaPp
SA BOARD IP CONMNECTED DEVICES SOFTWARE RUNMING {Cored, 10 kHz) SOFTWARE RUNMING (Corel, 320 kHz) |
EFC 172162104  FID JéingoDen/T/05PCode_Adv/BPC/ERC_PID
EFC 172162141  FIED JéingoDey/Ta/05PCode_Adv/BPC/ERC_D
Sm_ES ATLIELED ER LVDT: FeingoDey fo/DSPCooe_Ady/BS/LVDT/ES_MASTER fvirgnDew/sa/DSPCoGe_Adv/B5LVDT/ES_BR_LVDT_Demod
Sm_ES ATLIEZI3 FO LVDT: feingoDeyfEa/DSPCoge_Ady/B5/LVDT/ES_LVDT_HE_SRIO fvirgnDey,/sa/DEPCoce_sdv/B5/LVDT/BS_LWDT_HGZ
Sm B 17218232 FO VArcs AingoiDen=a/D5PCode_Adv85/Accs/BS_vAr:_LOG virgnDew,'Sa/DSPCode_Adv/B5/Arcs/BS_wArc_Demod
Sm B 17218233 F Coils JvingoDen =/ D5PCode_Adv, 85, InestisiDamping/B3_|D_Ding
S8_B5 472462433  FOHAoo FvingoleySa/DSPCode_Adv/B5/ Aces/BS_Acs LS fvirgnDew/Sa/D5PCode_Adv/B5/A0cs/BS_Acc_Demod
Sm_ES ATLIEZ N2 F1-F7 WLVDTs FeingoDay foa/DSPCoce_Ay/8S/LVDT/ES_VLVDT_SRID fvirgnDey,sa/DEPCode_sdy/B5/LVDT/BS_VLVDT
sc_BS ATLAELED FsD FeingoDayfey/DSPCooe_Adv/BE/LC/ES PSDF
ScBS 172462408 FID JingoDen=a/D5PCode_Amv/85/L0/ES_PSDm
SCBS 472462440  PSD IvingoiDen/Sa/D5SPCode_Arv/B5/LL/ES_PSDR
Sc_BS 47245284 P3D IvingoenSa/D5PCode_Amv/85/L0/ES_PSDI
SCES 472462181  MIR, MAR Coik [vingoDev/sa/DSPCode_Av/BE/LL/ES_Mir
SCBS 172162179  MAR Coils AvingoiDen=a/D5PCode_Amv/85/L0/ES_Mar
ScBS  17216213%  F7LWDT AingoDen =/ DSPCode_Adv/85/IVDT/BS_F7_LWDT /virgnDew/'Sa/DSPCDGe_Adv/85/LVDT/BS_F7_LVDT_Demod
Sc_BS 472462420  F7Coils IvingoiDenSa/DSPCode_Amv/B5/F7/B5_F7_CD
sa_iE 17116228 ER LVDT: [ingoDeysa/DSPCode_Av/iB/LVDT/IE_MASTER /virgnDew/'sa/DEPCoGe_Adv/I8/LVDT/IE_BR_LVDT_Demod
Sa_i8 172162130  FO, F4, F7 VDTS AvingoiDen=a/D5PCode_Amv/I8/LVDT/IB_LVDT /virgnDew,'5a/DSPCode_Ady/IS/LVDT/IE_LVDT_Demod
Sa_i8 1721625 FO VArcs AingoiDenf=a/D5PCode_Amv/IB/Acrs/IB_wAr:_LOG virgnDew/'5a/DSPCode_Adv/18/ AccsIE_wAcr_Demod
] 17246244  FOCoils fvingeDe/Sa/D5PCode_Adv/18/ inertimiDemping/15_|D_Ding
sa_iE 17216223 FO Hacz: [ingoDeysa/D5PCode_Adv/iB/Acs/IE_Acc_ LOG /virgnDew/'sa/DEPCoGe_Adv/18/Accs/IE_ACc_Demod
sc_lE 171162118 FED [vingoDev/sa/DSPCode_Av/iE/LC/E_PSDY
5B 17246285 FiD JvingoiDen=a/D5PCode_Adv18/LCNE_PSDi
5B 172162107  FiD JingoiDen=a/D5PCode_Advi8/LC/E_PSDE
5c_IE 172462473 MAR Coils IvingoienSa/D5PCode_Arv/IB/LCNS_Mard
Sc_lE 171162174 MAR Coils [ingoeysa/D5PCode_Adv/IE/LCE_Mar2
Sa_MC 172162138  BRLWDT: FingoiDenSa/D5PCode_AdvWMC/LVDT/MC_MASTER /virgnDew/'5a/DEPCDGe_Adv/MC/LVDT/MC_ER_LVDT_Demod
So_MC 1721629 FD, F2, F7 LVDTs FingoleySa/DSPCode_Adv/MO/LVET/MC_LVDT fvirgnDew/Sa/D5PCode_Adv/MC/LVDT/MC_LVDT_Demod
So_MC 172462398  FOVADS FvingoDenSa/D5PCode_Adv ML/ Aocs/ME_vAc:_LOG fvirgnDew/Sa/DSPCode_Adv/ M/ Ancs /WC_vAre_Demod
SE_MC 171162103  FOCoils [ingoeysa/DSPCode AWM/ nertisiDamping MC_ID_Dizg
Sa_MC 17218214 FO Haoos FingoiDenEa/D5SPCode_Adv MG/ Accs/ME_Acc_LOS /virgnDew;5a/DEPCDGe_Adv/MC/ Arcs /MIC_Acc_ Demod
Sa_MC 17216210  FIEOD FingoiDenSaDSPCode_ Ay MG/ Tt Fiezo_Test
Sc_MC 472462404 PSD IvingoiDenSa/DSPCode_Av/MCILLME_PSDT
Sc_MC 172462468 P3O IvingoiDen/Sa/DSPCode_Av/MO/LLME_PSDi
SC_MC 17116288 FiD [ingoDeysa/DSPCode_Alv/MGILL/MC_FSOTY
SC_MC 172162405  F3D FingoiDen S D5SPCode_AvMC/LCMC_FSOTI
SC_MC 172162171 MAR Coils FingoiDen S DSPCode_AvMC/LCMC_Marl
SCMC 172162172 MAR Coils FeingoDeyfSa/DSPCooe_Atv/MOILCME_Mar2
SC_MC 172162176  MIR Coil [ingoDensa/DSPCode_Alv/MCILLME_Mir
Sm_ME 17218237 ER LWDTs FingoiDenSa/D5SPCode_Adv,NE/LVDT/NE_MASTER /virgnDew,5a/DSPCoGe_Adv/NE/LVDT/NE_BR_LVDT_Demod
Sa_ME 17216240 FO LVDTs FingoiDen S DSPCode_AdvNE,LVDT/NE_LVDT /virgnDew,5a/DEPCode_Adv/NE/LVDT/NE_LVDT Demod
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Sensors
LVDTs

