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Introduction

The existence of Gravitational Waves is predicted from the General Relativity: any accelerated
body loses energy as gravitational radiation that can be interpreted as a distortion of the space-
time fabric. Gravitational Waves were predicted in 1916 by A. Einstein and confirmed by
indirect observations by Hulse and Taylor in 1981 [40]. Anyhow, the world-wide quest for the
direct observation of Gravitational Waves went on for decades even in the absence of detection,
thanks to the continuous effort spent by visionary researchers. Indeed, despite the extreme
difficulty of the task, the promise of completely new Astronomy using gravitational waves as a
messenger — instead of Electromagnetic Radiation — was so exciting to devote entire careers to
this goal.

This quest involved mainly two kinds of antennas: resonant bars and kilometer-scale laser-
based Michelson interferometers, with the latter demonstrating a more promising technology
to reach the needed sensitivity. It was soon understood that the likelihood of a detection was
linked to the creation of a network of antennas operating in coincidence. Three kilometer-scale
interferometers were built and operated at beginning of 2000s: the two LIGOs in the USA
(LIGO Collaboration) and the French-Italian Virgo interferometer in Cascina (Italy) by the
Virgo collaboration. It is remarkable that the building of these devices begun more or less one
century after Einstein’s interpretation of Michelson experiment, leading to Special Relativity.

The first few-year-long cycle of data takings ended up in 2011. Those early instruments
demonstrated a reliable and promising technology, an observing duty cycle up to 80% and a
satisfactory stationarity of noise [81], and, probably the most important outcome, they provided
an excellent knowledge of limiting noise sources. No detections were recorded during the
first generation antennas science runs, nor was it really hoped to have any when the expected
detection rate of ~ 0.01 events per year is considered. Despite this huge limitation, non-
negligible Astrophysics results (examples in [2]) and of instrument development were made
possible thanks to the experience of early generation. Overall, thanks to the first generation
of interferometric antennas, a clear path towards second generation antennas was developed.
Moreover, a solid collaboration and exchange of data and experience was put in place between
the Virgo and LIGO collaborations.
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A five-years upgrade was started to increase the sensitivity of the antennas by one order of
magnitude, and the volume of explored Universe, in turn, by a factor one thousand. At the end
of the upgrade, the horizon of the instruments would have included the whole Virgo cluster of
Galaxies and the rate of events would have risen to some per years.

The last upgrade was done in the framework of second generation detectors through
advanced LIGO (aLLIGO) and advanced Virgo (AdV) projects. LIGO started the upgrade earlier
and so alLLIGO was set in operation two years earlier than AdV. In fall 2015, on September the
14th, the first observation of Gravitational Waves was achieved by the collaboration LIGO-
Virgo.

Other few events were detected using the two LIGO detectors and proved that it is possible
to do astrophysical observations using ground-based detectors. Finally, AdV commissioning
was completed and the French-Italian detect or joined the network in the last part of the
observational run O2, on August 1st 2017. The run was set to last just one more month, but
despite this short time AdV strongly contributed to two triple-coincidence observations: one
BBH and one BNS, opening the new era of multi-messenger Astrophysics using Gravitational
Waves.

The Gravitational Waves are perturbations of the metric of the space-time. Their effect on
free falling masses is to alter their distance. If we consider the typical order of magnitude of the
gravitational wave signal (for kilometer-scale distances, it is around 1018 m we can well realize
the difficulties encountered by the pioneers of this research and the reason why it was chosen to
exploit the precision allowed by laser optics and symmetric interferometric detection for these
devices. Since present interferometers are ground-based, the mirror suspension attenuation
system, as well as its control strategy, is fundamental. Virgo detector was designed not to be
limited by seismic noise starting from 10 Hz. To this purpose the INFN-Pisa Group developed
and built a sophisticated system, the so-called Superattenuator, allowing to consider the mirror
test masses as free-falling from few Hz. The detector is operated at nearly dark fringe, namely
a nearly perfect destructive interference is achieved between the two beams reflected by the
interferometer arms. To reach and remain stable in this working condition several control
loops must be engaged, without which the residual motion of the free falling mass would be
unacceptably large. In order to be compatible with the amplitude of the gravitational signal to
be detected, a hierarchical control scheme for the suspensions must be implemented.

The main control implemented, applied to the Superattenuator top-stage is the active mode
damping, the so-called Inertial Damping. The sophisticated mechanical design of the overall
suspension and the performance of the Inertial Damping are among the key features of Virgo.
The target of this thesis is the reduction of the impact of this control on the actual AdV sensitivity

and the study of possible alternative developments, as Kalman filtering and Optimal control
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approach. Both studies required not only commissioning work but also adequate simulations
to provide a deeper understanding of experimental data. In this document, modeling and
simulation studies based upon actual data are presented in the context of AdV commissioning
works.

This document can be sectioned in three main parts:

PART I This part concerns the basic theoretical concept of the physics of gravitational
waves and the ground based detectors. The physics of the Gravitational Waves and the most
interesting sources are presented in Chapter 1. The detection principle on Earth based on
kilometer-scale Michelson interferometer is described in Chapter 2, together with the optical
configuration of the detector that maximizes the sensitivity and the and minimizes the impact
of noise sources. The experimental results related to the observation of detection gravitational

waves are presented in Chapter 3.

PART II The second part has as its specific subject the Superattenuator and the seismic noise
reduction strategy adopted by AdV. The characteristic micro-seismic condition at the European
Gravitational Observatory (Cascina, PI), where Virgo is installed, are presented in Chapter 4.
In Chapter 5 the experimental set-up of the apparatus and its various components are explained,
describing for each one purpose and operating principle. In this chapter, I briefly describe also
the interface stages between the Superattenuator and the test masses of Virgo, i.e. the main
mirrors of the detector. It is crucial to include the description of those stages in the overall
modeling of the system. In Chapter 6 the modeling of Superattenuator and overall suspension

system using the impedance matrix approach are presented.

PART III The results of the experimental work done in the Commissioning phase of AdV
are shown in the final part. In Chapter 7 the experimental configuration of the sensors and
actuators located on the suspension top stage and the diagonalization procedure adopted to pass
from the “sensors reference frame” to “AdV reference frame” are presented. In this chapter
the noise budget of the diagonalized sensors are presented. In Chapter 8 a detailed description
of the implementation of AdV top stage suspension control is given and its performances are
analyzed. In Chapter 9, the first implementation of Kalman filter and Optimal control, focused
on the vertical d.o.f of a long superattenuator and aimed to possible future developments, are
presented in perspective. In Chapter 10 the procedure to calculate the impact on AdV sensitivity
of the suspension control, in the micro-seismic bandwidth and related experimental results are
presented.

I wish you have a good trip in the magic world of the AdV suspension!
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Gravitational Waves






Chapter 1
Physics of Gravitational Waves

At the base of every scientific discipline there is observation. The need to observe the universe,
to get into possession of increasingly complex and articulated notions, has accompanied man
from the dawn of the times. Thanks to this innate need, today we know that astrophysical
objects emit radiation over the whole EM spectrum. It allows to take pictures of the universe at
multiple wavelengths, ranging from Gamma-rays to Radio waves, and each picture gives us a
different kind of information about the universe composition.

But if there was a way to see the whole universe, and not just the small portion offered
by stellar light? If one could access the information of any object in the cosmos simply by
analyzing the imprint that it leaves on the space-time? Gravitational waves could give a new
picture of the Universe. The detection of Gravitational Waves is first of all an additional
confirmation to the Theory of General Relativity, but could also tell us about the dynamics of
large-scale events in the Universe like death of stars and birth of black holes, giving us the
possibility to understand physical mechanisms in strong gravity regimes which can’t be still
fully foreseen by the theory.

1.1 General Relativity and Einstein Field Equation

This gravitation theory took shape in the conceptual picture of relativistic mechanics introduced
by Albert Einstein in 1905. The extension of the Galilean relativity principle to the electrical
phenomena requires the invariance in form, under appropriate coordinates transformations, of
the theory’s equations.

This request of invariance means that the time coordinate is treated as the spatial coordinates,
and the transformations that have this property are The Lorentz Transformations. In this new

contest, it makes not sense to consider space and time as absolute and separated entities, but



8 Physics of Gravitational Waves

Gamma ray

Figure 1.1: Sight of the Universe at different wavelengths in the EM spectrum.

they depend on the reference frame and they are united in a new entity called ’Space-Time’.
In this way, a new physical quantity ds® (space-time interval) has a fundamental role for the
estimation of distance between two event in Space-Time [3, 46] :

ds? = —ctdt* +dx* + dy* +dz?
l (1.1)

ds? = nyydxtdx¥

The second equation is the tensorial expression of ds® and

100 0
0 100
= 12
M 0 010 (1.2)
0 00 1

is the Minkowski tensor metric.

This expression is true if the reference frame is inertial and the space-time is flat. The
extension of this mathematical formulation at all kind of reference frames is realized in ’General
Relativity Theory, ten years later by Albert Einstein [19].

Einstein introduces a new definition of inertial reference frame. He considers a test mass in

free motion under the gravitational attraction of matter. The trajectory traveled by the body
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(whatever the body under observation) do not depend on their intrinsic properties, but it depends
only on its initial mechanical state (position and speed). From a reference frame fixed to this
trajectory the body appears at rest. Moreover, if we exclude the presence of other interactions in
addition to the gravitational one, and we consider a limited neighborhood region of space-time,
the motion of any other body appears rectilinear and uniform. The reference frame has therefore
the characteristics of an inertial system, because in it there is not evidence of interactions. In
this reasoning, it is necessary that the region of space-time is small and we have been assumed
that the interval between events can be calculated by the equation (1.1).

In General Relativity one extends the principle of relativity to this class of reference frames,
and those that are obtained by applying to them the Lorentz transformations. In a reference
frame that covers a large region of space-time, the effects of the force of gravity become
obvious: the trajectories of the falling bodies tend to curve, according to geometries dependent
by the distribution of attraction sources. In this way, the use of inertial coordinates and the

metric relationship becomes totally arbitrary.

In a ’global’ reference frame, the space-time interval is calculated starting from:

ds* = guydx*dx” (1.3)

where g,y is the symmetric tensor metric and dx* = (dx?, zc) is a infinitesimal vector in the
coordinates frame. The coefficients that appear in the definition of a time-space interval, in
this case, are the functions depending by the coordinates, which have their temporal evolution,
interconnected with those of the matter. Starting from a masses distribution, in principle, it’s

possible to determine the metric tensor gy, .

The relationship between space-time geometry and masses distribution is expressed by

Einstein’s Field Equations:

8nG

where Gy is the Einstein tensor, G is the Newton constant, ¢ the vacuum speed of light and

T,y is the stress-energy tensor that takes into account the mass-energy distribution'.

'In a relativistic theory, the four momentum vector for a particle of mass m is defined as Py=/[d 3XTy0 = (%, p),
where E and p are respectively the energy and the momentum of the particle. The module of this four-vector
,in the Minkowski’s space-time , is a Lorentz’s invariant and in particular for the four-momentum, we have
P P* = (E? + p>c?) = m*c*. From last relationship it’s possible to obtain the expression of the relativistic energy
of a particle E = \/p2c2 4+ m2c* which is reduced in this form E = mc? when the particle is at rest (p = 0). This
relationship in known as mass—energy equivalence formula; that is anything having mass has an equivalent amount
of energy and vice versa.
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The Einstein’s tensor is defined as:

1

where R,y is the fensor of Ricci and R is the scalar curvature (R = g“"Ruv ).
The Ricci tensor describes space-time curvature in every reference frame and it is obtainable

as contraction of Riemann tensor (4th order tensor), given by

RY\po = 0pTh6 — 9ol + TopTys — Doy, (1.6)

The quantities F’ép are the Christoffel Symbols, which are functions of the metric tensor:

1
1—‘lvlp = Egﬂc(apgov + avgop - aagvp) (L.7)

In this perspective, the motion of a body in the gravitational field is a particular sequence of
events immersed in metric space created by a distribution of matter. The trajectories followed by
falling bodies are curves defined by the geometrical properties of space-time: the geodesic, id
est the extremal space-time curves joining two given events. The equation that describes these
curves is the natural generalization to any spaces of the equation of motion in the absence of
force, that is, the condition of the absence of acceleration. It can be said, adopting a suggestive
point of view, that the freely gravitating bodies follow trajectories curved to accommodate the

"curved profile’ of space-time.

1.2 Propagation of Gravitational Field and Gravitational Waves

Einstein’s equations have a tensorial nature, thus they are invariant in form under general
coordinates transformations (covariance) and then are valid in all reference systems. The mass-
energy distribution determines the spacetime geometry, and the geometry itself determines
the motion of the masses. Consequently, the gravitational interaction is the manifestation of
the geometrical properties of space-time and it is natural to identify his intermediary with the
metric tensor. This field of interaction can propagate the information related to the state of the
source in the space at a finite speed, and this speed can not be higher than the speed of light.
Since Einstein’s Equations are non-linear, it is not possible to find a solution that is general and
exact at the same time. In fact, their non-linear nature makes difficult the exact description of
the gravitational field propagation. In some case there are exact, but not general, solutions of
Einstein’s Equations that were found conjecturing a high level of symmetry (like Schwarzschild

solution) and some approximated solutions that are general, but not exact.
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1.2.1 Linearized gravity and weak field approximation

Linearized gravity is an approximation scheme used to simplify the general relativity equations.
In this scheme the nonlinear contributions of the metric of space-time are ignored [69, 87].
In fact the metric tensor of spacetime gy is treated as the sum of a solution of Einstein’s

equations and a perturbation Ay, y:

8uv =8uv +huy (1.8)

where g, is the background metric , and Ay represents the deviation of the true metric from
8yv- This perturbation scheme allows linearized Einstein field equations to be obtained: these

equations are linear in the perturbation , and the sum of two solutions is also a solution.

When the background metric is the Minkowski one in (1.2) (i.e., 8uv = nuv) and hyy is a
small perturbation (|h“v‘ < 1) we are working on Weak field approximation. . In this picture

imposing the following coordinates transformation:

X = x4 EH*(x) |ovEH |« 1 (1.9)
oxM
Al = a;v = 81— 9y EM +o(] 9 EM P (1.10)

we obtain a metric tensor expressed by:

g;iv :AﬁAggpa = nuv‘f‘huv—avéu _auév (1.11)

Using the (1.8), at first order, the Riemann tensor is given by:

1

and in term of this approximation, the linearized field equations are:

_ _ — — 16

where Euv , h , and [J (Dalambertian operator) are given by:

’The transformations (1.9) are called infinitesimal diffeomorphisms or gauge transformations.
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— 1
hyy = hyy — Enuvh
h — n'uvh'uv

102 @
0= 0%q =n""9udy = =55+ ;— (1.14)

1.2.2 Gravitational waves

The distribution of matter and energy in space time determines the bending of space time. This
distribution is the source of the gravitational field. Far from it, its effects can be treated through
a linearized weak field and viewed as a perturbation of the metric (Eq. 1.8). In a certain sense,
hyy has the task of organizing the space-time structure of each event: hyy represents a change
in the gravitational field from the standard situation.

Now, in order to simplify the expression (1.13), we can take advantage of the gauge

invariance of equations 1.9. In fact, for any field huv , exists another one huv, obtainable

applying the following gauge transformation to hﬂv.
E;J.V :Euv—a\/gu—a’lgv‘i_n‘u\/aaga (1.15)

and satisfying the gauge condition called Lorentz gauge:
—/

8vhuv =0 (1.16)

In this gauge, the Field equations are written as:

— 167G

These are the gravitational wave equations that describes the propagation of the metric

perturbation and a possible solution of (1.17) can be written as:

By (7 ,1) = /d3 /Tuv (7’ t—z> with r=| % — %" (1.18)

The last equation describes physical entities called Gravitational Waves (GW). They
travel at speed of light, they carry energy and their amplitude is proportional to the inverse of
the distance from the source.

With the aim to study the propagation of gravitational waves and their interaction with the

detector, we must consider 7,y = 0, which physically corresponds to vacuum perturbations of
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the gravitational field in the absence of matter:

Oy = 0 (1.19)

In this case a plane wave solution of Equation (1.13) can be written as:

By (x) = oy €™ + oy 0™ (1.20)

where o,y is a symmetric 4 X 4 matrix called the polarization tensor.

The solution (1.20) satisfies the wave equation (1.19) and must also meet the four gauge

conditions (1.16), which reduces the number of independent components of ¢,y to six. 3

To further reduce the number of independent components of a, we can do another
coordinate transformation and choose so a reference system in which our request is verified.
The infinitesimal change of coordinates is given by x;l = x, + &,(x) and preserve the Lorentz

condition if

aVﬁ’”v = 9" (huy — OvEy — by +Muvda?)
— 0E, =0

It is possible to show that with an appropriate £, we can impose

h=0

a choice of coordinates which is called transverse traceless gauge (TT ).

The TT gauge leaves two independent physical polarizations, usually called plus and cross

polarization. For a plane wave propagating along the z direction we can write for example

00 0 0 00 0 0
A B B G I R P GO N1

0 hx —hy O 0 hy —hi 0O

00 0 0 00 0 0

The two complex amplitudes /. and &, are related to the amplitude and phase of plane

waves with plus (h.) and cross (k) polarization.

30wing to its symmetry oy,v has generally 10 independent components.
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1.2.3 Gravitational Waves generation

In presence of sources, the gravitational waves equations (in the Lorentz gauge), can be written
as:

(1.22)

where Ty is the stress-energy tensor. Looking at these equations it seems that all the com-
ponents of sy are radiative, since they all satisfy the wave equations. A causal solution of
Eq. (1.22) is the retarded one shown previously (Equation (1.18)).

In frequency domain this becomes

<!
Ed

being %’ and X the origin of the radiation source and the observation point respectively. Tuv

hu (7, 0) /d3 X Ty (7, 0) (1.23)

is the Fourier transform of the stress-energy tensor and it is different from zero only inside the
source.

To understand what are the radiative components of the tensor A,y it useful to rewrite the

kernel of the integral (1.23) by considering some approximations.

Let us consider a reference system whose origin is in the center of the source, and suppose
that this source is contained in a sphere of radius L such that | ¥’ |< L. If the GW wavelength
is greater than L (Agw > L) we can write:

27
> X = 21> ogw | X Vource (1.24)
Ocw

where wgw 1s the GW angular frequency, and v, the source points speed. This implies that,
for a bounded system, vgource <K ¢. Using this slow-motion approximation and considering a

point very far from the source we have:

|7—7’\:|7]—ﬁ~5¢”+0< L ) (1.25)
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where A= %/ | ¥ |. Thus we can approximate

ioZ=2" io|¥|/c
= e [i(2)a]
o0 /¢

Ed { <w>”?_%<%)2

Using this approximation we can rewrite the solution (1.23) as

Ry (%, 0) = 4Gelwl?/6/d3xTuv 7, 0) {1—1(» ?—%(Q)Z(ﬁﬁ)z} (1.26)

which is equivalent in the time domain to

— 4G 1 1 1 N2
hu(F0) = o 1 [ {Tuv (" 1) ~ iy (1) 1% 4 Ty (F,1) (3-7) ]
(1.27)
with t,,; = t— | ¥ | /c . In this expression we can distinguish a monopole term:
R (1,%) = / B Ty (X trer,) (1.28)
a dipole term:
_ 4G .,
W (%) = o / A [Ty (2 trer)] (1.29)
and a quadrupole term:
- 4G 1 A
W (1, %) = ~ IR / X X Ty (3 trer)] (1.30)

Remember that the stress-energy tensor 7,y satisfies the following conservation law:

9, THY =0 (1.31)

It follows that the momentum quadrivector P* and the angular momentum tensor M*", defined
by:

Pl = [ e 7))
_ / BR[O (1, ) — 1 (1, R -]

are time independent.
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After this small parenthesis it is easy verify that only the time dependent components of
the tensor expressed by Equation (1.30) contributes to the radiation. Other terms, proportional
to the quadrimomentum components, being these conserved quantities are constant and then
do not contribute to the gravitational radiation. Now we can finally verify which terms are
radiative and which are not. Let us now analyze the monopole, the dipole and the quadrupole

terms of hoo, ho; and h; x

(M
h(()o) = constant
(non radiative term) (M)
hy; * = constant
—D (non radiative term) —M
h(()o) = constant h,(j ) # constant
hoo:{ (non radiative term) ho; - —(D) hij: < (radiative term)
hy; " # constant
_ (radiative term)
h(()g) # constant
(radiative term) )
\
(1.32)
Introducing the quadrupole mass distribution of the source:
ij O\ d3 /T . AN A 1 33
q" (tri) = | dx Too(trir, X' )x"'x (1.33)

it is easy to verify that the the terms that contribute to the gravitational radiation can be

written as:

/ —(M
hl(j = %CIU(%)
—(D ..
oy = =254 (t70) (1.34)
—_ Q i
\ = 25 nin ' (trir)

In order to write the Equations (1.34) in the 7T gauge, we introduce the reduced transverse

and traceless quadrupole momenta:

1

Qij Zqz'j—§5ijq (1.35)
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The radiative part of £;; is given by:
1
2
known as quadrupole radiation formula. Introducing the transverse projectors

2G .. .. .. ..
T = C4—R[Qij + 5 (minj + 8) 0 meny — (min* Qg + njn* O (trie) (1.36)

Fij=8ij—nn;

Fijke = FiePje = 5 FijFet

it is possible to simplify Equation (1.36) as:

26
hij = P @ (tri) (1.37)

It easy to verify that /;; is transvers and traceless:

i1 TT __
nhij =0

8n" =0

As we see, the gravitational wave production is proportional to the second time derivative
of the transverse and traceless quadrupole moment of the source. This is the fundamental
difference respect to the electromagnetic radiation, whose higher order term is proportional
to the second time derivative of the electric dipole moment of the source. Another interesting
observation is that a spherically symmetrical distribution of matter, whose transverse quadrupole
moment is equal to zero at all times, does not emit, in agreement with the Birkhoff theorem,
which states that all spherically symmetric solutions of the vacuum Einstein equations are static.
This is analogue to the electromagnetic case in which Gauss theorem implies that the electric
field of a spherically symmetric distribution of charge, outside the distribution, does not emit,

being it equal to the Coulomb field of the total charge.

