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The superattenuator

s <———— Filter0 \

Suspension wire

Standard filters

Filter 7

(@)

The AdVirgo superattenuator (SA) is a complex mechanical device capable of
providing more than 10 orders of magnitude of passive seismic isolation in all
six degrees of freedom above a few Hz

» The SAis a passive mechanical system constituted by a 5 stage pen
supported by a 3-leg elastic pre-isolator called inverted pendulum

= All the normal mode resonance frequencies of the SA are

» The SA mechanical structure, consists of three fun
inverted pendulum, the chain of standard filters

= Mechanical design for AdVirgo is essenti
the payload.

Transfer function

Model
— Measurement

105 @ 10 HZz
of passive attenuati
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SA Control System

Overview

On along tower suspensions are installed: ; .
&< — Filter0
» 18 LVDTs of 3 different types
* 9 Vertical LVDTs (FO — F7 Crossbar, Bottom Ring) Suspension wire
» 3 FO Horizontal LVDT
*6 F7 LVDTs

« 5 Accelerometers of 2 different types :
» 3 Horizontal Accs
» 2 Vertical Accs Standard filters

» 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 Accelerome
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SA Control System

Overview
« A total of 14 boards, each one equipped with an 8-core TMS320C6678 DSP, are connected to a long

suspension: Fﬁ
RTPC

N

Sa_XX

N

\
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Total computing
power of each SA :

I

VLVDTs FO VLVDT VAccs FO Coils HAccs
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SA Control System
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

* Typical sensitivity is 1 nm/sqrt(Hz)

* 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 ] Page 1 Virgo Inertial damping on [ 172.16.2.14 ]

Hardware implementation Hardware implementation
S VDT_00. hrd

Filename G Gain @Fr c npu Output

NULL r MIX nnl_ces
NULL 1 MIX mm2_sin
NLILL 1 MIX nm2_cos
X mm3_sin
nn3_cos
mnd_sin
nmd_cos
mm7_sin
nn7_cos
Tvdtl
lvdtl_cos
lvdt2
1vdt2_cos
1vdt3
1vdt3 cos
lvdts
lvdta_cos

Demodulation war?
7 vdt7_cos
phases -

| sinl
mod_cosl
mod_sin2
mod_cos2
mod_sin3

o ' Low pass ouput filter

DAC2 NULL

nic3 WAL (5th order Butterworth at 1 kHz)
DACS U 5

mnl_sin
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SA Control System

Accelerometers

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

* Each sensor has been characterized and calibrated

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

Acc
o ¥ = Ax+Bu
"l y=Cx+Du
Band-Limited syd\alpha m2v_3
White Meise2
+k ¥ = AxtBu s
y=Cx+Du "L/
Band-Limited sys seism m2v_1
White Meise1 E——, ~
7| y=Cx+Du p
=50 m2v_2 |
* = Aot Bu : = 1 )
*| = Ca+Du + + simout
Band-Limited sys To Wordkspace
W hite Moise
N gl P = = - .
. 10" . "
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z o _ &
g ; . 4 . “‘ 20
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SA Control System

Control Overview

* Two loops are currently used to control IP motion:

Horizontal Inertial Damping XTI —.

eliel

LVDT Sensing LZ”ET#
6 x 3 plant matrix: > s
(3 LVDTs + 3 Accelerometers) x 3 Coils e e
on filter O [z )
3 x 3 Diagonalized Control matrix E sccas e
T e e

Vertical Inertial Damping .{> eles numt o numl 1
LVDT Sensing ellel PD_y Integrator
. o f
3 x 2 control matrix: Driving =
(1 LVDTs + 2 Accelerometers) x 2 Coils

AccRespl numis)

on filter O

accas_den
accal

1 x 2 Diagonalized Control matrix
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SA Control System

Control Overview

* Two loops are currently used the bottom stage of the SA:

F7

6 X 6 plant matrix:
6 LVDTs x 6 Coils on the F7

3 x 3 Diagonalized Control Matrix

Local Control

3 x 8 plant matrix:
3 PSD signals x 8 Coils on Marionette

3 x 3 Diagonalized Control Matri

Bang-bang control (Coarse
PID (Fine)
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[«' = Ax+Bu
y=Cx+Duy

Driving

Plant

D

Sensing

" denz

PD_F7_ty

num3

b den3

PD F7 tz

Integrator2

[«' = Ax+Bu

Plant

,—h:

o
L |

PD_txMar

num2

PSDm_tyMar

denz
PD_tyMar

PSDt_tzMar

PO_tzhar

Integraior2
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SA Control System

Problems

» Classical design methods have several limitations:
= Static sensing and driving matrices are valid in a limited frequency range
= Controller Design is user dependent and therefore not repeatable
= Loop optimization (for example ID best blending frequency) is trick

* Low Robustness:
= Many intrinsic and environmental parameters affect

= Most of our control loops operate in small neig
where we can assume systems to be linear

= In most cases, changing working pc
parameters and therefore variati
degradation of stability margi
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Near term future
Modeling

« Complete system identification of all controllable DOFs of each SA: MIMO state space models
can be obtained from time domain data with subspace identification methods

* Problems:
» Find the right measurement (single coils vs diagonalized coils) could be difficult

» The accuracy of the results strongly depends by the model order and by the

sampling frequency chosen

* Here we show the system identification results (red curves) for the MC superattenua
obtained with an order-30 model, using the subspace method.