» There are 18 LVDTs installed on long tower suspensions of 3 different types
* 9 Vertical LVDTs (FO — F7 Crossbar, Bottom Ring)
* 3 FO Horizontal LVDT
*6 F7 LVDTs

* Each sensors have been characterized and calibrated

* All the LVDTs are operated using a digital demodulation scheme at 320 kHz sampling frequency:

Level: Top Level: Top : : .
Virgo Inertial damping on [ 172.16.2.14 ] ’3 Virgo Inertial damping on [ 172.16.2.14 ]

Hardware implementation Hardware implementation

(1]
(1]

Filename ¢ Gname cy When Input Output Filename GUARD  Ga @Frequ

NULL MIX nnl_cos
NULL 3 MIX nm2_sin
NLILL 1 MIX nm2_cos
NULL ! 3 MIX mm3_sin
NULL 1 MIX nn3_cos
mnd_sin
nmd_cos
mm7_sin
nn7_cos

1vdt3 cos
lvdt4
lvdta_cos
lvdt7
lvdt7_cos

mod_sin7 1 )

o 5 Low pass ouput filter

DAC2 NULL S

pecs MAL 3 (5th order Butterworth at 1 kHz)
DACS NULL 5

mnl_sin mix_sinl

VIR-0XYZA-24




Sensors

Accelerometers

 There is a total of 5 Accelerometer (Accs) installed on the suspension FO of 2 different types
3 Horizontal Accs
« 2 Vertical Accs

» A model of the sensor mechanics and its disturbances has been developed in order to desigr
Kalman estimator and the controller.