1.3 Gravitational waves sources

Being GW interaction with matter very weak, only astrophysical sources, characterized by a
great mass and relativistic speed can emit detectable gravitational waves. Based on the temporal
behavior of the signal they generate, it is possible to distinguish several kind of gravitational

wave sources [69].

Periodic sources A periodic or quasi-periodic signal is a superposition of periodic components

with a constant or quasi constant period. Examples of this kind of sources are
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pulsar inspiralling neutron stars or black holes binaries

Chirp from coalescing compact binaries Examples of this kind of sources are inspiralling

neutron stars or black holes binaries.

Impulsive sources A impulsive signal is characterized by a time duration shorter than the
typical time of observation. Sources of this kind of signal are supernovae explosion

and gamma ray bursts.

Stochastic background Signals with statistical fluctuations with a time duration longer than
the typical observation time is classified as stochastic background. They can have

astrophysical or a cosmological origin.

1.3.1 Pulsar

A pulsar is a highly magnetized rotating neutron star emitting a beam of electromagnetic
radiation. Current models of stellar evolution predict the presence of approximately 10°
neutron stars in our galaxy of which 107 are expected to be spinning and actively emitting
radiation. Only about 1700 pulsars have been observed so far. This is due to the high variability
in the intensity of the generated radiation [40, 44].

Assuming that the neutron stars are uniformly distributed in the galaxy and have a constant
birthrate, the strongest expected signals will have an amplitude & ~ 10~2%,

In a ground-based detector, the frequency range of the GWs from pulsars is [20H — 2kH?z].

The amplitude of the wave depends on the momentum of inertia of the star along the spin
axis 1, on the distance from the Earth r and on the ellipticity €.

The amplitude of the gravitational wave produced by a pulsar, depends on its rotation
frequency, its distance from the earth, and by the amount of asymmetry [54]. Including, also

the rotational period P , the typical gravitational wave amplitude for a Pulsar is:

N o4 E)z Kpce L ( € >
he 42107 (2 ( ! ><1038Kgm2 — (1.38)

Even though the amplitude of the pulsar is slower than the amplitude of other source , can

be observed for a longer time T and they are good source of detectable gravitational signal.

1.3.2 Coalescing binaries

Coalescing Binaries are the most promising sources of gravitational waves [31, 32, 40, 44]. A
binary system composed by compact objects (two black holes, two neutron stars or a black

hole and a neutron star) is expected to produce a detectable gravitational wave signal, since its
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frequency, for a certain interval of masses, belongs to the frequency band in which ground based
detectors are more sensitive. The binary coalescence process can be divided in three phases:
inspiral, merger, ringdown. During the inspiral phase the two compact objects spiraling around
each other and emits a chirp signal whose amplitude and frequency increase with time. This
phase lasts until the orbits became unstable and it is the only one for which the gravitational

waveform is known.

A first order the calculation of the characteristic parameters for these systems can be done
using the Newtonian approximation [54]. The expected amplitude of the two polarization

components of h are:

4 (GM.\/? A 29
he(r0,0) = (7) <”];g ) TS0 s (21 fptyer +20) (1.39)
4 /GMN\® )23
hy(r,0,1) = — (G2 ) <717fg > cos’ 6 SIN(27 fowtrer +29) (1.40)
r C C
where
p, = mm)”
(m1—|—m2)1/5

is the chirp mass of a binary system and fy,, is the gravitational wave frequency and r is the

distance from the source.

If we assume that the motion of the sources is on a given circular keplerian orbit ,the

estimated frequency fg,, of the gravitational signal amplitude is:

M\ 5/8 3/8
fow=134Hz- <1.21 MQ) <E> (1.41)

c T

where T = (f.oq1 — 1) rer 18 defined as the retarded time at coalescence and as reference value
for M. we have taken 1.21M. Under the assumption of circular orbits and for masses of order
of M, we have that the Equations (1.39) and (1.40) become:

2 o 5 cos(P(7)) (1.42)

1 /GM, S/4 5 1/41—|—c0s2t
wo=3 (%) (&) 75

5/4 1/4
hx(t):%(GAZ/IC> (i> cos’t sin(®(7)) (1.43)
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where ®(7) is:

sGM,\ /8
d(7) = — ( 5 ) /8 4@, (1.44)

The equation (1.41), (1.42) and (1.43) show us that the amplitude and frequency of the
gravitational wave increases as the coalescence is appreciate: this behavior is referred to a
“chirping”

ASDAL e E

1 i i 'l
-5 —&] —-10 n

-3 —2d
Time to coalesos [meec|

Figure 1.2: Chirp signal produced by NS-NS system.

In the next stage (merger phase) the binary system enters the regime of strong field and then
becomes not possible to calculate its waveform in an analytic way. In particular, when in the
binary system at least a neutron star is involved, during the merger, the violent shock produced,
would generate Gamma Ray Bursts (GRB) that are flashes of gamma rays associated with very
energetic explosions. The gravitational signal produced in this phase is transient-like. The last
stage is the ring-down phase, being the signal analogue to a vibration of a bell. This signal can
be decomposed in vibrational modes that dump in an exponential way. The frequency and the
damping time depend only on the spin and the mass of the black hole formed by the complete
merger of the two objects that compose the binary system.

1.3.3 Supernovae

Supernovae are of two types: Type I and Type II. A type I supernova originates from the
gravitational collapse of a white draft star in a binary system; it increases its mass at the
expense of its companion until it reaches the Chandrasekhar limit and then the collapse of its
core. A type Il supernova originates from aged massive star at the end of its evolution process
when the nuclear reaction finishes, the outwards pressure due to the radiation is no longer able

to balance gravitational force and matter starts to collapse. In both the cases, in a time of the
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order of ms, the star core first implodes and then explodes, giving origin to a supernovae. If the
implosion and the subsequent explosion happen without a spherical symmetry, during these
phase, some fraction of energy is emitted as gravitational radiation is emitted [9]. The emitted

gravitational wave amplitude is

Eqne \ V% /1kHz\ /10M
h~2710720 (ﬁ) < Z) ( pc) (1.45)
oc f r

This signal is very rare, in fact in a period of two years it is possible to observe only one event
at a distance of 3 — 5 Mpc from the Earth.

1.3.4 Stochastic background

Stochastic background is a relic from the early evolution of the universe which arises from a
large number of random, independent events which can’t be singularly resolved. A possible
origin of a gravitational stochastic background is the superposition, in the time or frequency
domain, of signals coming from many astrophysical events. We expect for example that the
collapse of vast population of black holes could generate, depending on their mass distribution
and formation time, signals with intensity and frequency that can be detected by the present
experiments.

Another, particularly interesting stochastic background can be of cosmological origin [53].
This can be generated with several mechanisms at the beginning of universe.

In some cases the expected signal is very weak and is not detectable by the present detectors,
but some promising possibilities also exists.

The intensity of a stochastic signal is usually characterized by a dimensionless quantity that
is the normalized energy density of the gravitational radiation in the Universe per logarithmic

interval of frequency

1 dpew

where p,,, is the energy density of the background, f the spectrum frequency and p. is the

(1.46)

critical energy density value for a close Universe defined as

3
- 871G
where Hj is the present value of the Hubble constant and G the Newtonian gravitational

Pe (1.47)

constant.






Chapter 2
Detectors of Gravitational Waves

In other fields of physics the experimentalist is faced with the problem of choosing the most
important out of a large number of possible experiments. With gravitation the problem is
different. In fact, there are so few possible experiments, and their importance is such, that
any and all significant experiments should be performed. First experiments for gravitational
wave detection are those performed in the 1960’s by J.Weber using two resonant bars. They
were aluminum cylinders with a particular resonance frequency which was expected to be
excited by gravitational waves. In the resonant bars (the Italian experiments AURIGA, NAU-
TILUS, EXPLORER, ALTAIR, the experiments ALLEGRO and Niobe in Louisiana, USA
and Australia respectively), the amplitude of normal modes of oscillation of a cylindrical
metal mass is measured, cooled at cryogenic temperatures, using extremely sensitive magnetic
sensors, called Superconducting Quantum Interference Devices (SQUIDs) [25, 69]. Despite
the claims of Weber, no gravitational wave was ever detected using this device [86]. Today, the
highest expectations of the scientific community are for another kind of instrument, based on

interferometry.

2.1 Interferometric detection of Gravitational Waves

The effect of gravitational radiation is to change the distance between two free falling masses,
the induced displacement being proportional to the gravitational wave amplitude and to the
initial distance between them. In principle, to measure the amplitude of a GW the variation
of the distance between two test-masses should be measured. The gravitational signal is very
weak and the used device for the detection of such a little signal is an interferometer, that is
very sensitive to the variation of the distance between its mirrors (test masses). In particular a
Michelson interferometer with suspended mirrors is the most appropriate kind of interferometric

device, since its optical configuration is good to detect little differential displacements between
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its two arms. Being the strain sensitivity of the interferometer proportional to the optical path
length of the laser beam, Fabry-Perot arm cavities are used. To increase the sensitivity the
interferometer is further enhanced through power recycling, signal recycling. The detection
bandwidth, for a ground-based interferometer, comes from roughly 10Hz to 10kHz. There
are several ground-based gravitational wave detectors in the world: LIGO in USA (one in
Hanford, Washington and another in Livingston, Louisiana) GEO600 in Germany (Hannover)
and VIRGO in Italy (Cascina (PI)). Other detectors are under construction in Japan (KAGRA)
and in India (LIGO-Indigo).
All these things will be discussed in detail throughout this chapter.

2.1.1 Effect of a gravitational wave on free falling masses

In order to understand the effect induced by a gravitational wave it can be helpful to write
explicitly, in the TT coordinate system, the proper distance between two free falling mass.

In General Relativity, a free falling mass is an object whose motion is only due to the
gravitational interaction, and then to the space-time geometry. It moves along a trajectory

called geodesic with the following equation of motion:

A2, dx¥dxP

—F + Vo - T T

dt? dt dt
where 7 is the proper time and I" are the Christoffel Symbols defined in the previous chapter
(see Eq.1.7).

If we consider two geodesics, each parameterized with its proper time, the quadrivector

2.1

LY (t), connecting two points of the geodesics at the same 7, satisfies the equation:

D2IH dxV dx°
p = Rveo oL 22)

called geodesic deviation equation. It is possible to demonstrate that the variation of the

distance between two test masses is proportional to the initial distance (Lf)) between them and
the amplitude of the gravitational wave [87]:

1 TTyJ

For example, let’s consider a pair of contemporary and aligned events along the x axis:

X :(xo,x,y,z) X, :(xo,x-l-L,y,z) (2.4)

The infinitesimal vector oriented along this segment has only the x component different

from zero, dx =(0,dx,0,0). Assuming that is verified the condition & < 1 and therefore the
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Einstein’s equations reduce to wave equations far from the source, we obtain, for a plane wave
with + polarization moving along the z direction,

ds:dx-{1+g-cos[w<t—§)]} (2.5)

Integrating this expression over whole the segment we get

Lh
s12 =L+ 5 cos(t + @) (2.6)

In short, it can be said that the passage of a gravitational wave changes the length of
a segment located along an axis of polarization: this length changes at the passage of the
gravitational wave with frequency @ . (Fig.2.1).

el - =
L * n [
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Figure 2.1: Effect of the two different polarization directions of a gravitational wave on a set of
freely falling masses arranged on a circumference.

2.1.2 Michelson interferometer

The Michelson interferometer is the core of every GW interferometer. In this kind of interfer-
ometer, a beam coming from a light source is divided in two beams by a beamsplitter [6, 69].
The two beams travel along each of the interferometer arms, respectively. At the end of each
arm is put a mirror which reflects the beam back towards its original direction. In this way, the
beams coming from the two arms recombine at the beam splitter and interfere with each other.
The output signal of the interferometer is detected by a photodiode placed at the output port
of the interferometer. With this kind of device it is possible to measure the phase differences

acquired by the two beams after their paths in the interferometer arms.
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With some simple calculation, it is possible to show that what is detected at the interferom-

eter output contains the information about the arms length difference.

mirror2 C——

‘[ l 4’2{”} mirror 1
b,

in Uy
HE
- C—
(RT) ¥y gy W
laser "I‘)l ! :
lll’lout W 0,

Figure 2.2: On the left, a schematic diagram of a Michelson interferometer. On the right, the
sign convention used to evaluate the optical transfer functions.

Let y;, be the amplitude of the initial field, L and L; the lengths of the two interferometer

arms. The amplitudes of the transmitted beam, after the reflection by mirror 1 or mirror 2 (after

a Round Trip), are 1.

\PgRT) = —tggri e Mk,
2.7)
‘PéRT) = —rggrye k2 yy,

where rgg and tgg are the reflectivity and the transmissivity of the beam splitter mirror,

respectively. These two fields recombine at the beam splitter. At the output port, in correspon-

1Referring to Figure 2.2, right we have: W3 = —rW| +1¥, , ¥4 = r'¥, + ¥, where r is the mirror reflectivity.
In our case for the end mirrors 71 ~ 1 and 1, ~ 0.
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dence of which a photodetector is placed, the amplitude field is :

Your = _rBS\PERT) +tBS\PéRT)

1 (2.8)

Y, = Ipstps e~ ik(Li+L2) (Vl e k(Li—Ly) _ r eik(Ll—Lz)) Vin

The beam power is proportional to the square modulus of the amplitude, so

Pou = rgstis [ + 73 —2r1ry cos2k (L — Lo)| P (2.9)

This power depends on the difference of length of the arms. Defining the quantity ¢ =
2k (Ly — Ly)] we can obtain Py, and P,,;, by changing the parameter ¢

¢ =0; Pout%Pmin:réstés(rl_m)zpi
(2.10)
0 =m, Pc)ut%Pmax:réstlzgs(rl‘i‘rZ)zPi

P,,: depends on ¢ and then on the difference in lengths of the two interferometer arms. If
this difference is due to the passage of a gravitational wave, and, therefore, to the gravitational
wave amplitude, as shown in Eq. (2.3) we can detect a gravitational signal using P,,;.

We use this property to compute the phase shift due to an incident gravitational wave.
In addition we assume that the two interferometer arms have the same microscopic length
(L1 = L, = L) and they are oriented along the x and y axis of a reference system, with the beam
splitter placed in its origin.

Since the phase accumulated by the laser beam traveling along a path is proportional to the
length of the A¢ = ZT?’AL, any small difference with respect to the initial length in terms of
phase will be:

59 = 2760& 2.11)

Thanks to its configuration, a Michelson interferometer is particularly well suited for the GW
detection purpose because of the geometry of the strains that the wave produces. Indeed, as
described above, the effect of a gravitational wave propagating along z-direction is to change
the distance between free-falling masses and the displacement is proportional to the amplitude
of the GW:

% = h (2.12)
L 2

If we use the mirror at the end of each interferometer’s arm as free-falling test mass, we can
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write the length variation of the interferometer arm due to the gravitational wave in terms of

phase variation

5o — ghL 2.13)

2.1.3 Fabry-Perot Cavity

As discussed above the longer the interferometer arms the better the sensitivity. For this
reason, the two arms of the simple Michelson interferometer are substituted with Fabry-Perot
cavities.[78, 84]

These cavities are constituted by two plane mirrors, called the input and end mirrors,
separated by a distance L and with reflectivities r; and r».

E'[FEH'IS

M. M,

Figure 2.3: Schematic configuration of a Fabry-Perot cavity

Referring to Figure 2.3 and keeping in mind the sign convention defined in Fig. 2.2, we can
compute the propagating fields which are given by:

Ecow =t1Ejp+11 rZe_zikLEcav
Eref =nkp—t rZe_ZlkLEcav (2.14)
Etrans = t2e_lkLEcav

Consequently, the expression for the cavity field and therefore for the intracavity power is given
by

1 P
(1 — I’U’z)z — 21’17’2 cos2kL '

—2ikL

Pcav :‘ Ecav ’2: (215)

The resonance condition occurs when e = 1 and the cavity gain is equal to

I 2
Geay = < ) (2-16)

1—rirm
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The effect of a Gravitational Wave would induce a small detuning 0L around the resonant
position. Indeed if we consider a detuning 0L around the resonant position we have that the
power stored in the cavity is

1

Pcav - Gcav 1+ %3—52 sin2 Z;L_néLPm

(2.17)

where .7 = TT:'Z is the finesse of the cavity. It’s possible to demonstrate that, the detun-

ing from resonance that give half of the maximum power (half width at half maximum) is

determined by
A

4F
It can be easily shown with some computations [78, 84], taking into account that the finesse is

OLgwam = (2.18)

typically much larger than unity and total losses are small, that the slope around resonance is
given by

do _8F
dL A

Another important aspect to consider is the cavity frequency response: indeed, the grav-

(2.19)

itational wave signal can be modeled as a sinusoidal signal shaking the mirrors at a certain
frequency and for this reason we are interested to know the cavity response at that particular
frequency.

M, M

Figure 2.4: Schematic of the Fabry-Perot cavity and fields at each point of the cavity.

Considering the scheme showed in figure 2.4, we can model the relative motion between

the two mirrors as a sinusoidal waveform applied only to the End mirror

x(t) = xpcos(wyt) (2.20)
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The field reflected by the mirror Me gets an additional dephasing

Ej = —r,Eye 2kx(0) (2.21)

If the displacement is very small with respect to the wavelength (xo < A ), we can expand

the exponential and get
2n —iwgt it
Ey=—r.E5— T(e e )E3 (2.22)

Equation (2.22) shows that if the mirror is moved at a frequency @y, two signal sidebands at
the frequency of the signal are created inside the cavity. These additional sidebands propagate
inside the cavity and undergo interference.

The field reflected from the cavity at @ is
2n 1 1?
E6 Q) = ——r, L
(@) A e(1+%) (1 —rire)

ALF

2E1X0 (223)

This equation shows that the cavity response, as a function of the frequency, has a simple
pole at a frequency given by

c
7= 41F
where ¢/2L is the cavity free spectral range and F is the cavity finesse.

(2.24)
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Figure 2.5: Frequency response of a Fabry-Perot cavity with a cavity pole at f, = 80 Hz.

Therefore, any sideband at a frequency lower than the cavity pole, gets an additional gain,
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while when its frequency is higher than the cavity pole, it is suppressed by the cavity filtering
action.

2.2 Gravitational Waves Detectors: VIRGO experiment

VIRGO experiment was born as an international collaboration between the Italian INFN
(Istituto Nazionale di Fisica Nucleare) and the French CNRS (Centre National de la Recherche
Scientique). Its construction was completed in June 2003 and its first science run in May 2007.

To increase the power circulating into the interferometer and then to improve the sensitivity
of the detector, a Power Recycling Mirror (PRM) is used [16]. This mirror is placed in front
of the laser in a position such that light that come back towards the laser direction arrives in
phase on it. In this way, together with the rest of the interferometer, it forms another cavity
(recycling cavity) so that the beam power increases and in the Fabry-Peorot cavity reaches
several tens of kilowatts. In addition to the Fabry-Perot cavities and the power recycling cavity,
in the optical scheme of Virgo there are also two Mode Cleaner cavities: the Input one is
placed before to inject the laser into the interferometer ensuring a good TEM00O mode entering
the interferometer and the Output one is placed before the output photodiode, this is used to
filter the signal and to improve the signal to noise ratio. The major challenge is to make the
optics almost perfect and the mirror suspensions perfectly stable so that at the output port of
the interferometer, only the light due to the mirror displacement, caused by the passage of a
gravitational wave, could be detected.

To reach a very good stability the mirrors are suspended by an isolation system called
Superattenuator. It allows to have a very good sensitivity also at low frequencies where the
first generation of the others detectors in the world had a lower sensitivity . The Superattenuators

performance will be the main topic of this thesis work.

2.2.1 Advanced VIRGO Design

With the aim to explore a volume of Universe 1000 times larger ( increasing in this way
by a factor 1000 the rate of sources) by improving the sensitivity by a factor 10, the Virgo
collaboration did an upgrade of the Virgo interferometer. The goal of this upgrade is to construct
an advanced detector, called Advanced VIRGO (AdV) [16, 21, 22]. The main changes with

respect to Virgo are:

1. Introduction of a Signal Recycling (SR) mirror. It is be placed between the beam
splitter and the detection bench. This mirror, similarly to the PR mirror, forms a new

cavity (recycling cavity) with the rest of the interferometer. By the tuning of the cavity
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Figure 2.6: VIRGO experiment layout

Source | AdV detection rate [yr '] | Virgo detection rate [yr '] |

NS-NS 17 45%x 1073
NS-BH 4.7 1.2x1073
BH-BH 7.6 1.9%x103

Table 2.1: Expected detection rates of compact binary coalescence for Advanced Virgo com-
pared to that of Virgo

parameters it is possible to significantly increase the sensitivity detector in a certain
frequency band and then to change the shape of the sensitivity curve. In this way the

detector can be optimized for different astrophysical sources.