Sa_MC_Coilt_11/Sa_MC_Coilt  Sa_MC_Coill_I2/Sa_MC_Coill  Sa_MC_Cail1_3/Sa_MC_Coil1
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Near term future

Estimation

* Model the process and measurement noises: sensors and actuators noise budget.

* Calculate a Kalman filter and put it in parallel to the current controllers to continuously monita
real-time the control system performance along its normal modes.

numl 1
Tl odem1 e
PD_F7_tx Integrator
l«' = Ax+Bu num2 1 [«' = Ax+Bu .
¥ =Cx+Du | Germs < ] Y= Cx4Df
Driving Plant Sensing PD_F7_ty Integratart Kalman
— - State Estimate
" den3 s
PD_F7_tz
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Magnitude [dB]
0

x_‘ 1 xCorr (WE)
%, 1 zCorr (WE)
X, ! tyCorr (WE)

xp, 1 xCorr (WE)
xp, | 2Corr (WE)
*Py 1 tyCorr (WE)|

Magnitude [dB]
|

X, I zCorr (WI)
%, I zCorr (WI)
%y / tyCorr (WI)
xp, ! 2Corr (W1)
xp,/ zCorr (W1}
xp / tyCorr (WI)




Near term future

Optimal control

The general idea of optimal control is to place the poles and zeros automatically and optimally acting on the
state of the system.

x(K +1) = Ax(K)+ Bu(k)
y(k) = Cx(k) + Du(k)

Given a discrete time state-space: {

In a linear quadratic regulator (LQR) the feedback law is simply
u(k) = —Kx (k)

The gain matrix K minimizes the quadratic cost function J

GWADW
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Near term future

Optimal control

If the state-space system is in modal canonical form, choosing the state weights in the Q matrix of
function we automatically design a controller that damps only the selected state vector compone

Bode Diagram Bode Diagram

110

T T T T T T T T T T T T T T T T T T T T T T T T
o Open loop : : : o : : oo Open loop
: o Closed loop : : : N : : : o Closed loop

Magnitude (dB)
Magnitude (dB)

Frequency (Hz Frequency (Hz)
q Y
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Near term future
Optimal control

« Example: an optimal tracking regulator for the IP vertical position control

I«' = Ax+Bu
"y = Cx+Du 3t ' = Ax+Bu
Plant v = Cx+Du
Kalman Filter

A i > —

Integrator

Bode Diagram

From: In(1) From: In(2)

Magnitude (dB)

Frequency (Hz)
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Near term future

Adaptive control

* The next step is to develop adaptive versions of the Kalman filters

* From the mathematical point of view, this will require to change the Kalman gain L dynamically
the predicted measurement and process noises (see MATLAB adaptive Model Predictive Cor
example)

dynamical process

u(k) z(k) y(k)
A"'B true state C I m
A
4 i k _|_'\
| ALB L)
estimate

Kalman predictor |
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Lon% term future

IP Tilt Control: Motivation
Earthquake effect on seismic noise

1] ——B13 telesem

0 B —cmireenn || Experimentally, due to earthquakes or bad weather condition
\ 0.01-0.1 Hz increase L—oeLfaet=m seismic noise grows up to 2 or 3 orders of magnitude in
- mHz -1 Hz band with its maximum between 400 an

mHz (micro-seismic peak).

il
P’{\ b,

How to compensate the noise increase*

m/s”~2/sqrt(Hz)

» Piezo actuators are installed on
We need to know how much of

w0 4 = Ground tilt is transmittec
without any attenuati

-3 -2 -1
10 10 10 10 ]

" « Accelerometers
Wind effect on seismic noise
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Long term future

IP Tilt Control: The sensor

A custom made Coriolis Vibratory Gyroscope made by the Irish firm Innalabs is being tested.

The device exploits the so-called Bryan’s effect: the bending modes of a vibrating shell
generate a standing wave that, once the system is tilted, precess in the direction of the
inertial rotation, due to the Coriolis forces induced on the structure.

Each sensing element consists of a metallic cylindrical resonator which has two flexura
second order resonant modes which occur at the same frequency.

g HRG QUARTZ
4 RESONATOR & N=2 STANDING WAVE & SENSOR DIGITAL CONTROL
( HOUSINGS PICKOFF J FORCER ELECTRODES ELECTRONICS ALGORITHMS

=

SONATOR

ANTINODE P PICKOFF CIRCUITRY

P f-oc)
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* We made a series of preliminary tests (see bottom plot) when we received the sensor a year

ago.