L X

To Workspace3

A

y(n)=Cx(n)+Du(n) =~ 1
Ik(n+1)=Ax(n)+Bu(nf "\ El_, y(n)=Cx(n)+Du(n)
- - [x(n+1)=Ax{n)+Bu(n >
AccModel

i;

Band-Limited
White Noise1

Kest Selector Gain

Band-Limited Gain1

White Noise Kalman filter

1 y
—P = +)
s

Selector!  Transfer Fcn

—>

4

Step Gain2
{["1 +4

Sine Wave
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Inertial Damping

Overview

* Two loops based on traditional sensor blending are currently used to control IP motion:

Horizontal Inertial Damping (ty, X, z)

6 x 3 plant matrix:
(3 LVDTs + 3 Accelerometers) x 3 Coils
on filter O

3 x 3 Diagonalized Control matrix

Drriving

elle5_num

elleS_denl

eliel

elle5_num

)

LVDT Sensing

EIIES_denl

elle2

elle5_num

num
den

AccRespl

elleS_denI

P

Vertical Inertial Damping (y)

3 x 2 control matrix:

(1 LVDTs + 2 Accelerometers) x 2 Coils

on filter O

1 x 2 Diagonalized Control matrix

numis)

accasb_den|
acca

nurmis)

accas_den|
accal

nurmis)

accas_den

Laccae )

Integrator2

elle5_num

\/

LWDT Sensing

Diriving

x' = Ax+Bu
y = Cx+Dy

Plant

num

den

AccRespl

elleS den

el

numl
denl

PD_y

numis)

accas_den
accal

Integrator

Cascina, 30-06-25
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Two Accelerometer-LVDT blending filters are used (High Pass for Accs and Low Pass for LVDTSs)

Inertial Damping

Standard Blending

» 75 mHz crossover frequency used for standard operation

* 90 mHz crossover frequency for robustness (High microseism or windy conditions)

Drriving

Standard Blending filters

elle5_num

eliel

elle5_num

")
elleS_denI \‘

EIIES_denl

LVDT Sensing alla?

elle5_num

elleS_denI

P

numis)

urm

den
AccRespl

num
den

ac(aS_denI
acca

nurmis)

ac(as_denl
accal

AccResp2

num nurmis)

den

accas_denl
T —

AccRespd

PD_ty Integrator2

Cascina, 30-06-25
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Inertial Damping
GIPC

Global Inverted Pendulum Control (GIPC) is a technique already used in VIRGO in which
common and differential error signals are used to control the IP top stage instead of the local
LVDTs and Accelerometers

Using this strategy the crossover frequency of the blending filters can be lowered (20 mHz,
mHz) without losing robustness improving the rejection of microseism.

Accelerometer low-pass filter comparison
107 ¢ - TR O B AR

— 60 mHz
— 30 mHz

:._//// 20 mHz

1072 ¢

1073 F

104 ' ' S ! !
1072 10" 100
Frequency [HZz]
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F7 Control

3 PID Filters are now used for the F7 control of all long suspensions.

F7 Control (tx, ty, tz) el
6 x 6 plant matrix: PO e
6 LVDTs x 6 Coils on the F7 »D—»ﬁéii%ﬂ»b»li b DML L

Diriving Plant Sensing FD F7 ty Integratori
3 x 3 Diagonalized Control Matrix

» Tx and Tz filters are required to damp a 400

Cascina, 30-06-25 VIR-0XYZA-24



Local Control

l—"'x .| numl o1

Local Control (tx, ty, tz) T L | den1 s
i PS0m_tchdar PO txMar Integrator
, X
3 x 8 plant matrix: X [ numz o
3 PSD signals x 8 Coils on Marionette Py i den2 . 1
’ > *ly = Cx+Du FROmLy Ve PD_yMar  Integrator] ’—v
. . g Drivi x .| num3 o 1
3 x 3 Diagonalized Control Matrix e e : o= Mz
PSDt_tzMar FD_tzMar Integrator2
Bang-bang control (Coarse)
PID (Fine)