. increasing of the laser power. After 2018 a 200 W laser, based on fiber amplifiers, will

be installed. In the first years of operation the Virgo laser is used, that provide a power
up to 60 W. A so high power requires specifically designed electrooptic modulators and
Faraday isolators. Another problem is an increase of thermal aberration due to thermal
lensing (also present in Virgo) and, in addition, to a thermo-elastic deformations of the
mirrors. To cope with this problem a sophisticated new Thermal Compensation System
(TCS) is used. Its sensing system includes includes a device, called phase camera, that
measure the amplitude and phase of the beams, and a wavefront sensor, in particular a

Hartmann sensor. The actuating system is based on a CO2 laser that provides a suitable
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heating pattern by a double-axicon system and, for each mirror, a Compensation Plate
(CP) and a Ring Heater (RH). To correct the thermal lensing, in Virgo, the heating pattern
produced by the CO2 laser, was generated by a single-axicon and sent directly on the
mirror, this makes possible a noise reduction by a factor of 102 ; in AdV a noise reduction
by a factor of 103 is required. This laser has an intensity noise that worsens the detector
sensitivity at low frequencies (50 — 100Hz) where new generation of detectors are more
sensitive. To limit this, a new transmissive optical (the CP) has been introduced between
the laser and the mirror. Finally the RH, that is a circular resistor, is used to correct the

radius of curvature of the mirrors.

3. increase of the mirrors mass. To reduce fluctuations due to thermal noise, the mirror
masses are increased from 20 kg to 42 kg. For most critical optics fused silica substrates
with low absorption and high homogeneity are used. These optics will have a very
good level of polishing (0 : Snm rms) and coatings characterized by low-losses and
low-absorption to limit the thermal noise and the optical losses.

4. stray light control. diaphragm baffles, either suspended around the mirrors, or ground
connected inside the vacuum links, will be installed to reduce phase noise due to light
backscattered into the interferometer. Main photodiodes are placed on suspended bench

in vacuum to limit seismic and acoustic noise.

5. payloads. The mirror suspensions were improved with a new payload that is the last sta-
dium of the Superattenuator. It must cope with the heavy of the mirror, the compensation
plate and the baffle.

2.2.2 Detector sensitivity

The signal s(¢) output of the detector is given by the sum of a gravitational wave signal A(t)
and a noise n(t) : the detector sensitivity 7 is actually defined in terms of the spectral density
of this noise. Assuming that the noise is Gaussian and stationary, we can write the one-sided

noise spectral density S, (f) as

1 iy
35n(f) = / ™I Cy(1)dt (2.25)

where C,(t) is the noise autocorrelation between time 0 and 7. The detector sensitivity is defined

as

h(t) = \/Sa(t) (2.26)
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Figure 2.7: Simplified optical layout of Advanced VIRGO

It is measured in 1/v/Hz.

Great part of the sensitivity band is limited by the fundamental noise: it arises from the
quantum fluctuations of the laser power which translate into noise at the read-out photodiode
on the one hand and in mirror displacement for radiation pressure noise on the other hand. In

addition to that, environmental and technical noise sources must be taken into account.

2.3 Noise sources in ground based interferometric Detectors
The main sources of noise, that limit the detection of the gravitational signal, are [69]:

* seismic, Newtonian noise (at low frequencies)

* thermal noise (at medium frequencies)

* shot noise (at high frequencies)
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2.3.1 Seismic Noise

The dominant noise at low frequencies below 3 Hz is represented by seismic noise originating
from vibrations of the ground which are transferred to the test masses via their suspensions.
Seismic noise has both natural and human origins and can vary by few orders of magnitude
from site to site.

The typical linear spectral density of seismic displacement can be modeled as

- o
xseism(f) ~ ]TZ (2.27)
. . . _ 3. .
the coefficient o depends on the site and is about 10~7mHz2 in Cascina.
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Figure 2.8: Power Spectral Density (PSD) of microseism acquired by the environmental sensors
disseminated on EGO site. This figure shows two different seismic conditions along to the
longitudinal axis to the North direction (right figure) and West direction (left figure). In
particular, blue and green curves show the typical PSDs of the microseism that occurs in winter
and summer seasons respectively.

The intensity of these phenomena changes according to the seasons and it becomes particu-
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larly high in winter. In Figure 2.8 two different seismic phenomena are shown.

If we compare e, (f) with the 107 18m / VHz displacement induced by a GW , we see that
we need an isolation system capable to attenuate the seismic noise by 11 orders of magnitude
at 1 Hz.

In the Part II of this thesis we will discuss in great detail about the Seismic Isolation System

adopted in Virgo and the seismic noise on EGO site.

2.3.2 Newtonian Noise

Seismic Newtonian noise (or Gravity gradient noise) is generate by the local gravitational
fluctuations due to the seismic waves in the ground. These fluctuations changes the mass
density distribution around the mirrors.

Essentially, we have many sources of local gravitational fluctuations:

-the motion of macroscopic objects around the test masses;

-the seismic motion of ground;

-the random motion of particles of then atmospheric particulate matter (atmospheric Newto-
nian noise).

An estimation of the gravity gradient power spectra has been obtained by P. Saulson in
[69]and it assume the following form

—11
hgg = %xseim (2.28)
More refined estimates [68] of the gravity gradient noise give results that are agree with the

Eq. (2.28) but, its behavior at low frequencies has been correct

61023 2
puin” (%) 3Hz < f < 10Hz

hgq ~ (2.29)

6.10-23 4
gale~ (%) 10Hz < f < 30Hz

with 0.15 < B < 1.4 depending on the site seismic activity.

This noise dominates in the frequency band below 5 Hz and acts directly on the mirrors
bypassing their isolation system, so a ground-based detector can not have a frequency detection
band below this frequency.

Future GW detectors, the so-called 3rd generation interferometers, are expected to extend
their detection band to lower frequencies (f < 10 Hz). This range is dominated by seismic
motion as well as from the gravity gradient noise: for this reason one solution to reduce these

noise sources, is to build future interferometers in deep underground sites (see Sec. 4.4).
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2.3.3 Thermal Noise

Thermal noise is another disturbance particularly important for interferometric GW detection
in the low frequency range.

The interferometer mirrors are in radiative thermal equilibrium with the vacuum chambers
that are at room temperature [37]. The energy exchange generates the Brownian motion of the
particles of mirror glass, coating and suspension system and consequently induces a fluctuation
in the measured cavity length.

The power spectrum of the fluctuating force F;j,,,,, induced by the dissipation simply as

Er = 4kgTR(Z(f)) (2.30)

herm

where kg is the Boltzmann’s constant, 7 is the temperature and R(Z(f)) is the real part of the
mechanical impedance Z(f). The relationship (2.30)can be written as
kpT
2 kB
Xtherm = ﬂzfzm(Y(f)) (231)
where X0, 1s the power spectrum of the system fluctuating displacement and Y (f) = 1/Z(f)
is the mechanical admittance.

There are several contributions to thermal noise that can be grouped in two categories:

suspension thermal noise

* Pendulum thermal fluctuations: are oscillations in the suspensions due to thermal fluctua-

tions. They induce a horizontal displacement of the mirrors;

 Vertical thermal fluctuations: are vertical motion of the suspensions. This becomes
important even if we are interested in horizontal distance between the mirrors because
of the vertical-horizontal coupling due to the fact that, given the Earth curvature, the

direction of the vertical, at the end mirrors, is not the same;

¢ Violins modes: noise due to the fluctuations of the normal modes of the wires the mirrors

are suspended to.

mirrors thermal noise

* Brownian motion of the mirrors: is due to the kinetic energy of the mirrors atoms at

temperature 7T';
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* Thermo-elastic fluctuations: take place both in the mirror bulk and in the mirror coating.

They are due to the thermal expansion of the material.;

* Thermo-refractive fluctuations: is the noise due to the variation of the material refractive

index with the temperature.

2.3.4 Shot noise and Radiation Pressure Noise

Shot noise and radiation pressure noise are two faces of quantum noise is one of the main noise
sources that limit the sensitivity of an interferometric gravitational wave detector. They appear
as a power fluctuation of the power at output port of the interferometer: they are originated
from the statistical fluctuations in photons number (shot noise) and from the radiation pressure
fluctuations acting on the end mirrors. Both these noises are due to the zero-point fluctuations
(vacuum noise) of the electromagnetic field entering in the unused port of the interferometer
[12].

Shot Noise

The shot noise is a fundamental disturbance associated to the quantum nature of light that poses
a limitation on power measurements. This process is caused by the Poissonian distributed
counting of the photons hitting the interferometer photodetector.

The average number of photons N of frequency v, impinging on a photodiode of quantum

efficiency 1 , in a time interval Af can be written as:

N Pasy At
N=——"— 2.32
2mhv (2.32)
For a Poisson distribution the standard deviation & = /N, the corresponding variation in
power is
PAsyzﬂhV
0 Pshor = v (2.33)

Therefore the signal to noise ratio can be written as

|0 Pow |

SNR =
OP, shot

(2.34)

In order to find the best operating point, we have to maximize the expression (2.34) respect
to the static phase ¢.
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If we consider the contrast C ~ 1, we get

dop = Ltk (2.35)

This is the dark fringe condition and it corresponds to Pysy = 0.

The minimum detectable signal expressed in terms of GW amplitude linear spectral density

. | hel
=] 2.
hshot L 27'CVP]N ( 36)

If we consider an interferometer with its arms constituted by two Fabry-Perot cavities, as-

is found imposing SNR =1

suming very high reflectivities and very low loss of the mirrors, we can write the Equation (2.36)
as

- 1 [7hc?
B (1)~ g5\ vore 1+ @ fown,)? 237)

this determines the frequency dependence of the interferometer sensitivity.

Radiation Pressure

The radiation pressure noise is due to photons that impinge the mirrors and are reflected back
from them. Since this pressure fluctuates, it generates a stochastic force on the mirror that can
not be compensated.

The photons are Poissonian distributed, we expect a displacement fluctuation of the mirrors
Fip o< /Py

The radiation pressure noise spectrum is written as

~ 1 APy
hrp(f) = mi2\ 2en

(2.38)
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Figure 2.9: Reference Advanced Virgo sensitivity and expected noise contributions.



Chapter 3

Direct detection of GW by using ground
based interferometers

The existence of gravitational waves was demonstrated by the discovery of the binary system
PSR1913+16, performed by Hulse and Taylor [41], and by the observation of its energy loss
by Taylor and Weisberg [80]. In 1974, Hulse and Taylor observed a pulsar with an anomalous
behavior of its period. They understood that this variation in period was due to the Doppler
shift caused by the presence of a companion object: the pulsar form, in fact, a close binary
system with a neutron star. The measured orbital period is P = 7h75m and its decrease over
time is in agreement with the energy loss due to the gravitational radiation emission. After
the discovery of the binary system, the shift of its orbital period has been observed for more
than 30 years; figure 3.1 shows the result of these measurements compared with the General
Relativity prediction. The perfect agreement conrfims the existence of gravitational waves.
The direct observation of gravitational waves has been possible thanks to the development

and construction of the modern ground based interferometers.

3.1 Thefirst direct gravitational wave detection: GW150914

On February 11, 2016 the Virgo and the LIGO collaborations simultaneously announced the
first gravitational wave detection.

This is the abstract of the detection paper [32]:

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer
Gravitational-Wave Observatory simultaneously observed a transient gravitational-wave signal.
The signal sweeps upwards in frequency from 35 to 250 Hz with a peak gravitational-wave

strain of 1.0 x 10721, It matches the waveform predicted by general relativity for the inspiral
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Figure 3.1: Orbital phase residuals for the binary system PSR1913+16. If the orbital period
had remained constant, the points would be expected to lie on a straight line. The curvature of
the parabola drawn through the points corresponds to the general relativistic prediction for loss
of energy to gravitational radiation. This caption quotes the caption of FIG. 6. in the original

paper of Taylor and Weisberg, that takes into account the measurement performed in 7 years
[80].

and merger of a pair of black holes and the ringdown of the resulting single black hole. The
signal was observed with a matched-filter signal-to-noise ratio of 24 and a false alarm rate
estimated to be less than 1 event per 203 000 years, equivalent to a signicance greater than
5.10 . The source lies at a luminosity distance of 410ﬂgg Mpc corresponding to a redshift
z=0: 091’8:82. In the source frame, the initial black hole masses are 361’2 M, and 29“:1 Mg,
and the final black hole mass is 62J_r§11 M, , with 3 : Ofg:g M c? radiated in gravitational waves.
All uncertainties define 90% credible intervals. These observations demonstrate the existence
of binary stellar-mass black hole systems. This is the first direct detection of gravitational

waves and the first observation of a binary black hole merger.

In figure 3.2 the SNR time series, Time-frequency representation of the strain data and the
Time-domain detector data (in color) respectively are shown for the GW event GW150914.
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3.2 The first direct gravitational wave detection for AdV:
GW170814

The era of gravitational wave (GW) astronomy began with the detection of binary black hole
(BBH) mergers, by the Advanced Laser Interferometer Gravitational Wave Observatory (LIGO)
detectors. The Advanced Virgo detector joined the second observation run on August 1, 2017.

On September 27, 2017 the the Virgo and the LIGO collaborations simultaneously an-
nounced the first gravitational wave detection observed with a three-detector network.

This is the abstract of the detection paper [31]:

On August 14, 2017 at 10:30:43 UTC, the Advanced Virgo detector and the two Advanced
LIGO detectors coherently observed a transient gravitational-wave signal produced by the
coalescence of two stellar mass black holes, with a false-alarm-rate of < 1 in 27000 years.
The signal was observed with a three-detector network matched-filter signal-to-noise ratio
of 18. The inferred masses of the initial black holes are 30.5“:2:8 Mg, and 25.3fi:§M® (at the
90% credible level). The luminosity distance of the source is 540J_r:(3)0 Mpc, corresponding
to a redshift of 7 = O.llfg:gi. A network of three detectors improves the sky localization of
the source, reducing the area of the 90% credible region from 1160 deg* using only the two
LIGO detectors to 60 deg® using all three detectors. For the first time, we can test the nature of
gravitational wave polarizations from the antenna response of the LIGO-Virgo network, thus
enabling a new class of phenomenological tests of gravity.

In figure 3.3 the SNR time series, Time-frequency representation of the strain data and
the Time-domain detector data of the Advanced LIGO — Advanced Virgo network(in color)
respectively are shown for the GW event GW170814.

3.3 First observation of Gravitational Waves from a Binary
Neutron Star Inspiral: GW170817

During the second observing run (O2) the three-detector network LIGO-Virgo observed a
gravitational-wave signal from the inspiral of two low-mass compact objects.

On October 16, 2017 the the Virgo and the LIGO collaborations simultaneously announced
at the world the first gravitational wave detection generated from a Binary Neutron Star Inspiral:
GW170817 .

This is the abstract of the detection paper [30]:

On August 17, 2017 at 12:41:04 UTC the Advanced LIGO and Advanced Virgo gravitational-

wave detectors made their first observation of a binary neutron star inspiral. The signal,
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GW170817, was detected with a combined signal-to-noise ratio of 32.4 and a false-alarm-rate
estimate of less than one per 8. 0 x 10 4 years. We infer the component masses of the binary
to be between 0.86 and 2.26 M, ,in agreement with masses of known neutron stars. Restricting
the component spins to the range inferred in binary neutron stars, we find the component
masses to be in the range 1.17-1.60 M., , with the total mass of the system 2.74J_r8:8‘11 Mg, . The
source was localized within a sky region of 28 deg? (90% probability) and had a luminosity
distance of 40Jj§ 4 Mpc, the closest and most precisely localized gravitational-wave signal yet.
The association with the y-ray burst GRB 170817A, detected by Fermi-GBM 1.7 s after the
coalescence, corroborates the hypothesis of a neutron star merger and provides the first direct
evidence of a link between these mergers and short y-ray bursts. Subsequent identification
of transient counterparts across the electromagnetic spectrum in the same location further
supports the interpretation of this event as a neutron star merger. This unprecedented joint
gravitational and electromagnetic observation provides insight into astrophysics, dense matter,
gravitation, and cosmology.

This detection marks the birth of a new astrophysics: the multimessanger astrophysics.
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Figure 3.2: The gravitational-wave event GW 150914 observed by the LIGO Hanford (H1,
left column panels) and Livingston (L1, right column panels) detectors. Times are shown
relative to September 14, 2015 at 09:50:45 UTC. Top row, left : HI strain. Top row, right: L1
strain. GW150914 arrived rst at L1 and 6.91“8:2 ms later at H1; for a visual comparison, the H1
data are also shown, shifted in time by this amount and inverted (to account for the detectors’
relative orientations). Second row: Gravitational-wave strain projected onto each detector
in the 35-350 Hz band. Solid lines show a numerical relativity waveform for a system with
parameters consistent with those recovered from GW 150914 [48, 50]conrfimed to 99:9% by an
independent calculation. Third row: Residuals after subtracting the ltered numerical relativity
waveform from the filtered detector time series. Bottom row: A time-frequency representation
[16] of the strain data, showing the signal frequency increasing over time [32].
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Figure 3.3: The GW event GW170814 observed by LIGO Hanford, LIGO Livingston and
Virgo. Times are shown from August 14, 2017, 10:30:43 UTC. Top row: SNR time series
produced in low latency and used by the low-latency localization pipeline on August 14,
2017. The time series were produced by time-shifting the best-match template from the online
analysis and computing the integrated SNR at each point in time. The single-detector SNRs in
Hanford, Livingston and Virgo are 7.3, 13.7 and 4.4, respectively. Second row: Time-frequency

representation of the strain data around the time of GW170814. Bottom row: Time-domain
detector data (in color) [31].



3.3 First observation of Gravitational Waves from a Binary Neutron Star Inspiral: GW 170847

Normalized amplitude

0 2 4 6
S |
500

LIGO-Hanford

100
50

500

LIGO-Livingston
30" —

100

Frequency (Hz)

50

500 15h 12h

9h
18h

-3p° \ L300
100 i i

0 25 50 75

50 Mpec

=30 =20 -10 0

Figure 3.4: Left figure: Time-frequency representations of data containing the gravitational-
wave event GW 170817, observed by the LIGO- Hanford (top), LIGO-Livingston (middle),
and Virgo (bottom) detectors. Times are shown relative to August 17, 2017 12:41:04 UTC.
The amplitude scale in each detector is normalized to that detector * s noise amplitude spectral
density [30]. Right figure :Sky location reconstructed for GW 170817 by a rapid localization
algorithm from a Hanford-Livingston ( 190 deg? , light blue contours) and Hanford-Livingston-
Virgo ( 31 deg2 , dark blue contours) analysis [30].






Part 11

Seismic attenuation systems






Chapter 4
Seismic Noise

Seismic noise is a generic name to identify a relatively persistent and variable (in frequency
and amplitude) ground vibration, that is not interpretable as component of signal detected by
seismometers. Since high precision measurements and high sensitivity experiment performed
with ground based instruments are influenced by this noise source, a deep study on the origin of
any possible disturbance is a fundamental passage in identifying a possible impact of seismic
noise on them. This is also very useful for a deeper knowledge of the geological structure of
the Earth.

The critical frequency region of the modern ground based interferometric detectors for GW,
is in the range 0.1 < 10 Hz because it influences the detector sensitivity as well as the possibility

to operate them with high duty cycle in observational mode.

4.1 Seismic waves

Seismic signals are waves of energy that travel through the layers of the Earth as result of
earthquakes, volcanic eruptions, magma movement, large landslides and large explosions
[76, 77]. Many other natural and anthropogenic sources create low amplitude waves commonly
referred to as ambient vibrations. The propagation velocity of the waves depends on density
and elasticity of the medium through which they travel. Their velocity increases with the depth
ranging from 2 km/s up to 8 km/s in the surface crust of the Earth and reaching the velocity of
13 km/s in the deep mantle.

Earthquakes create distinct types of seismic waves traveling through the Earth medium with
different velocities.

According to our approach two main categories can be distinguished as follows:

* Body waves
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¢ Surface waves

In the first group we include all the waves travelling through the Earth core influenced by the
density and stiffness of the material which turns out to be influenced by temperature, chemical
composition and material phase. They are Primary waves (P-Waves) that are compressional
waves traveling in longitudinal direction and Secondary waves (S-waves) that are shear waves
traveling in transverse direction.

S-waves in an earthquake event displace the ground perpendicular to the direction of
propagation (see first panel second row in Fig. 4.1 ). The S-waves can travel only through
solids materials, because the fluids (liquids and gases) do not support shear stresses. S-waves
are slower than P-waves, and their typical speed is about 60% of that of P-waves in any material.

Within the second category we group all the waves travelling on the surface of the Earth.
They can be classified as a form of mechanical waves and their amplitude decrease as a function
of the distance from the source. They move through the Earth surface slowly then the body
waves (P and S) with an amplitude of several centimeters.

Are included in this second category Rayleigh waves also called ground roll representing
surface waves that travel as ripples with motions that are similar to those of waves on the water
surface, as well as Love waves the horizontally polarized shear waves (SH waves) having a

large amplitude (with the respect to the Rayleigh waves).