* New tests (Calibration, g-sensitivity, ...) are ongoing thanks to fresh forces (2 new MS

students)

« The sensor is connected to a DSP board and its outputs are available in VIRGO DAC

Framebuilder)

Long

IP Tilt

Parameter Unit Value
GI-CVG-U2110A GI-CVG-U2210A
One
Number of Axis U2110A: X axis Two (X and Y)
U2111A:Y axis
Qutput Format Analog
Output Interface vV DC Differential +/- 10 Vg{:}for full scale [Note
Measurement Range deg/sec + 25 * see section 3.5
Bandwidth Hz 2 25 (-3dB) * see section 3.6.4
In run Bias Stability (room temp. 1a) deg/hr 0.03 typical * see section 3.7.2
Bias stability, full temperature range, 1o deg/hr < 10 * see section 3.7.6
Bias repeatability, turn-on to turn-on, 1o deg/hr 1 typical * see section 3.7.5
Angular Random Walk (steady conditions) deg/Vhr 0.003 typical * see section 3.7.4
Quiescent Noise (1 —100 Hz), RMS deg/sec <0.002 * see section 3.7.3
Scale factor error, full temperature range, 1o ppm < 3,500 * see section 3.6.3
Scale factor Linearity ppm < 1500 * see section 3.6.2
Misalignment mrad < 8 * see section 3.8
Input signal (MILSTD 461 and 1275) VDC +12 VDC to +36 VDC
Power Consumption Watt <1.7 @15V [ <23 @15V
Vibration, Survival g RMS,Hz 363g an(I?IEZF S,"Ts‘lr: Sg;’ii}na;g.lzz grms, 1-
Shock, Survival g, ms 800 g, 0.6ms
Electromagnetic Environmental Effects MIL-STD-461F

Built-in-self-test

Yes

Manufacturer specification

25t May 2016
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Frequency [Hz]
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Lon% term future

ew Sensors

Optimal and adaptive control can increase
robustness and reduce the level of the noise injected
but only sensors with higher sensitivity can
drastically increase the performance

Several groups are developing new inertial sensors:
for example a compact and light accelerometer
developed by the University of Salerno has been
tested using the same electronics and the same
optimal controller of present accelerometers installed
on IP (see the poster we presented yesterday, shown
on the right).

25t May 2016

Large band low frequency sensors based on Watt's linkage for
future generations of interferometric detectors

F. Barone™® G. Glordano®, F. Acernase™®, R. Romano*®
4. Gennal®, D. Passusllo®, V. Boschi=®, G. Cerretani=® R. Passaguleti=*

llllll oy
“latiute Na b dil Finica Nusl
Univarsith Sugli Etudi i Pisa, ltalia

INTRODUCTION: We present a compact and light low frequency sensor based on a horizontal folded pendulum mechanical design
(patented as Model UNISA GE 2013). The device can be used both as seismometer and as accelerometer and in both open and|
closed loop configuration. The instrument has been developed by the Applied Physics Group of the University of Salerno while|
(the readout, control electronics and software by the INFN Pisa Group. We evaluated the sensor performance both as instrument

for seismic and Newtonian noise measurement and as control sensor for mechanical suspensions.

i — — opfical Readouts Sensttivitias of Folded

Folded
Modsl UNISA GE 2015 (patented) Basic Machanical Schems Sk =L e g e

t
L
fr
i
i

i
&

RESULTS: We show here the test results of the device configured as accelerometer. The setup consists of a Folded Pendulum|
Sensor equipped with an LVDT {5-107° misqri(Hz) of sensitivity) and a coil-magnet actuator connected to an UDSPT INFN board for

signal conditiening, conversion and processing and for the real time control of the sensing element.

Open and Cloasd Loop Transfer Functions Sensitivity and Notas Budpgat Salamic Noles Measursment - Preliminary Test

Ty ] s s s

H
]
i
i
i
i
i1

CONCLUSIONS:

» The monolithic mechanical folded pendulum equipped with LVDT readout has been perfectly integrated with the new UDSPT)|
board developed by the INFN Pisa Group for Advanced Virgo.

« The performance of the integrated sensor (2-107* mis¥sqri{Hz) for f<1 Hz) already satisfies the present requirement for horizontal
accelerometers of the suspension control in Advanced Virgo.

« Although not yet fully optimized (there is still a large margin of improvement), the sensor can be already considered an effective)
in both for seismic and Mewtonian noise measurement and a light and reliable inertial sensor for the control system of|
seismic att tors of present and future gravitational wave detectors. .
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Conclusions

 Current SA control is based on filters designed using classical Nyquist-like techniques,
diagonalizing the sensor-actuator space with static matrices in order to obtain a set of
single-input single-output (SISO) systems. This approach has several limitations.

* The near term plan (<1 yr) is:
= Keep current controller but monitor them continuously system performanc
Kalman filters
= Design and Implement MIMO optimal controllers and evaluate thei
= Design and Implement adaptive versions of the controllers

* The long term plan (>1 yr) is :
= Test and eventually install new inertial sensors:
= Implement IP tilt-control
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