[ dartailgliay v LDrS : strted by vk on Aug 27 2017 212606 LT
e ————————

V1:S5c_PR_MAR_TX__FFT V1:5¢c_ PR_MAR_TY__FFT V1:S5c PR_MAR_TZ_ FFT

) F : : : ; 7 H R — ; ; g
= B <
0 T S WO R 5 Bo
5 10" 2

2 -2
10 102 10

3
10 102

2 El 2 2 Rl 2 2 El 2
10 10 1 10 l]‘(z] 10 10 1 10 Ag 10 10 1 10 l]‘(z]
1188622155.00 1 Aug 1 2017 11:28:57 UTC de=60.00s nAv:22 1185622155.00 1 Aug 12017 11:28:57 UTC des60.00s nAv:22 1188622155,00  Aug 1 2017 11:28:57 UTC de:60.00s nAv:22
A few nre
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Locking

Three mirror actuation modes are used:
* High power (10 Ohm output resistance) for lock acquisition only
* Low Noise 1 (200 Ohm output resistance + 1st order shaping filter)
* Low Noise 2 (4.6 kOhm output resistance + 1st order shaping filter)

New configuration for O3 NO arrow= No Corr built
—_ mm) = HW Corr switch OFF
pP5 MWWA——@ »= HW Corr switch ON
100
o
T
p5 -VWWH——@ » P6s m—‘—@
100 200 Q .
= HP Locking
- —@ P6s - ) High- —
P5 W — M - —é\é\é\é\{— D) High-Power
2 coils
—
-z
P5 —f\/\/\/\r—/.—@) P6s_ AW\ |M Low-Noise
10Q 2000 ]| 44ko 4 coils -
LN1
[ P6s A\ ———4) High-Power -
P5 —’}Qﬁ\r () - 200 Q 2 coils
o
L ® . B
P5 —mf ” | Low-Noise + R | ™
LN2 S_é\é\é\éf_ 4.4 40 4 coils B

* In the schamatic is not shown an intermediate configuration that allows to insert a resistor at INPUT side to smooth ON/OFF

Cascina, 30-06-25 VIR-0XYZA-24



Supervisor

Supervisor is an important part of the subsystem since it allows to monitor the status of both
and hardware and software and to interact with the DSP from external code such as Python.

SAT Supervising software used in O2 and O3 was based on TANGO. However, it was
extremely complex to maintain and unstable.

The supervisor has been fully re-written by Akis with more functionality, less comple
more stability.

Suspension

Coils SwitchBoxes A CoilsSbwl | A CoilsSbNI | A CoilsSbWE | A CoilsSbNE | A CoilsSbBS
Coils5bSR

DspServeriB A GPS:1435313646 - 2025-06-30 12:12:48: IB Sa_41028 8x810 IB Sa_43130 8x810 IB Sa_31009 8x010 IB Sa_43121 8x018 IB Sa_41623 ox018

Raw Full

Application: ivirgoApp/PySativ3rd/zcripts/PySatDspSrv.py
Host: olserver130.virgo.inin.it Pid: 24675 Process uptime: 447 days and 1h09m07s
[# Configuration: fvirgoData/VirgoOnline/DspServerlB.cfg
[ Log: ivirgoLog/VirgoOnline/DspServerlB/DspServerlB_2024-04-09-09h04m42-UTC.log
Reload Configurafion =~ Run checks  Explain emors | Aclivale DEBUG logging  Activate INFO logging  — Activate WARNING logging

A\ Last most critical alert was: 2025-06-28 07h36m12 UTC Tower IB - Temperature error for DSP #51174: Sensor #1: 62.5 C.

C, Sensor #1: 52.0 C.
C, Sensor #1: 51.0 C.
C.

L Tower IB - Temperature warning for DSP #43130: Sensor #0: 54.08
C Tower IB - Temperature warning for DSP #31009: Sensor #0: 51.5
Tower IB - Temperature warning for DSP #43121: Sensor #0: 50.5
Tower IB - Temperature warning for DSP #41823: Sensor #0: 58.5
Tower IB - Temperature warning for DSP #41828: Sensor #0: 51.0
(i sensor #1: 32.0 C.
5 Sensor #1: 51.8 C.
5
5

Tower IB - Temperature warning for DSP #43130: Sensor #0: 54.
C Tower IB - Temperature warning for DSP #310809: Sensor #8: 51.
C Tower IB - Temperature warning for DSP #43121: Sensor #0: 50.
C Tower IB - Temperature warning for DSP #41023: Sensor #0: 50.

[-K-N-K-N-N-N-K-N-

AAAEA A A

13
13
13
13m4
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Thank you for your attenti
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