Body Waves

Figure 4.1: Body waves and surface waves
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4.2 Wind waves

Wind waves are mechanical surface waves propagating along the interface between water
and air. As restoring force of this waves is provided by gravity, they are often referred to as
surface gravity waves [38, 45]. Every time the wind blows, pressure and friction perturb the
equilibrium of the water surface and it transfers energy from air to water. The natural formation
of wind waves can be considered a random process. For this reason the height, the duration,
and the shape can be predicted in very limited ways: they are considered as a stochastic process
governed by the standard stochastic physic.

Such waves are typical Rayleigh waves formed on the seabed increasing seismic noise.
In the sketch of Fig. 4.2 a few important parameters influencing the behavior of these waves
are reported: their speed is controlled by gravity, wavelength and water depth. Wavelength
determines the size of the orbits of water molecules within a wave and water depth determines
the shape of the orbits. The path of water molecules in a wind wave are circular only when the
wave is traveling in deep water. Considering the waves in a deep water level, their speed can be

approximated by:

Viw = \/gL/27 4.1)

where g is the gravitational acceleration, and L is wavelength.

While, the speed of shallow-water waves is described by the following equation:

Vsw = \/g_d 4.2)

where d is the depth of the water.

Seismic noise due to wind waves represents main source of local disturbances in operating
any high precision instruments. In particular the effect of this noise source deteriorates the duty-
cycle of a laser interferometric detector for gravitational waves continuous observations. For
this reason is fundamental to have detail monitor on the sea condition close to the interferometer
site.

Thanks to a measurement campaign performed in the time period 1989-2005 by using a
wave buoy located close to the Tyrrhenian sea coast, a local detailed characterization of the
surface waves formation has been done. The used sensor recorded the height of the wave and
its period, for the waves of the Tyrrhenian sea close to the cost located not far away from the
EGO laboratory site (about 15 Km).The histogram in Fig.4.3 shows the statistical trend of the
average period of the sea waves in relation to their average height as measured by the boa [74].

It can be observed that, the seismic noise due to the wind waves is in the frequency range
0.150 = 0.450Hz , while the wave height range between 0.5m and 3.5m.
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motion of
sea waves molecule

Figure 4.2: The pressure variation on the seabed due to gravity waves generates earth-roll
seismic waves.

This represents the contribution to micro-seismic noise on the EGO site due to the Tyrrhenya

Sea motion.

4.3 Microseism

Microseism is defined as a faint earth tremor caused by natural phenomena: it is a well detected
and measured signal everywhere on Earth by using a broad-band seismograph.

With the aim to monitor the seismic noise, in 1993 J. Peterson collected and analyzed data
from 75 seismic stations around the world developing two seismic noise models: the New
Low Noise Model (NLNM) and the New High Noise Model (NHNM) that are now commonly
used as a reference [61]. The models are hypothetical background spectra obtained from the
combination of the lowest spectra in each sites (NLNM) and from the average of the noisiest
sites (NHNM) in the seismometer network.

In Figure 4.4, the results of this analysis are shown. The dominant microseism signals
from the ocean/sea are linked to the characteristic ocean swell periods, and they occur with a
frequency ranging between 0.250 Hz to 0.03 Hz .

Microseismic noise usually shows two predominant peaks, in the region 0.1-0.5 Hz range,
called microseismic peaks. The first one (around 0.1 Hz) is for the larger periods, typically
close to 165 can be explained by the effect of surface gravity waves in shallow water. These
peaks have the same period as the water waves that generate them, and are usually called

*primary microseisms’ !

't is generated by a particular case of a wave-wave interaction process in which one wave is fixed.



4.3 Microseism 55

4500 ~

4000 - #5
3500 -
000 -
2600 -

Heigh [m]
counts apm L

1500 | |

1000 -

o5

5 r
Period [5]

Figure 4.3: Distribution of the average period and relative mean height of the waves in the sea
region close to La Spezia (43 © 55.7 N, 09 ° 49.6 E) as measured in the time period from 1989
to 2005.

4.3.1 Seismic noise on EGO site

The VIRGO and AdV interferometers have been designed with the precise intent to develop an
experimental apparatus for gravitational waves signals having a detection bandwidth extended
in the low frequency region. For these reasons it is important to have a good isolation from any
kind of vibrations which can influence the detection of this weak signal. Seismic noise give the
most important contribution in this range where gravitational waves emitted by catastrophic
events are expected.

Whit this intent the monitoring of the local seismic spectra has a key role to disentangle a
real signal from fake one and to this purpose, over the area covered by the EGO laboratory, a
large number of vibration sensors are disseminated.

In the figure 4.5 the location of these sensors are shown:

* Triaxial Guralp 40T sensors placed in the Central, End and Mode Cleaner buildings
(CEB, NEB, WEB, MCB).

» 8 seismometers Lennard 3D placed outdoor the EGO site.

They are broad-band seismometers used for a continuous monitoring of the local vibrations.
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Figure 4.4: Power spectral density of the seismic motion as a function of frequency, measured
in 75 sites around the world

The signals of this sensors are included on the data acquisition chain of the experiment to be

used in the real time analysis.

With the intent to provide a set of reference spectra for seismic noise on the experimental
area, a measurement campaign has been performed on EGO site in 2011 the results of which
are reported in fig. 4.6. These data have been collected with the sensors listed above over
different time periods lasting from 1 week to 1 year. In agreement with the location displayed
in the figure 4.5 different data sets have been recorded at various location and for each data
sample statistical percentile curve has been calculated [33]. The results of this analysis for the
data set collected in 2011 are showed in Fig. 4.6.

Looking at few details, the curves reported in the Fig. 4.6 present the typical structures
characterizing micro-seismic noise in the frequency range 0.1 + 1 Hz Hz at the EGO site;
they are generated from the crashing sea wave water of coast about 15km away from the

experimental site.

The high peak appearing in the frequency region 0.2 = 0.4 Hz is associated with the Tyrrhe-
nian sea motion and and it changes its shape according with the season and weather conditions.

The pressure generated by the wind on the ground (Seismic noise due the wind ) and the
structures attached to it (buildings, etc.) causes low-frequency soil vibrations concentrated in
the band between 0.01 Hz and 1 Hz.
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Figure 4.5: Site map location of the vibration sensors disseminated on the EGO laboratory area.
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Figure 4.7: The time evolution of the suspension point horizontal displacement as measured
by a LVDT sensor mounted on the top stage of a Suspension. The blue curve represents the
typical suspension point status with high wind noise and the red one with the low wind noise.

However, unlike other sources of seismic noise, such as that one due to the sea, it seems
that wind activity does not give a rise to the real seismic waves bat it induces only a slight
oscillation of the soil surface on which it interacts.

As it can be seen in the Fig. 4.8, on the EGO site a strong wind is recorded more frequently
with a direction East-West [74]. This induces a big oscillation on the VIRGO Suspensions in
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Figure 4.6: Seismic spectral density on Virgo’s site based on 1 year statistic (2011). This
plot shows us that, considering a period of 100 days , 90 of these are characterized by the
microseismic condition out of range from Peterson’ high noise model, and for 10 days the
microseismic condition is below of the Peterson’ high noise model.

the frequency region 0.01 < 0.1 Hz and it is detected by the positioning sensors accommodated
on the top stage of the system (see fig. 4.7).

Local traffic noise - Another important contribution to the seismic noise spectrum of the
EGO site comes from the local traffic. The frequency of these vibrations is limited in the band
1 =4 Hz with an important peak around 2.5 Hz. Even in this case, it has been verified that most
of the ground vibrations come from the bridge of the FI-PI-LI freeway approximately 3 km far
away from the experimental site. Also for these vibrations the propagation speed was measured
to be between 300 m/s and 600 m/s on the ground of the experimental area.

Environmental noise - Within this noise category we include all the disturbances due to
the standard human activity. Among these the presence of a Wind Turbines Park at about 11
km from the Advanced VIRGO interferometer represents a potential noise source to be taken in
consideration for a detailed mapping of noise sources. Their characteristic rotation frequency
has been identified around 1.7 Hz. Some additional information can be inferred also comparing
the curves of the Peterson’s seismic noise models (see fig. 4.4) with a power spectral density of

the local micro-seismic noise measured on EGO site in different days of the year.

The figure 4.9 shows the typical behavior of seismic spectrum measured on EGO site



4.4 Seismic noise in the underground sites 59

Wind direction on Virgo's site

5180 I S )

;......i..... oM a
¥ J

KNS

- /) == h

Average speed [Km/h]

Figure 4.8: Polar wind direction directions measured at the VIRGO site, with their mean speeds.
Data was sampled at 15-minute intervals over a 2-year period (2003-2005). In plot

(displacement spectral density) compared with the Peterson’s noise models as reported in Fig.
4.4 too. In the frequency band 0.2 + 1 Hz, where the effect of microseism of the site is visible,
the spectra are out of the limits fixed by the Peterson’s study. This result can be interpreted only

considering the fact that Italian seismic stations were not present in the measurement campaign.

4.4 Seismic noise in the underground sites

The selection of an experimental site has a key role to limit the impact of seismic noise on
interferometric detectors for Gravitational Waves observations. In underground locations the
perturbations caused by the atmospheric fluctuation due to the weather conditions are minimal,
the environmental conditions are more stable and, as a consequence, the measurable noise on
the surface level is attenuated. For all these reasons underground sites seem to be a natural
choice for the installation of a high precision instrument.

The dependence of seismic noise of a typical underground site is characterized by an
exponential law:

)Eseism (f,d) —44
o< A 43
iseism(fud - 0) ¢ ( )

where d is the depth of the site and A is the wavelength of the seismic wave.
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Figure 4.9: Peterson’s New Low Noise (NLNM) and New High Noise Models (NHNM) limits
are compared with the seismic noise spectral density displacement on EGO site (June 2017).

Seismic noise, in underground sites, is about 100 time smaller than those ones on surface
and its spectrum can be approximated by the following relationship:

-~ 9 m 1 HZ

Xyus == 10 (H_z2) (T

Exactly as for surface sites, the differences among underground locations are set by the

)2 (4.4)

proximity to the coast, by the proximity to the urban centers as well as by their geological
history. This situation is well represented by the Kamioka mine (Japan) selected as experimental
site of the KAGRA interferometer with two orthogonal arms 3 km long each one [24]. In Fig.
4.10 seismic noise measurements, in different locations of the experimental area are plotted
and compared with the typical seismic spectrum on surface (blue curve).

For completeness in Fig. 4.11 a comparison between the typical seismic noise spectrum on
EGO site, measured in June 2017, and that one of the Kamioka mine (underground) measured
in 20 10 is showed.
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Figure 4.10: Comparison between seismic noise spectrum on surface in the Tokyo area and the
measurements performed at differents levels inside the Kamioka mine (Japan).
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Figure 4.11: Typical seismic noise spectrum on EGO site in Italy (blue curve) measured in
2017 and that one (green curve) measured in 2010 within the Kamioka mine (Japan).



Chapter 5

Advanced VIRGO: Seismic noise
attenuation

Suspending optical components represents a crucial task in the construction of interferometers
for gravitational waves detection. In fact the gravitational waves observation depends on the
capability to include into the experimental apparatus a free falling mass (test mass), well
isolated from all the noise sources which are relevant in the observational frequency band.

Seismic noise gives the most important contribution in the low frequency, where gravita-
tional waves emitted by black holes, pulsar and coalescing binaries are expected. For these
reasons the ground based and broad-band interferometers have been equipped with an appropri-
ate suspension system of the test masses including complex mechanical structures studied to
inhibit noise transmission. To this purpose the INFN Pisa Group of the Virgo Collaboration
has developed and built a very sophisticated system to isolate from seismic noise and local
disturbances the free falling masses of the interferometer. With this solution it has been possible
to extend the detection bandwidth in the low frequency region starting from a few Hertz.

5.1 Mechanical attenuators of seismic vibrations

As described in the previous chapter the natural motion of the Earth represents the main
limitation to the sensitivity of any ground based detector of gravitational waves. In particular in
the low frequency region.

A good approximation of a free falling mass is represented by a simple pendulum composed
by a thin wire, as elastic element, connected to a body of mass m . Thanks to this simple
solution it is possible to filter seismic noise in a real experiment to the optical level by using a

harmonic oscillator.
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Let us consider a body of mass m supported by an elastic spring with stiffness k£ . Applying
a force F the equation of motion of the linear system is:
mi = —k(x—xg) 5.1

In the frequency domain the same equation becomes:

—mo*x = —k(X — Xo) (5.2)

Introducing the concept of mechanical Transfer Function as the ratio between output and
input signals of a linear system :

Xout (@)

TFin—our = 314—

x,-,,(a))

the transmission of any perturbation to the output of the linear system can be studied.

(5.3)

4 Transfer Function of Single and Double Pendulum
10 - :

magnitude
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Figure 5.1: Mechanical transfer functions of a single (blue curve) and double pendulum (red
curve) having the same total length.

With reference to figure 5.1 and considering a harmonic oscillator having resonance mode
wy we observe that:

* at low frequencies (@ < @y ), due to the stiffness of the system, the transfer function is

equal to 1 and the perturbation is completely transmitted from input to output;
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* for a frequency @ = wy (the normal mode of the harmonic oscillator) the applied force
to the input determines a continuous transfer of energy from input to output amplifying
the motion of the system itself with an amplification factor equal to Q (the mechanical
quality factor ) ';

* at high frequencies thanks to inertia of the suspended body the transfer function is equal
to:

Xout (@ 1\?
‘ TF ’zn%out % = (5) W =>> 0y (5.5

and for frequencies m > @y the system behaves as second order low pass mechanical filter.

For all these reasons a harmonic oscillator is a good candidate to inhibit seismic noise
transmission in an interferometric detector designed to observe gravitational waves.

In the figure 5.1 the transfer function of a single pendulum as well as that one of a double
pendulum having the same total length is reported. It is evident that increasing the number of
stages in a mechanical structure represents a good approach to improve the total attenuation
factor of seismic noise at the level of the test masses. In such a way cascading N harmonic-
oscillators (N stages ) the transfer function can be written as:

e = = trap = () vima=of-of-af 66
i e

5.1.1 The Advanced VIRGO (AdV) Suspensions

The solution adopted for the AdV interferometer is based on the idea to replicate a certain
number of harmonic oscillators so that to form a filtering chain enhancing the natural capability
of a single stage to attenuate the noise transmitted in all degrees of freedom at the next level.
The system must provide a good isolation of seismic noise in vertical direction as well as
the horizontal one. For this reason any simple pendulum should be equipped with an elastic

element taking care of the vertical attenuation too.

'In the equation of the harmonic oscillator, the stiffness can be expressed in the form k(1 +i¢), where ¢ = 1/Q
and it represents the different dissipative effects due to the constraining reaction, which may be due to viscous
friction or damping of other nature. The quality factor (Q) is proportional to the ratio between the energy stored
by the oscillator and the energy dissipated in a cycle. Re-writing the transefr function in the frequency domain,it
assume the form:

| Xou (@) | 1+9¢?

= = (5.4)
@ ()
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Since the performance of the suspension adopted to isolate the optical components in
VIRGO interferometer has been considered compliant to the requirements of the second
generation detector (AdV), minor changes have been included in the new experimental set-up

in agreement with the following requirements:

* isolation from seismic vibrations - in figure 5.2 the design sensitivity of the AdV is
reported (black curve), where the target spectral sensitivity 2(10Hz) ~ 1072! /\/Hz
corresponding to a residual displacement of %(10Hz) ~ 3-10~'8m/\/Hz is shown;
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Figure 5.2: AdV design sensitivity curve.

* capability to control the mirror position - the locking of the interferometer has a very
stringent requirement: 8x,,,; ~ 10~!2m. Mirrors position must be controlled down to

DC without re-injecting noise in the detection band;

¢ low level of internal disturbances - around 4Hz and above, Thermal Noise (TN) be-
comes the dominant noise source. The possibility of lowering this noise source depends
on the use of low loss angle ¢ material. For AdV this has been implemented by suspend-
ing end and input test masses with fused silica fibers (¢rg ~ 10~°) to form a monolithic

2 evaluation of the Thermal Noise

structure with the mirror bulk. Making a coarse
contribution of a simple pendulum to the detector sensitivity in the low frequency region

by using the equation:

2 A general definition of the quantity ¢, ¢ take into account all dissipative contribution into material : @7y =
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(5.7)

where @, = \/% is the pendulum mode and Kp is the Boltzmann constant, it is evident that
suspending heavier mirrors together with increasing the pendulum length are key parameters to
reduce Thermal Noise. In a typical ITF set-up, the pendulum TN of the mirror suspension is
dominant from a few Hz to about 100 Hz, while the mirror bulk TN is dominant from 100 Hz
to a few kHz.

5.1.2 The Advanced VIRGO Superattenuator

The new optical layout of the Advanced VIRGO interferometer (ITF) is shown in the figure
5.3 where mirrors and benches are schematically represented. Each one of these elements is
suspended from a mechanical system, called Superattenuator (SA), adopted to isolate it from
seismic noise and local disturbances.

The SA is the final result of a long and detailed research and development program
performed by the INFN Pisa Group with the intent to extend the detection bandwidth of
the interferometer in the low frequency region (below 50Hz).

To fulfill the detector requirements two types of SA have been built: short chain and long
chain. The first type is used to suspend optical benches and small mirrors while the second
ones is used to hang the high quality optics: Power Recycling Mirror (PRM), Beam Splitter
Mirror (BS), Fabry-Perot cavity optics (NI,NE and WI,WE) and the Signal Recycling Mirror
(SRM) , included in the optical set-up of the second generation ITF.

A few guide lines have been considered during the development of the mechanical system:

* the normal modes of the pendulum mechanical structures are confined in the low fre-

quency region (below 4 Hz);

* the introduction of a pre-isolation stage to be used as mechanical support of the chain
suspension point with the possibility to move it applying small forces. In this way,
any noise re-introduction at the top stage level, is passively filtered by the mechanical

structure of the pendulum.

Keeping in mind these guide lines the SA has been designed as a hybrid system formed by
a passive mechanical filters chain connected through ground by a three legs structure based on
the working principle of the Inverted Pendulum (IP).

v/ Z5 (Dstruct + Puerm ~+ Bsury) + Brecoti » Where E is the Young modulus, / is the cross section moment of inertia, 7

is the mechanical tension applied to the wire of length L and where structural, thermal, surface and recoil losses
have been considered as thermal noise contributions.
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Figure 5.3: Optical layout of AdV ITFE.

Looking at the figure 5.4 , where a long suspension technical drawing is reported, we

identify three main parts:

* Pre-isolation stage: the Inverted Pendulum (IP-3 legs structure) on top of which a
mechanical filter (called Filter 0-F0) is bolted through a metallic ring.

* The passive multi-stage pendulum chain formed by five mechanical Filters F1, F2, F3,
F4 and F7 (Steering Filter);

* Last stage or payload formed by the marionette and the mirror.

The main difference between long and short chains is represented by the number of the
passive mechanical filters which is equal to six and three respectively. When a single-stage is
considered in “stand-alone mode” its natural frequency is about 0.5Hz (cut-off frequency along
two longitudinal directions ), while the all resonance frequencies of the chain are spread out

over the range 0.1 +3Hz.
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From now on we will focus our attention in the description of a long chain for completeness

reasons.

—— Filter 0

Suspension wire

Standard filters

Filter 7

Figure 5.4: A 3D technical drawing of the AdV Suspension system (long chain).

5.1.3 Passive attenuation: standard filter

A standard filter is a drum-shaped rigid cylinder made of stainless steel weighting 120 kg with
70 cm diameter and 18.5 cm hight (Figure 5.5). Within the theoretical scheme of a multi-stage
harmonic oscillator, it substitutes a single pendulum acting as a second order low pass filter on
two longitudinal degrees of freedom.

Each filter is suspended from the top stage by using Maraging steel wires (each section 1.2
m long and with a diameter ranging from 1.85mm and 4.0mm depending on the load to be

hung) connected to the body at a distance of 5 mm from the system center of mass. This choice
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detail view D

Figure 5.5: Technical drawing of the mechanical filters for the AdV Superattenuator.

has been done to minimize the restoring force and the coupling between tilt and horizontal
motions. The bottom part of the filter body is completed with a set of triangular cantilever
spring blades clamped on the outer circumference of the structure (see fig. 5.6). Considering
the typical seismic noise spectrum at the EGO site, it has been decided, for a good filtering
action, to cascade a sequence of six mechanical filters forming a chain with an attenuation

factor A bigger than 10'° in all degrees of freedom.

5.1.3.1 Triangular blades

The blades are elastic elements included in the design of the mechanical filters to implement the
filtering effect on the vertical degree of freedom. This element has been built with a triangular
shape machined by using Maraging alloy. The use of this ultra high resistance steel (UHRS) in
place of the standard one, has been employed to minimize micro-creep effect due to the high
load applied [27, 56].The blades are pre-bent at constant curvature radius so that they became
flat and horizontal as soon a load is attached to their tip (see figure 5.7 a) [71]. Thanks to this
shape the stress distribution is uniform along the blade, minimizing the maximum internal
stress, which is kept at level of the 50-60% of the material elastic limit. The load capability of
each spring set is selected by changing the number of blades (ranging from 12 to 4and going

from top to the bottom of the chain) and their triangular base width for each mechanical filter
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Figure 5.6: Cross section of the filer body showing the mechanical structure together with the
triangular blades clamped on the circumference of the body bottom part.

as a function of the total load to be supported.

The tip of each blade is attached to a central column representing the movable part of the
filter, constrained by a set of centering wires, to move only in the vertical direction through the
central hole of the filter body. Connected to the central column there is a crossbar: a mechanical
structure designed to support the magnetic antisprings (see next subparagraph) across the top
surface of the filter body. The crossbar and the matrices with permanent magnets complete the
movable part of the filter together with the central column supporting the final load of the next
filter through a suspension wire . Once properly loaded the main vertical resonance frequency
of each filter is about 1.4 Hz, depending on the blade geometry, stiffness and attached load.

5.1.3.2 Magnetic anti springs

Since the suspension wire length fixes the pendulum normal mode at about 0.5 Hz for the two
horizontal directions (x,z) we need to have a similar cut-off frequency in vertical direction too.
Only in this way our experimental apparatus will have an isotropic response in all d.o.f.

To this purpose and with the aim to reduce the main vertical normal mode frequency of
each filter at 0.4 Hz , a set of magnetic antisprigs , mounted in repulsive configuration have
been accommodated on top of the filter body[55].

They consist of four matrices of permanent magnets: the crossbar supports two arrays of

magnets, while a second pair of arrays are bolted on the filter body. When they are perfectly

3Each section of the suspension wire (1.2m long) is machined with nail head at both ends fixing the pendulum
resonance frequency of each stage in in two horizontal directions (two d.o.f.) at about 0.5 Hz
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Figure 5.7: Triangular blade

aligned, the repulsive force does not have any vertical component, but as soon as they oscillate
a vertical component appears. The moving magnets, indeed, are vertically displaced by a small

amount 0y, and a vertical antispring force appears:

F,s = Fsin(ot) ~ Fdy/d (5.8)

whereF is the module of the repulsive force and d is the magnet separation in our experi-
mental set-up (see fig.5.8 ). This device is equivalent to a vertical spring with a negative elastic
constant (antispring) whose module is: ks = F /d. Its rest position is that one for which the

two couples of matrices are perfectly faced.
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Figure 5.8: The working principle of the magnetic anti-spring system

On a seismic filter the magnetic anti-springs act on the crossbar in parallel with the blade
mechanical springs, so that the overall elastic constant is reduced and the vertical mode
frequencies of the chain can be confined below the highest frequency of the horizontal modes.
To this purpose writing down the equation of the mechanical system with the combined action

of the blade springs and the magnetic anti-spring, it turns out:
my = —kpOy+ kysOy (5.9)

where kj, e ks are the stiffness of the blade springs and that one obtained by the fine tuning of
the magnets distance mounted on the crossbar and on the filter body respectively. From the

equation (5.9) defining:

(0)? = (kp — (F /d))/m (5.10)

it is evident that the elastic constant of the system and then the vertical mode frequency (see
equation 5.10) can be changed modifying the distance of the permanent magnets pairs bolted
on the mechanical filter in accordance with the equation 5.8.

The device working principle requires that in the rest position all the magnetic anti-springs
are perfectly aligned, in order to null the vertical component of the magnetic force. To this end
a small remotely adjustable cantilever blade (the so called ‘fishing rod’ visible in fig. 5.9) has
been added on top of each filter, to bring the anti-springs to the correct working point. This is
also possible thanks to the presence of a vertical displacement sensor (LVDT - Linear Variable
Differential Transformer) which is able to monitor the relative position of the crossbar with

respect to the filter body.
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In addition, the permanent magnetic field of the anti-spring is very sensitive to the temper-
ature variation: the magnitude of the field decreases (increases) as soon as the temperature
increases (decreases) causing a variation of the vertical resonance frequency of a single filter in
accordance with the following experimental measurement:

0o _ 540 MHz

= C (5.11)

This result is in good agreement with the temperature dependence of the expected anti
stiffness which is of the order of 0.4%/°C. [62]

Moreover the thermal variation of the vertical frequency is the sum of two contributions:
the magnetic field strength and the blade stiffness. While the contribution of this last one is
turned out from the experimental value [11]:

Ak —4 /o
T AT =2.1x10""/°C (5.12)

the first one is the most important one and it represents a potential source of filter perfor-
mance degradation if not properly controlled (the fine actuation by means of a fishing rod is
used for this purpose too). For all these reasons the Superattenuator structure in maintained

inside a vacuum vessel, called tower, and within a well temperature controlled environment.

Magnetic antispring

Figure 5.9: A 3D technical drawing of a standard filter where the magnetic anti-springs are
visible (within the red circle) together with the fishing rod actuator .
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5.1.4 Pre-isolation stage

The pre-isolation stage of the Superattenuator is based on two main mechanical elements: a
seven meter high three legs Inverted Pendulum (IP) interconnected on its top by means of a
metallic Top Ring and a modified standard filter (the so called FilterO - FO) bolted on it. All
these elements are ground connected through a large bottom ring having a diameter of about
1.5 m supported by three feet housing three piezoelectric actuators (3 PZT) acting in vertical
direction along the leg axis..

The introduction of the IP in the SA technical design has been guided by the following

requirements:
* to provide the SA with a very soft suspension point positioning system;

* to introduce a horizontal pre-attenuation stage at very low frequency (down to 30mHz)

and improving the overall attenuation performance;

* to crate a platform equipped with sensors and actuators to perform an Active Mode

Damping and seismic noise depression (reducing the SA resonance modes level).

The FO is a modified standard filter integrated into the IP structure to complete its attenuation
action in vertical direction too. On the crossbar mechanical structure a vertical hoist with a
dynamic range of +35mm is installed and it is used for the mirror vertical positioning during
the alignment phase of the ITF. The FO and the Top Ring form a platform where positioning
sensors (LVDTs), horizontal and vertical accelerometers as well as three magnet-coil pairs
mounted in pin-wheel configuration have been placed. All these devices are fundamental tools
for the positioning of the chain suspension point and in the Active Mode Damping feedback

control strategy.

5.1.5 The IP working principle

An ideal Inverted Pendulum can be conceived as a mass-less vertical bar of length L. ground

connected by means of an elastic joint with stiffness k and supporting a mass m on its top (see
fig. 5.10. The equation of a similar system can be written:

10 = —kO +mgLsin(0) (5.13)

where [ is the cylinder moment of inertia, the first addendum of the equation right side is the

elastic torque due to the mechanical joint and the second one is the gravity torque. Considering
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Mexcible joind

Figure 5.10: IP working principle

the system in the small oscillation regime, the equation 5.13 can be written:

K _89_0 (5.14)

9+(E_L

where I = mL? is the generic moment of inertia for a mass-less bar and then the Inverted

Pendulum resonant frequency will be:

kg
mlL? L

From Eq. 5.15 it is evident that, with a fixed bar length the resonance frequency depends

Jip= (5.15)

from the mass m connected on its top. The frequency value can be lowered by increasing the
mass m until the mechanical instability is reached while the gravity acts as an anti-spring; such
mechanical structure can operate at very low frequency (in AdV around 30 mHz). Attaching
the suspension point of the multistage pendulum chain on the top of an inverted pendulum, it
acts as an ultralow frequency pre-isolator stage that suppress a large part of the input horizontal
seismic noise.Moreover, due to its very low overall stiffness, the inverted pendulum can be
moved applying small forces. For example, considering the typical mass M ~ 10°Kg of the
AdV Superattenuator and the resonance mode of the pre-isolation stage fixed at 30 mHz, a

displacement of Ax ~ 10~2m, can be obtained by applying a force:

|F|=M-(2rfy)*-Ax ~0.36 N (5.16)

With the same approach, since the rotational mode frequency around the vertical axis of

a typical inverted pendulum it is about 300mHz, it turns out that the needed force to rotate
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the system by 1 mrad is just 3.6 N .In figure 5.11, 5.12 the experimental measurements of the
chain normal modes for the long Superattenuators accommodated along the interferometer
arms, are shown. They have been obtained by using the natural seismic noise vibration along
the horizontal axis (x and z d.o.f.) as input and looking at the horizontal accelerometer signals
installed on the IP top stage as output. By integrating two times this last signal, an evaluation
of the displacement-displacement transfer function can be performed with the intent to get

important information on the attenuation performance of the system.

Magnitude [pm/ m]

10! 10° 10!
Frequency [Hz]

Figure 5.11: Normal modes distribution of different SA chains for the AdV interferometer.
The experimental displacements induced by seismic noise along the x d.o.f. are plotted for the
suspension chains accommodated along the interferometer arms (NI, NE, WI and WE). The
curves put in evidence the resonance modes of each mechanical element of the chain starting
from the IP normal mode at about 30 mHz.

5.1.6 The last stage: Filter7

The last mechanical filter of the chain is historically called Filter7 (see figures 5.13 and 5.14).
The drum shaped structure of this element is identical to that one of each standard filter with
four blades supporting the load of the next stage: the Payload (PAY). An interconnection
mechanical element, meant as an interface, is bolt to the filter body bottom part. It has a
shape of a cone or a two legs structure depending on the payload attached on it. This interface
has an important role because it represents the connection point between the Payload and the

passive chain of the SA. In addition, it is the mechanical structure on which the actuators at



78 Advanced VIRGO: Seismic noise attenuation
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Figure 5.12: Normal modes distribution of different SA chains for the AdV interferometer.
The experimental displacements induced by seismic noise along the z d.o.f. are plotted for the
suspension chains accommodated along the interferometer arms (NI, NE, WI and WE). The
curves put in evidence the resonance modes of each mechanical element of the chain starting
from the IP normal mode at about 30 mHz.

the Marionette and Mirror level are bolted (see fig. 5.16 for a schematic view of the Filter7
working principle).

With the new geometry of the AdV Payload the role of Filter7 within the hierarchical
feedback control of the Superattenuators has became more important. While in the first
generation detector VIRGO, the Filter7 was mainly used with a monitoring purpose of the
payload suspension point, in the control strategy adopted for AdV interferometer it plays an
active role thanks to the possibility to steer it in three d.o.f. [6x, Oy, 0,].

To this purpose six sensor-actuation devices (three horizontal and three vertical) have been
installed on the external circumference of the Filter7 body (see photo of the fig.5.13). They
are based on LVDT positioning sensor and on magnet-coil pair integrated in a single device.
By using them it is possible to perform an Active Pre-Damping (APD) of the F7 assuring a
back-action effect every time an active control is engaged at the payload level.

The Filter7 technical equipment is completed with two stepper motors installed respectively
on top of the filter body and on the bottom part of its mechanical structure. Thanks to the
presence of two ball bearings, the first motor can be used to rotate around the vertical axis the
structure Filter7-PAY with respect to the passive filters chain by a few degrees, while acting on

the second one a rotation of the PAY with respect to the Filter7 can be performed with a similar
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Figure 5.13: Filter 7 photo where the sensor-actuation devices are put in evidence within the
red circles (three H_LVDT and three V_LVDT).

dynamic around the same vertical axis. These devices together with two balancing trolleys
accommodated on top of the filter body (see fig. 1.13), have an important role in the Filter7 and
Payload fine positioning phase.

5.1.7 The AdV Payload: Marionette and mirror (PAY)

The AdV Payload is the last element of the harmonic oscillators chain including the sophis-
ticated optical components .The new design of this stage has been influenced by the heavier
mirrors (42 kg each one) made of high quality optical material (low loss material) having
the same diameter of the previous version (350 mm as in the VIRGO interferometer) but
with a double thickness 200 mm. The second element of the Payload is the Marionette, the
metallic structure above the mirror on which four silica fibers (400 micron in diameter) are
anchored. At the lower end these fibers (Si0O,) are connected directly to the mirror lateral side
by means of a silicate bonding process, minimizing the Thermal Noise. The octagonal shape of
the Marionette structure is completed with four wings supporting permanent magnets having
horizontal axis along the magnetic field and four wings supporting permanent magnets having
vertical axis along the magnetic field. All these wings (eight in total) have been machined
by using thermoplastic material (PEEK) Ultra High Vacuum compatible and each one is in

front of a coil accommodated on a large flange bolted to the interface element (cone or legs)
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Figure 5.14: 3D technical drawing of the of suspension last stage. The conical interface
connecting the Filter7 to the Payload is accommodacated within the tower vacuum vessel
delimited by the cupola structure.

attached to the Filter7. The Marionette and the Mirror form a double stage pendulum structure
connected to the Filter7 movable apparatus through a thin Maraging steel wire, identical to
those ones used to interconnect the passive stages of the chain. On the Mirror back side four
small permanent magnets, with magnetic field axis orthogonal to the mirror surface, are glued
in front of the coils so that they form a set of actuators linked to the entire structure of the
Filter7 used for feedback purpose. In fig. 5.14 a technical 3D drawing of the Superattenuator
bottom part is visible; the Filter7, the conical interface and the whole Payload suspended from
a multistage pendulum chain are well identified. Some additional details of the AdV payload
setting up are also visible in the photos of the fig. 5.15, where, from left to right, a complete
payload is visible before its installation within the vacuum tower and immediately after the

integration on a Superattenuator (last photo on right side).

5.1.8 Hierarchical control

In the previous paragraphs a detailed description of the Superattenuator working principle has
been presented putting in evidence the guide lines used for its development and final design.
Moreover, with the help of the experimental measurements reported in fig. 5.11 and in fig. 5.12
where the frequency response of the mechanical structure is visible, the presence of the system
normal modes in the region below 3 Hz is confirmed. The higher value of this frequencies
group is considered a characteristic lower limit of the SA (the SA cut-off frequency) above

which the passive performance of the filters cascade inhibits seismic noise transmission to the
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mirror level.

Thanks to the presence of sensors and actuators accommodated all along the mechanical
structure, a hierarchical feedback control system has been implemented in three different points:
on top of the suspension, on the Filter7-Marionette stage and on the Mirror (see fig. 5.16). The
intent of the feedback action is to reduce the swinging of the free falling masses (the mirrors)

together with the possibility to maintain the interferometer looked on its best working point.

The Superattenuator Top Ring and FilterO represent a platform where a set of sensors and
actuators are installed for feedback control purpose. In particular three LVDT displacement
sensors, three horizontal accelerometers, two vertical accelerometers together with three
horizontal coil-magnet actuators, two vertical coil-magnet actuators and three stepping motors
are the devices used to perform a very low frequency control of the chain suspension point
(up to 200 mHz) as well as an Active Mode Damping (AMD) of the SA resonance modes for
seismic noise depression. A preliminary fine positioning of the suspension point is performed
by using the three motorized mechanical spring connected to the IP legs and measuring its
spatial coordinate (x,z and Oy) with the LVDT sensors. Then, the feedback control loops are
engaged with the correction signals obtained by the measurements coming out from positioning
sensors and accelerometers. With this technique 4 d.o.f. (x,y,z and 6y) are controlled on this

first actuation point by using the 5 coil-magnets pairs (3 horizontal and 2 vertical).

A second actuation point is located at the level of Filter7-Marionette, downstream to the
suspension point and close to the free falling mass. Here a combined action is performed on the
Filter7 and on the Marionette mechanical structure. On the first element an Active Pre-Damping
(APD) is applied assuring a back-action effect every time an active control is engaged at the
Payload level, while on the Marionette four feedback loops are engaged for the Oy, 6y 07 and z
d.o.f.. They are based on the correction signals sent to the eight coil-magnet pairs bolted to the
flange connected to the Filter7 mechanical interface. Marionette and Mirror are monitored by
using a system of sensors based on Optical Levers installed on the base tower. Two auxiliary
laser beams, passing through optical view-ports and impinging on the suspended elements, are
reflected back on a Positioning Sensor Device located outside the vacuum vessel. Even if this
is considered a high precision sensor, it is not seismic noise free and the feedback control loops
engaged using these signals are considered active Local Controls just in the frequency range
0.2-2 Hz. In this case the re-injected seismic noise is passively filtered at the mirror level by

the pendulum structure.

The last actuation point of the AdV hierarchical control is located on the back side of the
Mirror: the last suspended element of the Superattenuator. Four small permanent magnets with
magnetic field perpendicular to the mirror back-side are glued on it and in front of the coils

bolted on the mechanical structure connected to the Filter7. They define an ideal cross on the
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mirror back-side forming a set of actuators to be used in the feedback strategy based on Optical
Lever sensors. Three d.o.f. (8x, Oy and z ) of the mirror are controllable at frequency higher
than 2 Hz. This last actuation point plays a crucial role also in the locking acquisition process
of the whole interferometer. Applying a force on the mirror back-side the optical cavity locking
can be reached as well as a viscous damping can be engaged to restore the standard working

conditions of a Superattenuator after a violent unlock event of the interferometer.

5.2 Towers

Long and short Superattenuators are installed within a vacuum chambers 10 m and 4.5 m
high respectively called towers. The SA mechanical structure as described in the previous
paragraphs together with the cables serving the electronic devices installed at any stage, are
maintained in vacuum at a hydrogen partial pressure of 10~/ mbar. This has been done to
guaranty the detector performance and minimizing the noise from residual gas presence.

While the vacuum volume structure of the three short towers did not change in the AdV
upgrade program, the volume of the longest ones have been re-organized taking into account
the new geometry of the payload. A small tower (with a volume of about 14 m?) is organized
in a single compartment where the volume upper part is in direct contact with the lower zone
where the optical benches are suspended. The vacuum compartment of a long tower (about
32 m? of total volume) is, instead, divided in two sections separated by a cupola structure
above which the IP legs, the standard filters and their cables are installed (see fig. 5.17). Below
the cupola the Filter7 and the Payload are accommodated to form a compartment where a
differential vacuum level is maintained with the possibility to improve it down to 10~° mbar of
hydrogen partial pressure. This has been meant to minimize the noise due to the residual gas
presence as well as to reduce the aging effect on the mirror surface influenced by the combined
action of the laser beam and the hydrocarbon contaminants.
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Figure 5.15: AdV Payload. In the figure upper part a complete Payload before its integration
on the Superattenuator is shown. In this image a detailed setup is visible: from left to right
the marionette, the position of the coil actuators, mirror, front baffle and the position of the
mirror coil actuators are well identified in the right panel. In figure 5.15a the photo of the same
Payload is shown after its integrartion within the Superattenuator (tower bottom part).
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Figure 5.16: Schematic view of a long Superattenuator where the important elements for its hierarchical control are put in evidence.
The three actuation points are meant to reduce the mirror swinging as well as to perform an active feedback action to lock the
interferometer maintaining it in the best sensitivity conditions. In this scheme is also visible the setting up difference between
VIRGO and AdV. With new payload geometry the Recoil Mass surrounding the VIRGO mirror has been replaced by a more complex
mechanical structure directly connected to the conical interface of the Filter7 (see the box on right side where a more detailed scheme
is showed).
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Chapter 6

Modeling the Superattenuator transfer
function and its overall behavior

The main goals of the development of a SA model are linked to the need to validate the strategy
in suppressing seismic noise in correspondence of the chain normal modes and to have a
simulation tool checking the stability and the performance of the feedback controlled system
[7]. In this chapter we present a SA modeling devoted to simulate the behavior of a rigid bodies
chain representing the attenuation system developed to inhibit seismic noise transmission at
the mirror level. By using this simple model it is possible to obtain a realistic description
of our mechanical structure in the small oscillations regime. It is based on the assumption
that any element along the suspension chain can be represented with a rigid body or with an
interconnection elastic element. In this framework the most relevant ones are:

- the body of a standard filter;

- the crossbar;

- the blades and the magnetic anti-springs;

- the Filter7;

- the Marionette and the Mirror;

- the legs and the flex joints of the Inverted Pendulum;

- the centering wires (on top of each filter body) and the Maraging suspension wires.

6.1 A schematic approach

Looking at figure 6.1, a simple mechanical filter is the result of a connection among different
bodies (crossbar, a set of blades and magnetic anti-springs) through the centering wires installed

on the filter structure. Thanks to these wires the crossbar is forced to move in vertical direction
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only, but, from simulation model point of view, they are considered a "weak constraint". Two
consecutive standard filters are linked together by means of a Maraging suspension wire (the
crossbar of a filter is directly connected to the body of next one). The suspension wires are
considered very rigid along the vertical direction but thy are soft in horizontal and angular
d.o.f. . For this reason in our modeling they are classified as "strong constraint" along the
vertical d.o.f. and "weak constraint" for all other d.o.f. . A similar situation is present on
the suspension top stage, where the Filter( is connected to ground through the IP legs which
are considered very rigid in vertical direction but as a "weak constraint" for translational and
rotational motions around the vertical axis.

Going down to the Filter7 level, it should be noted that its crossbar is the mechanical
element from which the Payload (Marionette and Mirror) is suspended. From modeling point of
view, the Marionette is considered a rigid body in vertical direction and the connection through
a suspension wire is classified as a "strong constraint". With the same approach the Mirror and

the monolithic suspension fibers complete the modeling of our suspension system.

6.2 Superattenuator transfer function

The Superattenuator behavior can be studied introducing a linear operator called transfer
function. This operator put in relation the vibrations at the input point where the excitation is
applied and those ones transmitted . by the mechanical structure to the output.

In the frequency domain this is identified by T;,— ., (@) and using it the relationship

between an input vector X;, (@) and output vector X, (@) is given by

Xin(w> - Tin—>0ut(w) 'Xout(w) (61)

Just to make an example, introducing a variation on the input variable x; ;,(®) an evaluation
of the output x; ,,(®) can be done knowing the component #;;(®) only (where #;;(®) is the

element of the matrix T()).

6.2.1 Transfer function: impedance matrix approach

From a theoretical point of view, the problem of vibration transmission in a mechanical system
can be decomposed ideally dividing the main mechanical system into different subsystems
subsystems connected each other in different way: in parallel, in series and in derivation.

In frequency domain, the study of these subsystems, can be performed using the impedance
matrix approach[57, 63, 65]. In this case the state of each mechanical system is fully described

by the temporal evolution of two vectors: the coordinates vector x(®) and f(®) vector where
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the information on the forces and momenta applied are stored. Moreover, all the information
necessary to describe the transmission properties of a single element are collected in a matrix

Z(®) called impedance matrix. By using this formalism the equation of motion are

Xout(a)) . Xin(a)) . - A((D) B((D)
<f(,m<w>>‘z(“’)'<f,» <w>> i Z(“’)‘<c<w> D<w>> ©2

where A(®), B(w), C(®), D(®) are square matrices of order equal to the number of
input/output d.o.f. .
For a complex systems like our superattenuator these matrices should verify following

properties

21 (@) - D(w) —B(o) 7.7 _1
—C(o) A(w)
4 (6.3)

A'.D-B'-C=I, A"“-B=B"A; C'-D=D'C

\
Thanks to the equation (6.2) the relationship between the applied forces and the displace-
ments can be calculated for two different situations:

- setting to zero the output force we have the equation
Xour (@) = (D' (@))% (@) (6.4)
-setting to zero the output force and fixing X,,;(®) = X;,(®) we have the equation

Xour (@) = —(C(@) ") fin() (6.5)

In this way the the displacement-displacement transfer function of our subsystem can be

estimated by using the relationship (6.4)

Tirsoun (0) = ’j:é;f; — (D))" (6.6)

Assuming that the actuation point is coincident with the measurement point (where the
sensor is installed), from equation 6.5 the force-displacement transfer function is
Xout(a))

Tinsour (@) = £ (@) = —(C(w)™ 1) (6.7)
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6.2.2 Series, parallel and derivative connection of mechanical systems

With the same general philosophy based on the impedance matrix method, a representation
of a whole mechanical system can be done associating an algebraic operator to each real
mechanical element. A key role is played by the different connection techniques as well as by
their formalism.

Considering two elementary mechanical systems sys; and sys, with their relative impedance
matrices (Zgy,1 (@) and Zsysz(w)), the final impedance matrix representing a new system can

be calculated connecting the two starting matrices in accordance with the following rules:

* System connected in series: sys; and sys, are connected in series when the output
vector (f,,;(®) or X, (®)) of the first system is coincident with the input vector of the
second system (f;,(®) or X;,(®)). In this configuration the total impedance Z,ies(®) of

the system is:

Zseries(w> - Zsysl ((D) ‘ZsySZ(w) (68)

* System connected in parallel: sys; and sys, are connected in parallel when they have
the same output vector (F,,;(®) or X, (®)) or input vector (F;,(®) or X;,(®)) . In this

case the total impedance Z (@) of the system is:

7. A +B;-(Bo+By) 1 (A —A)) B;-(B;+B;)"! B,
| Ci+Cy+ (D1 —Dy2)-(Bi+By) ' (A2—Ay) D+ (Dy—Dy)-(B;+By) !By
(6.9)
When A| = Ay = A and D; = D, = D the expression (6.9) becomes:
A B,-(B;+B,) !B
Z, - 1-(B1+By) 2 6.10)
Ci+C D

* System connected in derivation: sys, is connected in derivation to sys; when its output
(four (@) or X (@) ) is free and its input (f;, (@) or x;,(®) ) is coincident with the input

or the output vector of sys;. In this case; the total impedance Z;(®) of the system is:

I O I 0
Z,.=171- s L = WA 6.11
d,in ( Cd i ) d,out ( Cd i ) ( )

A mechanical system mimic our superattenuator can be connected in two different derivative
ways:

- input or output of the derivative system is connected to the ground

1 0 1 0
Zg,in:Z' 1 ; Zgomz 1 -Z; (6.12)
B, Ay 1 B, Ay 1
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- input or output of the derivative system is a floating point:

I 0 I 0
it =7 o Z; 6.13)
’ D;'.Cy 1 ’ D;'.Cy I

It will be shown that the approach adopting the impedance matrix description is quite effective
to describe a complex mechanical systems like the AdV suspension. In the next, we will
calculate the Z matrix of the overall suspension system connecting the Z matrices representing

each of their subsystem.

6.3 Impedance matrix of suspension subsystems

By using the formalism described above a complex mechanical system can be easily simulated
just evaluating the impedance of each real mechanical element. As an example [63], let us
evaluate the matrix impedance of an harmonic oscillator formed by a body of mass m attached

to a mass-less spring with stiffness k. From the equation (6.2) the impedance matrix Z,, of the

10
Zn= ( 2 > (6.14)

and that one for a spring with stiffness k

(1 -1k
Z"_(o | ) (6.15)

Connecting in series the body and the spring the matrix impedance of an harmonic oscillator

body is

(Z,sc) can be obtained

I
A 6.16
osc mCO2 1— mTw2 ( )

Using this technique the impedance matrix of all subsystems can be evaluated, as we are

going to show here below.

6.3.1 Impedance matrix of a rigid body

Let us calculate the impedance matrix of a rigid body in small oscillation regime considering

only two degrees of freedom, x and 6. When the center of mass is coincident with the input
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and the output of the system, (x;, = x,,; and 6;, = 6,,,) the equations of motion become

fin(©) = four (@) = —m@*xiu()
6.17)

Min (@) — Moy (0) = —T0?6;,(®)

where m and [ are the mass and momentum of inertia of the body. For this system the impedance

matrix is!

1 0 00
0 0 00
Zp = 6.18
L mo: 0 1 0 ©.18)
0 Io* 0 1

Zim1s a4 x 4 matrix while considering all d.o.f. we will handle a 12 x 12 matrix.

More in general, the study of the rigid body dynamic described by 6 d.o.f., can be performed
with the help of the linear (8x) and the angular (660) coordinates of a point P with respect
to a reference frame. Let us consider the generalized Lagrangian coordinates gp = (6x, 660)
and the generalized vector of the force (fp = (f, m)) acting on P. If the dynami? evolution of
the system is represented with a point Qj)vhose distance from P is given by the vector b, the

components of the vector f, can be calculated by applying the matrix Ay, to the vector fp as

follows:
f_Q:Ab& (6.19)
fo=(8x+bAGO 86 ,f, m—bAf) (6.20)
with 2
1 by 0 0
0 1 0 0
Ap = 6.21
b 00 1 0 ©.21)
0 0 —bp 1

By considering also the term— (bA f) A 80, the last component of the vector Eq. (6.20) becomes

Considering just two d.o.f. of a real mechanical system, the impedance matrix is 4 x 4 matrix, because the
force and displacement vectors have two components: horizontal translation and rotation around the longitudinal
axis (F - F(x,0),X — X(x,0)) .

The symbol A means vector product: ¢ =aAb = ¢™ =1
vector components and §g; j; is the Levi-Civita symbol.

mig. jkaj b*. Where the indices i , j » k correspond to
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WQ = —(bA f) —(bA £) A 86, and the new A, matrix that realize this transformation is

1 b, 0 0
0 1 0 0
Ap = 6.22
"“lo o 10 (6-22)
0 —(b/\f)A —bp 1
where
byfy+b.f —bx fy —byf; 0 b, —by
_(b/\f> = _byfx byfx+b.f; _byfz 5 ba= —b, 0 by ;
_bzfx _bzfy bxfx + byfy by _bx 0
(6.23)

This matrix will be used to evaluate the impedance matrix of any subsystem of the SA any time

its input/output is different from the system center of mass.

6.3.2 Impedance matrix of centering wires

This mechanical element can be modeled by considering it to a cylinder of radius d , length L
made of material having Young modulus E .

nEd>
kc,x = I
where a is the vertical distance between the ideal wire center and the crossbar center of mass

D koo =kex (s +a?) (6.24)

and s is the geometrical distance between the real filter body plane and that one defined by the
centering wire connected to it. Considering this element as elastic constrain, its impedance

matrix is given by:

10— 0
01 o -/
Zcyire = ke.o (6.25)
00 1 0
00 O 1

6.3.3 Impedance matrix of suspension wires.

In a similar way, the suspension wires can be modeled by using the parameters: wire lengthL ,
wire mechanical tension 7', wire sectional area S , the material density p, the Young module E

of the material and the transversal sectional momentum of inertia J [7]. Considering just two
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d.o.f. [z, 6;] the impedance matrix of a suspension wire is:

11263-0-13261 L(A3s3+A1s1) L3(—/1153+/13S1) L2(C3—C1)

d d d EJd
P(=Ms3+Ass1) AestAfe P(=cste))  _L(asithisi)
7 — dL d EJd EJd (6.26)
[2.64] EJVP(—Aiss+A%s1)  EJY(—c3ter) Ales+Aic Y2 (Ais3—23s1) '

a3 2d d dL

EJY' (c3—e))  EJ(A{sstAis)) _ LUasithis)  AestAfe

12d dL - d d

Below 10 Hz (f < f. = W%TJ) typically, the effects due to the mass of the wire are negligible
and the matrix can be written as

Ash—L 1—Ash
1 Ash _;? T;
0 ch ch—1 _sh
Z, o= T AT 6.27
64 0 0 1 0 6.27)
0 ATsh  Ash ch
with
c3 = cos(A3); c1 = cosh(Ay); s3 = sin(A3);
214 21 44— .
b= (VST = (ST sy =sin(h);
2 2 4 .
. o e

d= /4y + 12

where sh = sinh(%), ch= cosh(%) and f, is the frequency value to which the effect due to
the mass of the wire shows-up.

In Eq. (6.27)and (6.26) the hyperbolic functions s; , ¢; sh and ch , whose arguments
depend on the length and thickness of the superattenuator wires, become highest and then
the matrix is numerically unstable. Indeed, considering the typical values of length L ~ 1m
and bending length A ~ 0.01m of suspension wires, the values of these functions are large
as sh ~ ch~cj ~s; ~e® ~e!%. In order to delete these divergent terms we can connected,
in parallel to them, a virtual wire represented by an impedance matrix similar to that of the
centering wire (Eq. (6.25)) [63]. In order not to introduce spurious terms in the transfer function,
kg must be chosen small enough to fulfill the constraint l% ~ 1mHz , where I represents the
momentum of inertia of the load mass. From the expansion in series of the coefficients of the
71L<_9T

parallel connection between Eq. (6.27) and (6.25), in terms of & = , it is possible to have
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the analytical expression for the impedance at low frequency approximation,[63]

Y R
A 1
Z0) = 0 lta ko ke (6.29)
o 0 0 1 0

)

AT(1+9) —2A(1+%) 1+a

To study the internal dynamics of the wire its mass must be considered. Also in this case,
starting from the coefficients of the parallel connection between the Eq. (6.26) and (6.25) and,

lT

by expanding in series, in term of the parameter & = 7=, it is possible to deduce the analytical

expression of the impedance matrix of the wire. ThlS calculation has been performed some
years ago [67], and we report the results Z, g 1

A, B,
7 = 6.30
0 ( C, D, ) (30

where the sub-matrices A,,, B,,, C,,, D,, are given by

7’253 EJY'  L(d+2y’s3+1c3) | EJ L3(2c3—53) 5
O a4 Tk Tt e TR
AW = )ﬁE‘] 1 E‘]Al ; BW — 9 ;Ll k9 1ke :
% L )
A7 ke Tk T 1 e -&
(6.31)
?’Ss EJY* _ EJY
D, = T Lyl LAl | . (6.32)
" _m Bl E g )’ :
)vl k9 Lkg
EJvyid EJY*)? EJ EJ
1131223 $ +(L47L)1fk)9 72(S3+(1_C )12)4_(1}2«}1//(2;
C,= _EJYZ( . )ﬁ) (EIP)? EJ(—2dA2 127 c3— YZTS3 B ; (6.33)
L2 %3 3 )le L3 A1kg dLA Zkg

6.3.4 Impedance matrix of the inverted pendulum

Within the mechanical structure of the Inverted Pendulum two different elastic elements are
present: the flex joints connecting the aluminum pipes to the base ring and the short suspension
wires (31 mm long) connecting the top ring to the upper end of the IP legs. These elastic
elements are distributed, in a plane geometry, on the vertices of an equilateral triangle (at 120

degrees each to the other). The flex joint can be modeled by a rigid metallic cylinder on top of
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which a load is applied and it flexes under the action of the chain load, while the IP leg is a
simple aluminum pipe under compression due to the static load of the chain on its top. In these
working conditions the impedance matrix of these elements is similar to that one reported in Eq.
(6.30), but with an important difference: the mechanical tension appears with a negative sign
(T — —T ) because on top of the system a compression load is applied. The full impedance

matrix for the joints (Z iy, ) and the columns/legs (Z,,;) are:

A; B; A. B
Zivint = STy Zeo = A (6.34)
Jjoint ( Cj Dj > co ( Cc Dc

Since all these elastic elements are arranged in a pin-wheel configuration, they move under
the action of a momentum due to the gravity force:—(b A f) A 66 . To this purpose the right
transfer function and the impedance matrix evaluation should be performed in the points v;
(the three vertices of the triangle) while the transformation defined in the Eq. (6.22) must be
applied to all input/output points of these elements

7

Jjoint

; / ; /
__ AOU7 . in . __ Aout in .
=AY Zjoint Ay, 5 Zegt = AV Zeot A, 5 Zyie

=AY Zyyire AT (6.35)

Finally, an IP leg is the result of a serial connection of two elements working with a
compression load applied (column and joint) and another element working under a tension load

(the short suspension wire used to hang the top stage):

/ / /

Zip =27 s Zooy Zovire (6.36)

Jjoint “col

6.3.5 Impedance matrix of the triangular blade

Like the others elastic element of the chain, also the triangular blade is characterized, in our
modeling, by the Young module of the material E, the mechanical tension 7" applied to the tip,
the flex length L of the cantilever, the base width of the triangular geometry S and its thickness
d. However the knowledge of these parameters together with the evaluation of the generic
matrix (6.30) are not sufficient to reproduce, in accurate way, the behavior of this element.
This problem can be fixed dividing the blades in N elastic elements each one with length Iy,
width sy and thickness d . For each element the impedance matrix can be evaluated through
the equation (6.30) described above. Moreover, to reproduce the whole triangular blade, the N

elements derived from the previous passage should be connected in series with the intent to get
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the overall impedance matrix representing this elastic element within our simulation:

Blad __ 71 72
Zwire,l _ZwireJ],s] Zwire,lz,sz

(6.37)

7 __ 7Blad .72
Blad — “ijre N—1 wire,ly,sn

As last step of the process, the complete set of blades installed on each filter body and
reproducing a circular configuration, is modeled by connecting in parallel n matrices like that

one (6.37), each one representing a real blade.

6.4 Overall impedance matrix

In these sub-paragraphs we give some details on the process to connect all together the
Inverted Pendulum, the mechanical filters and the Payload with the aim to have a detailed tool

representing the Superattenuator in our simulation program.

6.4.1 SA inverted pendulum

The Advanced VIRGO Inverted Pendulum is then represented in our model with a impedance
matrix Zﬁ{c}v evaluated through the parallel connection of three identical legs as described above
(Eq. (6.36)):

Zw =Zip | Zip || Zip (6.38)

6.4.2 Standard filter

With reference to Fig. (6.1) a representation of a standard filter can be obtained putting together
all the impedance matrices representing the single elements: the blades (Zp;,4), the anti-spring
(Z4s calculated by using the Eq.(6.15)), the rigid body (Zy,.,calculated by using Eq. (6.17)),
the crossbar (Z., calculated by using the Eq. (6.16)) and the centering wires (Z,,;. calculated
by using the Eq. (6.25)).Connecting together all these elements, the impedance matrix of a
standard filter (Zf) is given by:

ZFS — Zcr 'ZMFS : (chire || ZBlade || Zas) (639)
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6.4.3 Payload

The Payload is the structure where the Mirror is connected to the Marionette through four
special wires made of silica represented by the impedance matrix (Z,,;r.). As we described for
the metallic suspension wires, also in this case an evaluation of the impedance matrix Z,,;..
pass through a precise consideration of the input and output points by using the coordinate d
describing the distance from the system center of mass as well as the equation (6.22)

/

Zoyire = A Zire A (6.40)

wire

Connecting in parallel four identical elements, each one described by the Eq. (6.40), the

ZPay

impedance matrix of the wires (Z] -, ) is obtained while that one of the payload (Z; jq) is

given by

Zmi,ma = My Lz My (6-41)

wire
where M,,, and M,,;are the matrices of marionette and mirror masses (see Eq. (6.14)).

The payload, whose impedance matrix is that one reported in Eq. (6.41), is now connected
to the Filter7 as last element of the chain. In particular it can be considered as the suspension
point of the payload itself and connecting it to the Filter7 crossbar (by means of a suspension
wire), the sub-system Filter7-Payload can be studied independently. Connecting the Payload

to ground through the crossbar of the Filter7 in derivation (the body of Filter7 is at rest) the

G

impedance matrix to be used is Z;, . . -

M, and then the transfer function Filter7-Payload is
given by:

_ ~7Float G
Pma7F7 — “d;mir M pa 'Zd;wire,F7 'MF7 (6.42)

where Zg;l,%rt represents the impedance of the Mirror calculated by using the Eq. (6.13) and
VA
d;wire,

F, is calculated by using the Eq. (6.12).

6.4.4 Opverall system

The impedance matrix representing the overall chain of our Superattenuator (Z.,,,) 1s obtained
connecting the five mechanical filters (each to the next one) through the impedance matrix
representing the elastic element of the suspension wire (Zyire.F;) 3, Starting from the bottom,

3In this notation the subscript F; refers to the suspension wire connecting the i-th down stage with the upper
one.
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where the payload (Z,; mq) 1s accommodated, and going to the top stage the final result is:

/

( Z1 = Zmima 'Zwire,F7 "ZF,
2y =2, 'Z'Wire,a "ZF,
2 ) B -Z:W,-re,@ Zr, 643)
Z4=23Zyyr, ZP,
Z5s =24 Zyier, - 21y
(| Z6=2s5 'Z/wire,Fo "ZF,

Applying a serial connection between the suspension chain (Z_,,) and the Inverted Pendulum
(Zﬁ{:lv) we get the impedance matrix of the whole Superattenuator Zgs),

Zsusp = Zehain* Ly (6.44)

Considering all d.o.f. the Eq. (6.44) is represented by a 12 x 12 matrix which is the final tool

to be used in the simulation of the mechanical transfer function of the system.

6.5 Transfer function of SA: simulations

The method described above and making use of the impedance matrix Z, o | reported in Eq.
(6.29), has been applied in the simulation of the Superattenuator behavior including the payload.
The results obtained are reported in the document [63]. The tool has been implemented since
many years with the goal to study the VIRGO and Advanced VIRGO suspension systems with
the possibility to use it in a standalone configuration, for a better evaluation of the behavior
a single element of the suspension chain [66]. Giving the complexity and the matrices size,
dedicated scripts with the MATLAB package have been implemented and it have been used in
this thesis work to evaluate the impact of the vertical active mode damping on the Advanced
VIRGO sensitivity (see chapter 10). The result of this computation provides a complex matrix
whose elements are transfer functions for selected d.o.f. of the system. Here below in Fig. 6.6
and Fig. 6.5 the simulated transfer functions are reported (vertical and horizontal d.o.f.), while
in 6.3 and 6.4 a comparison between the experimental measurements and the simulation results
for an horizontal d.o.f. obtained with the transformations(6.6) and (6.7) of the matrix Zg,,, are
showed.
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6.5.1 Payload transfer function: standalone simulation

As last example in the use of our simulation tool kit, here we shortly present the transfer function
simulation of the Payload in standalone configuration for three different distance between the
Marionette center of mass (CM,,,,» in Fig. 6.2) and the attaching point of the suspension wire
(Ap in Fig. 6.2). This is possible thanks to the possibility in fixing the Marionette suspension
point in the setting-up phase of the Payload. For this specific application the simulation tool kit
is useful to study the Payload response (6.42) as function of the distance p (the free parameter

reported in table 6.1) when the excitation is applied to the actuators connected to the Marionette.

0 (m)
-0.008 (m)
-0.0088 (m)

Table 6.1: Used values for p parameter to produce the simulated transfer function reported in
Fig.6.7.

The results of this simulation are shown in Fig. 6.7 where the transfer function force-
displacement for the Pitch mode of the Mirror (6,) is evaluated for the three different values
of p. For this mechanical system (Eq. (6.42)) the transfer function force-displacement is

equal to Tjp—sour = —A-C -1y (C -1 )" and the reconstruction of the mirror tilt pass through the
. Zpay

application of the transformation (6.6) to the matrix Py, = My, - Z, ;-
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Figure 6.1: Schematic representation of the Superattenuator chain. The scheme includes the
Inverted Pendulum used to control the chain suspension point as well as the chain normal
modes confined in the low frequency region (below a few Hz). In our reference system the
variables x, y, z are the displacement coordinates of the body center of mass along its main
inertia axis. We denote with y, ¥, ¢ the rotation angles of the rigid body around the axes x,y, z.
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o i e i i i

& CM

Figure 6.2: Schematic configuration of the Payload: in this figure we can see the positions of
the center of mass of the marionette and the attaching point of the suspension wire.



6.5 Transfer function of SA: simulations 103

= real data
107t m— simulated model | |

1072 ]

1073

1074

magnitude [m/N]

107°

10°®

1072 107t 100
Frequency [Hz]

Figure 6.3: Horizontal transfer of AdV superattenuator: comparison between measurement
(blue curve) and model (red curve) obtained by using the transformation 6.7 to the matrix Zgy),.
In this case the simulation result has been obtained applying at the input point the excitation
(in horizontal direction at the level of the FilterO) and the horizontal motion of the IP has been
selected as output point of the system (where the response has been sensed).
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m— Simulated model
= real data
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Figure 6.4: Horizontal transfer function of AdV superattenuator: comparison between mea-
surement (blue curve) and model (red curve) obtained by using the transformation 6.6 to the
matrix Zg,sp. In this case the input point is ground connected and the excitation to the system
comes from the natural seismic noise, while the output point is represented by the horizontal
motion of the top stage.
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Figure 6.6: Horizontal transfer function of the AdV Superattenuator. In this case the input point is ground connected and the excitation
to the system comes from the natural seismic noise, while the output point is represented by the horizontal motion of the top stage. In
these plots are visible also the horizontal normal mode of the IP (at about 30 mHz) and the first flexural mode of its leg at about 12 Hz

("banana mode").
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Chapter 7
Top stage experimental set-up

We have concluded the Chapter 5 saying that in order to set SA in the correct configuration
status, several sensors and actuators capable to monitor and control its displacements have
been accommodated all along its structure.With their aid, it is possible implement the so called
hierarchical control. At the top stage level an Active Mode Damping (AMD) is implemented
and in this chapter we focus our attention on the preliminary operations needed to implement
this kind of the control, the so called Inertial Damping.

7.1 Top stage: sensors and actuators

The configuration of the sensors and the actuators on the top stage is shown in Fig. 7.1. With
reference to the Fig. 7.1 we see that all horizontal sensors are distributed, in a plane geometry,
on the vertices of an equilateral triangle ( 120 degrees between each to other), while the vertical
sensors are set on the crossbar of the FilterO. On the top stage we have the following devices:
position sensors (LVDT) I accelerometers (ACC) and coil-magnet actuators (COIL).

7.1.1 Electronics and software

The signals provided from all these devices installed along the Superattenuator are processed
and manipulated through high performant electronic boards and a user friendly software. All
electronic components, have been developed at INFN Pisa laboratory to implement the SA
active control system. The electronics includes the sensors read-out, the actuators drivers,
the ADC-DSP-DAC boards and the software system DSP board (Digital Signal Processor).

'In the case of the IP the primary winding is rigidly connected to the top stage, while the secondary winding is
clamped on the external safety frame, meant as reference. Thus the LVDT measures the relative displacement of
the IP with respect to a reference frame which is not seismic noise free.
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Figure 7.1: Sensors and actuators configuration on the Top stage

The new version of DSP board is UDSPT Board (projected and developed by by INFN Pisa
electronic group). The new board which hat mainly includes a powerful DSP, analog-to-digital
and digital-to-analog converters have been developed, with a Field Programmable Gate Array
(FPGA) that allows these devices to communicate each other and with all the other boards of
the experiment. The chosen DSP is a Texas Instruments TMS320C6678, an eight-core fixed
and floating point digital signal processor based on KeyStone Architecture, that can run at a
core speed up to 1.4 GHz, executing 6 double precision floating point operations per cycle per
core, corresponding to a total computing power of 8.4 GFLPOS per core for double precision
floating point. For analog-to-digital conversion is used an Analog Devices AD7760. AD7760
is a high performance, 24-bit — ADC that can work up to 4 MSPS. All signals generated by SA
sensors are amplitude modulated, with a modulation frequency ranging from 10 kHz up to 50
kHz. The ADC will sample at high rate for then producing a decimated output. The minimum
time delay that will be introduced by the ADC is 1.5 s with an output data rate of 4MHz. The



7.1 Top stage: sensors and actuators 113

device used as DAC is Analog Device AD1955. AD1955 is a high performance 2-channel
DAC. It includes a multibit — modulator, high performance digital interpolation filters, and

continuous-time differential current output DACs.

The DSP is programmed using its assembler language. A user friendly software (Damping)
has been realized by INFN Pisa electronic group. This software allows to implement the filters
by using a client unit, by means of a list of simple instructions containing all information and
parameters such as: the ADC channels addresses (for the input signal), the addresses of the
DAC channels (for the output signals), the poles and zeroes of the implemented filters and the

operation to perform on the variables ( linear combinations, mixing, etc.).

Using the Damping software all the logical operations on the signals are very easy and can
be implemented using a client unit (computer). As an example, in figures 7.2 and 7.3we show

how the software interface is presented to an user.

term X
Yirgo Inertial damping on [ 172,16.2,74 ] Page 4

Hardware  implementation
SR_ID_Diag_Kest,hrd

Ramp Time [5.00] Downzampling Factor [1]
Sampling Frequency [10000,000] Oversampling Factor [1]
Input Output Filename GUARD  Gain Ghame @Frequency  lhen

AC wL-crad o 1e-03
ar zl-crad o 1e-08
tylC tyl-crad no 103
LAZ, mat.
alF Acc_Respl,flt no -B25300 0 after
ar Acc_Resp2,flt no —-E43100 0 after
asF Acc_Resp3.flt no —B3E200 0 after
A2.mat
wA, mat
«E HULL ho 1
2F HULL ho 1
ty E HULL ho 1
«AE HULL no -1
2F HULL no -1
ty E HULL ho -1
Al elleNI flt o 1 0 after
i accall,flt na 2.53e-08 1060 after
«1A2 elleSl2,Flt no 1 0 after
o2 accaShl2, flt no 2,0h3e-08 1000 after
2 elleNI flt hio 1 0 after
zZm accall, flt no 2,53e-08 1000 after
Fal: 7 elleSl2,flt no 1 0 after
A2 accaShi2, Flt no 2,53e-08 1060 after
tylA elleb, flt ha 1 0 after
tyfce tylh accab, flt no 2,5%e-08 1000 after
[Th:] elleb,flt ho 1 0 after

(it *Add “Inz “Del Hodifu Up Down Compile Save Title Load Hed_setup Page

Figure 7.2: User interface of the DSP software: this program is used to implement the active
mode dampig control on the AdV suspension top stage. Starting from left to right we have the
column of the input signals, the column of the output signals, the digital filters involved in the
implementation of this control.
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lxterm = - |0 x|

Yirgo Inertial damping on [ 172,16.2.74 ]
Page 1

Edit filter

elleNl.flt

R zeroes  frequency  0,0246 ] 0,6423
Real poles  frequency 0,09 ] 0.5
Real poles  frequency 0,09 1] 0.5
Real pole frequency 0,09

Real poles  frequency 0,25 0 0.5
Real pole frequency 0,3

Complex zerces frequency 0,20 0 2,5
Complex zeroes frequency 0,30 0 1.5

(it Wodify “Add “Inzert “Telete LowFreq. Title

Figure 7.3: Example of implementation of low pass filter.

7.2 Accelerometer

The accelerometer is a devices that measures proper acceleration. Looking inside the box
(see Fig. 7.4 ) it consist of a mass suspended by two Maraging blades in order to form an
inverted pendulum [13]. A Linear Variable Differential Transformer (LVDT) displacement
sensor measures the position of the mass with respect to the external aluminum structure.
Finally, there is a coil-magnet actuator to apply an arbitrary force to the suspended mass. The

dynamics of the mass inside the accelerometer is described by a differential equation.

If we call x the position of the pendulum and x the position of the box, with respect to an
inertial frame or reference, the equation of motion of the pendulum inside the accelerometer is

that of a driven damped harmonic oscillator in one dimension, in Fourier transform is

mo?’x(0) + yo(F(0) —F(0)) + K (F(0) — i(0)) = F (o) (7.1)

where m is the mass of the pendulum, ¥ is the viscous damping coefficient, k is the elastic

constant and F is an external force applied to the mass.

Since the LVDT position sensor in the accelerometer measures the internal position X(®) —
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Figure 7.4: AutoCAD project of Virgo horizontal accelerometer. Insight of the most impor-
tant components of Virgo horizontal accelerometer. At the center is clearly visible inverted
pendulum, with the supports for LVDT primary and two secondary coils. The primary coil is
attached to the external support, while the secondary coils are fixed to the pendulum. On the
left, the coil support for the feedback force. [13]

%o(w), the transfer function between %, and the position read by the LVDT is

F(w) —%(0) o’
TF(w): f(w) 0+ 5r+ o] 72)

In figure 9.4, the transfer function expressed by Eq. (7.2) is shown. In this plot we can see
that the sensor response X() — %y(®) is proportional to ®>% , when ® < @y. Then only in

this frequency domain the signal of the our sensor is an acceleration.

7.3 Accelerometer feedback

The accelerometer has a linear range of at most 0.5 mm around the central position, and to be

sure that the pendulum does not leave this region we must add a feedback force.
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Figure 7.5: Bode diagram of transfer function 7.2, with @y = 27-3Hz and Q = 100

When the input is a force, in the particular case the force is function of the system output,
we get a feedback control. In our case, being the output of the system () —%y(®) , the
external feedback force F feed (@) is described by a function

Freea(®) = C(0) - [¥(0) — Fo(o)] (7.3)

where C(w) is the controller.

In Virgo/Virgo+, the sensing element of the accelerometer were controlled by a dedicated
PID-based on analogic board. A PID controller [43, 47] (PID stands for Proportional-Integral-
Derivative controller) is described by this transfer function

C=Kpt+ - +K0 (7.4)
First term (proportional) depends on the present error e , the second K; (integral) on the
accumulation of past errors, and the last one K,; (derivative) is a prediction of future errors. The
PID-based controller forced the pendulum to the zero-position, in a certain bandwidth: to do
this, it applied a feedback force proportional to its acceleration and could be read as the voltage
sent to the actuator coil.

The feedback force F reed (@) at frequencies f < 50Hz is proportional to ®? and was taken
as output of the system. The acceleration signal was deduced from equation (7.3) in this way

A((D) %C-Ffeed(a)) (7.5)
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input:
F.I"H'ﬂ' _ output.
oo X—Xxpn

_'t_-\.

input:
F_I"t-!'r.'l' _
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Figure 7.6: Scheme of the accelerometer feedback control used in Virgo/Virgo+. Starting from
the Acc block the error signal x — xg go in to controller box (Cpyp) that calibrate the feedback
force Feeq to put the pendulum to the zero-position. This force was at frequencies f < 50Hz
is proportional to @w? and was taken as output of the system.

where c is a calibration factor to convert the feedback force in acceleration. In figure 7.6
the scheme of the accelerometer feedback control used in Virgo/Virgo+ is reported.

After the big improvement done on the development of the new electronic boards, the INFN
Pisa group has also developed and built the electronic board to implement in digital way the
feedback control of the accelerometers. For this reason the accelerometer feedback controls are

now designed using the optimal control approach.

input:
Ffeed output:
- X—Xg

Kalman
T estimator

Figure 7.7: Scheme of the accelerometer feedback control used in AdV. Starting from the
Acc block the error signal x —xp go in to estimator box whose output is an estimation of
state variable . The estimated signal became the input of the LQG controller (box L) that
calibrate the feedback force F..q to damp the proper mode of the pendulum and put it to the
zero-position. The output signal x — xq is proportional to acceleration only when @ < @y , that
is ~ 3 Hz.

In figure 7.7 a simplified scheme of the this accelerometer feedback control used in AdV
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is reported. The Kalman filter and LQG control topic will be discussed in greater detail in
Chapter 9. The Design of the accelerometer control with the Kalman filter and LQG optimal
control approach, involves that the output signal (@) — %o(®) is proportional to acceleration
only when @ < @y , that is ~ 3 Hz (see Fig.7.8). In Fig. 7.8, the open and closed loop for the

sensing element of accelerometer box are shown.

10

Open Loop (Data) |3
Open Loop (Model)

10

bagnitude [V4]
= =

-
= v

10

10

Freguency [Hz2]

Figure 7.8: Comparison between open loop transfer function response and closed loop transfer
function response with LQG controller of the AdV Virgo sensing element of the accelerometer
box.

In figure 7.9, the transfer function of the analogic PID controller and LQG controller are

shown.

In order to have an acceleration signal until f ~ 50Hz (like that one used in Virgo and
Virgo+) , we must calibrate the output response using a proper calibration filter 7,,;(®), one
for each accelerometer. The shape of these filters was obtained by fitting the measured transfer
function displacement-acceleration between the top stage displacement provided from the

LVDT and accelerometers outputs (see Tab. 7.1):
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Figure 7.9: Comparison between PID controller (Virgo) and LQG controller (AdV) used to
keep in feedback the sensing element of the accelerometer box.

H v

input: sy input: s,

output: [Ay1,Ap2Ag3] | outputs: [Ayy,Ayz]

Table 7.1: Inputs and outputs used to measure the filter Tcal((o). First column refer to the
horizontal devices (H): the input is the signal provided from the diagonalized LVDT s,y and the
outputs are the three horizontal accelerometers. Second column refer to the vertical devices
(V): the input is the signal provided from the diagonalized LVDT s, and the outputs are the two
vertical accelerometers.

This kind of transfer function can be modeled with a zero-pole model , like that shown in
the Tab.7.2.
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f Q |PorZ
2.75 | 0.75 Z
3.2 0 Z
15 0 P
100 | 0.5 P

Table 7.2: Example of he calibration filter Tcal(a)) used to restore the acceleration response
until f < 100Hz.

The implementation of this filter allows us to restore the acceleration response until f <
100Hz :

A;(a)) ~Aj(0) T.y(w) j=[H1,H2,H3,V1,V2| (7.6)

The first zero (see Tab.7.2), related to the damping of the mechanical resonance of the sensing
mass, is different for all accelerometers and then the calibration filter changes according to the
system. On all superattenuators, there are fifty accelerometers installed and in the contest of the
commissioning of superattenuator the following works where done considering those devices:

-Kalman filters and LQG control design and its implementation in the DSP;

-measure, modeling and implementation in the DSP of the all digital filters like that shown
in table Tab.7.2;

-computation of the accelerometer noise budget.

7.3.1 Accelerometer noise budget

To compute the control noise of the accelerometer box we must consider the sensing noise
Sn(w) (of the sensing element) and the acting noise Dy(®) (of the actuator), respectively

F
Sn () = s(@)- L)
(7.7)
DN(w) = d(a)) ’ TFcoil(a))
Where Fo) is the transfer function between feedback force and displacement (of the sensing

(o)
element), TF_,;(®) is the transfer function between the actuator and displacement of the
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sensing element (see Fig 7.10) while s(®) and d(®) have the following form

s(@ < @) = (35-v2) x 1079

VHZ2%
(7.8)
_ - 1 v
d(0) = \/(1.4>< 10-7)2+ (21 x0-0)2. L 1
Filw)
'T.'::Lﬂl:l
w7t
=
2
©
=
S 1022k
3]
=
10 13 L
1073 1072 107} 10° 10} 10°
Frequency (Hz)
Figure 7.10: Example of the transfer functions F(( )) of the horizontal accelerometer.

Using the results expressed in Eq (7.7), the control noise for each accelerometer can be

written as

\/ Sn(®)*+ Dy(w)? (7.9)

In figure 7.12 the typical sensing (blue curve), acting (red curve) and Ny (®) (black curve)

contributions are reported.

In order to produce a good estimation of the noise for each accelerometer working on
the top stage, also the noise Ny (®) is re calibrated through the filter T, (®). After these
preliminary operations, the accelerometers can be diagonalized in the Virgo reference frame.
In the next section we will see how to diagonalize the sensors and estimate the noise budget of

the diagonalized sensors.
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Figure 7.11: Example of the transfer functions T F,.; (@) of the horizontal accelerometer.

7.3.2 From the sensors reference frame to the VIRGO reference frame

To implement an effective control strategy we must do another important and not trivial choice:
the reference frame. Since we are on the Earth, in a limited range of frequency the LVDTs
are affected by the seismic noise. Thus if we want to reduce its contamination level on the
signals and to do an active damping control we must find a reference frame in which this noise
source is well distinguishable. A satisfactory reference frame is the VIRGO Reference Frame
(VRF)*:

B EST
VRF:{ 3 : VERTICAL (7.10)
Z: NORTH

The choice to work in the VRF has several advantages: the components (x,z,y) of seismic noise
are longitudinal along VRF and uncorrelated to each other, the angular seismic contribution is
low and the seismic noise contribution of all superattenuator is the same. By applying a suitable

transformation matrix R on the sensors (sensing matrix) and actuators (driving matrix) we can

’In this reference frame the yaw (ty) is torsion along vertical axis.
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Figure 7.12: Noise budget estimation of the accelerometer feedback control. In this plot the
typical sensing (blue curve), acting (red curve) and NA(w) (black curve) contributions of the
horizontal accelerometer are shown.

work in the VRF with the new sets of sensors and actuators that are: diagonalized and virtual®.
By denoting with S and A the sensing matrices for the LVDTs and accelerometers, and with D
the driving matrix for the actuators, the horizontal diagonalized sensors and actuators in the

VREF are computed as

Sy S11 812 S13 Ly,
sz | = | s21 s s23 Ly, (7.11)
Sty $31 §32 533 Ly,
Ay ajy app das Ag,
Ay | = | a1 axn ax An, (7.12)
Agy asy az ass Ap,

3To produce the the sensing and driving matrix for accelerometers and actuators we inject a line a 3 Hz. For
the driving matrix we inject this line from a single coil and we measure the response of the displacement sensors;
in this way we build a matrix with 9 coefficients and its inverse is the driving matrix. The sensing matrix of
the accelerometer is build in a similar way: in this case the line is inject from the diagonalized coils and the
coefficients of the matrix are measured looking the response of each accelerometer. Also in this case the inverse
of this matrix is the accelerometers sensing matrix.
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C, di dip dis Ch,
C. | =| da dn d Ch, (7.13)
Cry d31 d3y ds3 Ch,

Where the components of the vectors (Ly,, Ly, , Ly;), (An,, An,, An,) and (Cy,, Cp,, Chy)
are the LVDTs, the accelerometers and actuators before the diagonalization, while the compo-
nents of the vectors (sy, sz, 51y), (Ax, Az, Agy) and (Cy, C;, Gyy) are the LVDTs, the accelerome-
ters and actuators after the diagonalization. Therefore, in VRE, the output signals of an LVDT

s;r(t) and an accelerometer a;4(¢) along the i —th direction can be written as

siL(t) = si(t) = sirs(t) + nire(t) (i,=2z,x,1y) (7.14)

aia(t) = a;(t) —g0;(t) + niae(t) (i,=z,x , j=x,2) (7.15)

In the case of the vertical d.o.f. , the diagonalization is simplified because we have one LVDT,
two accelerometers and actuators. The sensing and driving matrices of the accelerometers and
the actuators are a 2 X 2 matrix with similar coefficients. In this case the output signals, for the

LVDT and the accelerometer, are equal to
syL(t) = sy(t) = sys(t) + nyLe(t) (7.16)

Al (1) + AL (1)
aga(t) = ay(t) + nyae(t); ay(t) = % (7.17)
The additional terms s;r4(¢) ,nire(t), 80(t) , niac(t) that appear in Eq. (7.14),(7.15), (7.13) and

(7.17) are the main sources of noise for these kind of devices.

7.4 Noise budget of the diagonalized sensors

The noise budget of a sensors, is the estimation of the contamination level due to the noise
sources. The equations (7.14),(7.15), (7.13) and (7.17) are written in such way that the main
sources of noise for the used devices appear. These sources of noise can classified as: process
noise (characterized by random phenomena that disturb the behavior of the system) and the
measurement noise (the intrinsic noise of the sensors). With reference to figure 7.13 we
classify as process noise: the seismic contribution s;z4(¢) that contaminates the LVDT and the

background tilt contribution g6;(¢) of the horizontal accelerometer. While, we consider as
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Accelerometer:
intrinsic noise

— tilt noise
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Figure 7.13: Schematic representation of the sources of noise read by the horizontal diagonal-
ized sensors posed on AdV suspension top stage. Starting from the IP (red box), its motion is
provided from the LVDT as s; and by ACC as §;. The ground motion s;; (yellow box) gets in
the LVDT box: its output can be written as s;;, = s; — s;z,. The ’tilt’ g6; (yellow box) gets in
the ACC box: its output can be written as a; = §; — g6;. Considering also the intrinsic noise of
the sensors, two outputs become: s;, = s; — iz, + e , a; = §; — g0j + nae.

measurement noise the intrinsic electronic noise n;r.(¢) of the diagonalized LVDT 4 and the

intrinsic electronic noise n;4,(¢) of the diagonalized accelerometer.

Comparing the signals provided by a sensor and its noise sources we can establish which
frequency region of the spectrum is contaminated by these noises and estimate the lower limit
of the sensitivity curve of the device. In the Subsection 7.4.1 we report the typical noise
budget for one set of diagonalized sensor posed on the top stage. Referring to figure 7.13, the
contamination level for all the noise sources considered in this scheme has been estimated by
comparing the models (or ASD) with the Amplitude Spectral Density (ASD) [58] of the signals.
All analyses have been done when the system was not under control in order to reproduce the

configuration plotted in figure 7.13.

4Usually this noise is a value given by the manufacturer of the device.
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7.4.1 Noise budget: results

We report here four figures showing the experimental results concerning the noise budget.
Looking at figures 7.14, 7.15 and 7.16 we observe that: below 100mHz we are ruled by the
sensing noise of the accelerometer while above 100mHz we are ruled by the sensing noise
of the LVDT. Concerning the background disturbance (microseim and tilt) the results are
similar. Indeed, the figures 7.18 and 7.17 show us that in the region 0.1 +3 Hz the LVDT
is contaminated by the seismic noise while in the region 0.01 < 0.1 Hz the accelerometer is
contaminated by the background tilt noise.

10t

z Accelerometer
z Acc: Electronic Noise Model

ASD [(;« m/sqrt{Hz)]

10-4 L

10'5 1 1 1 1 1
1073 1072 107! 10" 10t 10° 103
Frequency [Hz]

Figure 7.14: Amplitude Spectral Density (ASD) related to the accelerometer signal (blue curve)
compared whit its intrinsic noise (red curve).
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Figure 7.15: Amplitude Spectral Density (ASD) related to the LVDT signal (blue curve)
compared whit its intrinsic noise (red line).
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Z Accelerometer: Electronic Noise Model
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Figure 7.16: Comparison between LVDT (red curve) and accelerometer (blue curve) intrinsic
noises.
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Figure 7.17: Background noise contributions: in figure the comparison between the spectral
density of seismic contribution that contaminates the LVDT sensor (clue curve) and that
acquired using the external device monitoring the ground vibration (red curve) are reported.
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Figure 7.18: Background noise contributions: in figure the comparison between spectral density
of he tilt contribution that contaminates the accelerometer signal is reported.



Chapter 8
AdV top stage suspension control

Considering the experimental setup of the sensors and actuators in the VREF, the active mode
damping control must be designed to control the position of the top-stage over four d.o.f., and
by damping its resonances. Since more than 15 years, Virgo handled this matter by means
of blended virtual sensing signals, attained through neutral pre-filtering. The goal of this
chapter is to illustrate the performance of the active attenuation reached by using the “Blending
technique” . It should be specified that the technique is used to control all degrees of freedom
on the top stage: horizontals (X, z), torsional (6)) and vertical (y). In the next of this chapter
the experimental results achieved using this type of control will be illustrated, focusing our
discussion on the degree of horizontal d.o.f. !

8.1 The Blended Virtual Sensor

In Chapter 7 the noise budget has allowed us to identify which frequency band, for each sensor,
does not suffer from its fundamental noises. In particular we have seen that the low frequency
signal is clean on the LVDT, while after the 100mH z the good signal is that of the accelerometer.
In order to take the best signal component provided by the two sensors, in VIRGO and also in
AdV the sensors are *blended’ through a neutral pre-filtering applying a Low Pass filter (LP)
on the LVDT signal and an High Pass filter (HP) on the accelerometer signal.

In this way we obtain a “new sensor” called: blended virtual sensor defined as

Si(0) = LP(®) - i (0) — 02 - HP(®) - djs (o) (8.1)

where §j7(®) and d;s (w) are the Fourier transforms [1] of the signals expressed by Eq.(7.14)
and (7.14) respectively. The neutral blended pre-filters are calculated starting from n- order

' A more detailed description of the basics of linear feed-back systems can be found for example in [43, 47, 60].
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polynomial:

P(0)=a,- 0" +a, 1-0" '+ Fag (8.2)

By Imposing that HP + LP = 1, the LP filter must be shaped taking into account the background
disturbance and its typical cutoff must be below 100mHz, the deduced couple of low pass and

high pass filters is
¥y _ pn—Z(w) . 7 _ w3pn—3(w) . 8 3
LP(w) = AR HP(w) = ~—Fw) (8.3)
ACC 4@4
'S
tit noise —
HP
PID
LP
seism
VDT SN

Figure 8.1: Block diagram of the blended virtual sensor in closed loop configuration. Starting
from the IP (red box), its motion is provided from the LVDT as displacement s; and by ACC
as §;. The ground motion s;;, (yellow box) , gets in the LVDT box and its output can be
written as s;;, = s; — s;z,. The ’tilt” g6; (yellow box) gets in the ACC box and its output can be
written as a; = §; — g6;. Considering also the intrinsic noise of the sensors, two outputs become:
SiL = Si — SiL, + e , aj = §; — g0 +ny.. The LVDT is filtered through a low pass filter (LP
box) and the ACC signal is filtered through a high pass filter (HP box). After the filtering, the
cleaned signals are summed’ and the result of this operation is given as input at the controller
C;(PID box). The controller apply a viscous force to damp the inner modes of the system and
keep it in a set reference value sy (set box ) minimizing the error signal e ~ s; — Sg¢; -

Referring to figure the 8.1 , after the pre-filtering, the blended the signal S;, (@) is given as
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input to the controller C;(®): the output closed loop signal is equal to [43, 47, 60]

~ . Siv(a))
Si(o)=1 ~Wii(0)-Clo) 84

Where M;(®) and C;( ) are the mechanical plant of IP system and the filter control related to
the i —th d.o.f. ?

At present this kind of strategy is implemented on all d.o.f of the stage and in Fig. 8.2 and
8.3 the experimental plants (horizontal and vertical) of the four superattenuators accommodated
along Fabry-Perot cavities are shown.

10 f —— XFO-NI

XFO-NE | 7
——XFO-WI
—— XFO-WE

10*

21
10 102

Magnitude [pm/Volt]
Magnitude [zm/Volt]

107! 10° 10! 107t 10° 10!
Frequency [Hz] Frequency [Hz]

Figure 8.2: Experimental plant related toz d.o.f (on the left) x d.o.f (on the right) of inverted
pendulum accommodated along Fabry-Perot cavities are shown. We can see that all resonances
are confined below 3 Hz and that the inverted pendulum have a proper resonance about at
30mHz.

8.2 Blending strategy

The starting point of the blending strategy is the calculation of the pre-filters (Low Pass filter
(LP) and High Pass filter (HP)) by using the formula (8.3). In figures 8.4 and 8.5, an example
of blended strategy implemented on the system and the respective virtual sensor closed loop
(when a controller like that reported in the table 8.1 is used) are shown. With reference to
Fig. 8.4 we observe that the LP filter is shaped in order to lower the seismic noise in the
region(.25 < 0.85 Hz (see Fig.8.4) while by looking at Fig. 8.5 we note an excess of seismic
noise in 0.1 =1 Hz range. This excess of seismic disturbance, in principle, can be reduced

shaping the low pass filter (LP) and tuning the controller gain in order to reach the electronic

2The used controllers satisfy all stability criterion reported in the standard books of the control theory
[43, 47, 60]. In order to have the signal S;,(®) in-phase with the motion of the feed-back suppresses, we have put
put a minus sign at the summation point of the PID box [43, 47, 60].
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Figure 8.3: Experimental plant related to y (on the left) d.o.f of the chain of pendulum
accommodated along Fabry-Perot cavities are shown. We can see that all resonances are
confined below 3 Hz and that the first resonance (filter O resonances) is localized e about
at 100mHz. On the right the experimental plant related to 6, d.o.f of inverted pendulum
accommodated along Fabry-Perot cavities are shown: we can see that the inverted pendulum
have a proper resonance about at 300mHz.

noise 3.

Then to best work with the blending strategy it is necessary that a human mind, taking into
account mutable background conditions ( like the wind and the microseism) on the EGO site,
shapes the pre-filters by trying to lower the re-injection of the disturbances. In other words we
must be able to adapt the control strategy according with the flow of seasons (the changing of
background conditions) and mostly to the requirements of the interferometer. This operation is
done considering separately two bandwidth regions: above 100 mHz and below 100 mHz. In

Sections 8.3 and 8.4 we will show how to achieve this goal.

8.3 Blending strategy: above 100 mHz

In Eq. (8.1) we have been introduce the blended virtual sensor (BVS): it is the used sensor to
implement the so called 'Inertial Damping’. Above the 100mHz, the main source of noise
contaminating this sensor, is the seismic noise: therefore to optimize a blending strategy, in the
region 0.100 = 3 Hz, we must know how this noise is transmitted to it. For this purpose, the
knowledge of the transfer function between the seismic excitation and the BVS is crucial and

can be deduced starting from the Eq. (8.1).
With reference to figure 8.6, using a little algebra and the condition HP + LP = 1, the BVS

3The experience show us that the high frequency peaks that appear , in the region20 + 80 Hz (see Fig. 8.5) can
be excited when you change the control bandwidth from 3 Hz to 5 Hz. In order to stabilize the loop, we add the
notches.
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| f[Hzl | Q [PorZ]|
0 0 P
0.03 0.5 P
24.605 | 50 Z
24.605 | 10 P
26.09 | 20 P
26.09 | 200 Z
53.74 10 P
53.74 | 200 Z
65.52 10 P
65.52 | 200 Z
77.15 | 200 Z
77.15 10 P
200 0 P
1000 0 P
G=0.3 | f=1 Hz

Table 8.1: Example of typical filter of control actually implemented along the z direction of NI
IP . P means pole, while Z means zero.

output signal can be written as

Siv(a)) = 5,‘((1)) —L~P(CO) -S~,'Ls((x)) (8.5)
where §;(®) is the motion of the IP along the i —th d.o.f. and LP(®) - §i1;(®) is the residual
seismic noise affecting the BVS #.

By considering the Eq. (8.5) we expect that the effective transfer function (T;Lf J; s, (w))
between the seismic excitation §iz;(®) and the displacement of the IP, provided from the BVS,

will be
T (0) = Ty (o) - LP(0) 8.6)

where T;(®) is the mechanical response of the inverted pendulum to the seismic excitation
§iLs(®) along the i —th direction and LP(®) is the applied low pass filter. By using the formula
(8.6), we can write the Eq. (8.5) as

Siv(a)) = (Tl((x)) —L~P,‘((D)) ~§,~Ls(a)) (8.7)

eff,CL

To deduce the effective closed loop transfer function (TSiLS s Siv(a)) ) we reproduce the closed

“In this equation we not take into account the intrinsic noise of the sensors because, as shown in Fig. 7.14,
7.15 and 7.16 we are not limited from their.



136 AdV top stage suspension control

Blended Filter

10—1 L

10—2 L

ASD [(;c m/sgrt(Hz)]

10—3 L

10° I | .
1072 107t 10° 10!
Frequency [Hz]

Figure 8.4: Example of neutral prefilter blending with blending frequency at 72mHz . In this
plot are reported a couple of low pass filter (blue curve) and high pass filter (red curve) shaped
to reduce the typical seismic noise on EGO site (black curve) in the region 0.25 +0.85 Hz.

loop scheme on the signal expressed by Eq. (8.7) and we compare it with the equation (8.5)

L( T_(f})<;>”§:((f3>] Sits(@) = 5i(@) — LP(®) -i+(©) (8.8)

and by using a little algebra §;(®) can be written as

I Ti(w) ~ Mi(0) Ci(w) LP(w)]
S,((IJ) N {1 —Mi(a)) -C](w) 1 —Mi(a)) -Ci(w) SlLS(w) (8.9)

Looking at Eq.(8.9), we note that T:Lf J;CS]I“V () is composed by a mechanical contribution A(®)

and a sensing contribution B(®)

1 (8.10)

5i(0) = [A(w) + B(0)] - §irs (@)
The core of the A(®) term are the mechanical response 7;(®), the mechanical plant M;(®) and
the controller C;(®) , while the core of the B(®) term is the low pass filter LP(®). The results
expressed by Eq. (8.10) suggest us that the residual motion (5;(®)) of the IP can be reduced by

changing the controller gain or the shape of LP. It would seem that we can iterate indefinitely
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Figure 8.5: Example of the virtual blended closed loop signal compared with its intrinsic
electronic noise.

the improvement on the low pass and controller filter, but considering also the intrinsic noises
of the used sensors, this is not true: indeed this noise represents the lower limit of the device

sensitivity.

8.3.1 Above 100 mHz: results

In this subsection, to better understand how reach the intrinsic noise level of the accelerometer
Felf.CL

Sirg—Siv
the controller are used. The simulations are produced using the MATLAB scripts. In these

we analyze the behavior of the (w) when different pre-filtering strategy or the gain of
scripts, changing the shape of the LP or the gain of the controller, is possible to calculate a
projection of the power spectral density (PSD) related to the residual motion of the top stage
in a specific background noise condition [82]. According to the formula (8.10) and (8.9), to
produce these simulations it is necessary to specify: the mechanical plant model M;(®), the
mechanical response model 7;(®), the controller model C;(®) or its gain G, the low pass filter
LP(®) as well as the measurement of the seismic contribution §j.;(®). The signal §;;(®) can
be acquired by using an external device probing the seism at the ground (in our case a Guralp
posed in the central or the end building). Preliminary operation, in order to check the goodness
of our projection method, is to reproduce the real data (see Fig. 8.7) and comparing it with

intrinsic noise of the device (accelerometers). With reference to figure 8.7 we see that:
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Figure 8.6: Blended virtual sensor in closed loop configuration. Following the block seism
(yellow box): this is common to the IP system (red box) and LVDT sensor (pink box). The
transfer function between seismic excitation and IP displacement is 7;(®). Consequently the
Closed Loop transfer function seism-BVS for this configuration will be a combination between
mechanical attenuation and LP filter: Tef ! s, (@)= T:(0) — LP(®).

1. we are able to reproduce the real data;
2. we have still contaminated by the seismic noise;
3. we are far from reaching the intrinsic noise of the sensor (yellow line).

Starting from this point, our goal will be to reach the level of the intrinsic noise (yellow
curve). For this purpose, at the first iteration we calculate, without changing the gain (G) of
the controller filter, the function TS‘Z f_fsﬁ( ) when two different couples of blending filters are
applied. The selected filters have the blending frequency at 63 mHz (strategy63) and 32mHz

(strategy32) respectively and their shape is reported in Fig. 8.8.
eff CL ((l))

Ls—Siv

and its components A(®) and B(®) (see Fig.8.9 and 8.10). We see that changing the pre-filter

We start by showing the impact of the strategy63 and strategy32 on the function T,

strategy from strategy63 to strategy32, we have a factor 2 of benefit on PSD on the signal
Si(®) express in Eq. (8.10) : this means that we can improve the attenuation of the IP at 300
mHz from1.5 x 1072 at 8 x 10_3 To f =300 mHz the value of the intrinsic noise of the
accelerometer is about 3 x 1073 \/FT and our goal will be to reach it.

To reach the intrinsic noise level of the accelerometer, as third step, the gain value G has
been change from 0.3 to 0.7 (this meas that the bandwidth control change from 3 Hz to 7 Hz).

In Fig. 8.11 the impact of the strategy32 and G=0.7 on the Tef feL ( ) (yellow curve) and on



8.4 Blending strategy: below 100 mHz 139

10!
m— Real Data
0 = Simulated Data
10 Electronic Noise
— 107t
N
z
o 1072
Rt
£
= w03
2
< 1p7*

—
=
]

w

1w
107! 10"
Frequency [Hz]

Figure 8.7: Comparison between real and simulated data of residual motion §;(®) along z axis
of the top stage accommodated on the input of North arm. In this plot the real ASD (blue curve)
and simulated ASD (red curve) are in agreement. These ASDs are also compared with the
intrinsic electronic noise of the diagonalized accelerometer in the VRFE.

the components A(®) (blue curve) and B(w) (red curve) are shown. This produce a benefit of

a factor 2 on the closed loop attenuation and at f = 300 mHz the residual motion is compatible
- —3 pm :

with 5 x 10 T (see Fig. 8.12).

Last step, is to produce the signal §;(®) for each of the three cases illustrated and make
the appropriate conclusions (see Fig.8.12). All the PSDs, reported in Fig. 8.12, are produced
by using the same background seismic data (blue curve). Starting from the PSD calculated
implementing the startegy63 (red curve), we can see how the residual motion §;(®) is reduced
by implementing strategy32 (yellow curve), so as to reach the electronic noise by using the
combination of strategy32 and G=0.7 (purple curve).

8.4 Blending strategy: below 100 mHz

Above 100 mHz, low values of the frequency blending frequency (fj like 32mH?z ) allow us to
have a big reduction of IP residual motion. Since in the BVS, the LVDT and accelerometer
sensors are interconnected through the filters LP and HP, low values of f;, can cause a re-
injection of noise in the region below 100 mHz. Indeed the typical bump that characterize

the shape of the HP becomes critical moving the blending frequency (fp) below 0.1 Hz. This
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Figure 8.8: Different couples of blending filters used to work with this projection tool. In
the first row the comparison between the transfer function of the two LP filters (red curve
LP related to strategy63 and blue curve LP related to strategy32) are reported. Switching the
strategy from strategy63 to strategy32 we see that the pre-filtering of the seismic disturbance
change from 1.5 x 1072 to 1.5 x 1073 at 300 mHz. In the second row the comparison between
the transfer function of the two HP filters: red curve HP related to strategy63 and blue curve
HP related to strategy32 are reported. Switching the strategy from strategy63 to strategy32 we
see that the typical bump move from 60 = 110mHz to 50 +20mHz.

can induce or amplify some phenomena that are manifested in the strictly frequency range
10+ 100mHz. To stabilize the IP control and then to reduce its residual motion we need to
know some particular behavior, like the cradle effect and the tilt, that are quantifiable by

looking the accelerometers response.

8.4.1 Cradle effect

Cradle effect is a direct manifestation of a mechanical coupling between longitudinal translation
of the base ring and angular tilt of the top table. The physical causes that produce this effect are:
the low stiffness of the cup spring posed under the feet of the IP and a non perfect parallelism
of the IP legs.

Concerning the cup springs, this mechanical coupling is generated by the recoil of these: a
little displacement, in the i —th direction, of the top stage, induced an inclination of the inverted
pendulum. According to this, the cup spring go down or go up depending on which direction

the IP tilts. Consequence to this difference of weight supported by the cup springs o™ ad s not
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Figure 8.9: Impact of the strategy63 on the 7//CF

SiLs—>Siy
A(w) (blue curve) and B(®) (red curve). This strategy produce an effective attenuation of
about 1.5 x 1072 at 300 mHz.

() (yellow curve) and on its components

crad

zero and the value of the transfer function Z’s‘ is

Ao m-g 1.2-10°[Kg]-9.8 [m/s?]

~ ~ 1073 [m™! 8.11
AS,‘ Kg 107[Nm] [m ] ( )

where m is the total mass of the system, and Kj is the angular stiffness of the cup spring.

In second case, the mechanical coupling is generated by to the non parallelism of the legs:
crad

when the legs are not parallel, the value of transfer function AZ’S_ is equal to

Aot b 1073 [m]
As;  L-R" 5[m]-0.87[m]

where b is the parallelism error, L is length of legs and R is half distance between the legs.

~2.3-107* [m ] (8.12)

8.4.2 Accelerometer additional contribution: cradle effect

Generally, the accelerometer reads the cradle contribution

di(w) = —w’si(0) —ga™  (i,=z,x ,j=x,72) (8.13)
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Figure 8.10: Impact of the strategy32 on the Tsf[ QCSLW((O) (yellow curve) and on its components

A(®) (blue curve) and B(®) (red curve). This strategy produce an effective attenuation of
about 8 x 1073 at 300 mHz.

In particular, at frequency f < f, >~ 25mHz this contribution is more evident and in the
accelerometer signal the contribution — gdi‘"“d is predominant. For this reason, in this frequency
range, the related transfer function acceleration- displacement is proportional to écfmd : this
angle is the so called cradle term and the associated effect is known as cradle effect. In Fig.8.13

an example of the transfer function between accelerometer and LVDT is shown.

The presence of this “cradle term” @°"*¢ modifies the mechanical plant at low frequency in

this way

Mi(@) — M. (0) = Mi(0)- |1 - Hl;(zw) - gerad (8.14)

Looking at formula (8.14), it is easy to understand that the impact of this effect on the me-
chanical plant is related to the pre-filter strategy and becomes very crucial when we apply the
blending strategy with low value of f;. In order to restore the shape of the mechanical plant
M;(®) , and then to avoid the instability in the control loop we apply the so called “cradle
removal”. In Fig. 8.14, the examples of the IP plant modified by the presence of the cradle
term, when a high pass filter with f;, = 32mH?z is applied (red curve), and the restored IP plant

after cradle removal (green curve) are reported.
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Figure 8.11: Impact of the strategy32 and controller gain G = 0.7 on the TF e%c (yellow curve)

and on its components A(®) (blue curve) and B(®) (red curve). This strategy produce an
effective attenuation of about 3 x 1073 at 300 mHz.

8.4.3 Cradle removal

To apply the cradle removal the estimation of the cradle contribution &i"’“d is needed: usually
this is done by measuring the low frequency DC level in the transfer function shown in Fig.

8.13. After this estimation, we can write the BVS as >

Siv(®) = LP(®) - i, (0) — 0 2 - HP(®) - diy(0) — 0 2 - HP(0) - & - 5. (0)  (8.15)

The additional term ® 2 - HP(®) - & - §;, (o) is used to restore the right shape of the me-
chanical plant avoiding instability in the control loop. This operation in some way deteriorates
the effectiveness of the low pass, indeed the shape of the LP filter change in this way

LP,f(0) = LP(®) — o *-HP(w) - o™ (8.16)

>Concerning the IP of AdV the cradle effect is manifested only for the horizontal d.o.f , the vertical is not
affected by it. Looking at the data we see that there are two kind of cradle contributions: direct and transverse. In
this dissertation we pose our attention only on the direct cradle effect.
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Figure 8.12: In this figure the simulated residual motion §;(®) calculated using Eq.8.10 for the
three cases: strategy63 , strategy32, strategy32 and G = (.7 are reported. All these ASDs are
compared with the intrinsic noise level of the accelerometer (green curve). These simulations
are calculated when background seismic condition (blue curve) was occur. Starting from blue
the red curve (strategy63): we can see how §;(®) is reduced by implementing stretegy32 (yellow
curve) so as to reach the electronic noise of the sensor using a combination of strategy32 and
G = 0.7 (purple curve).

In order to reshape the LP, 7f(®) and recover the begin performance of the low pass filter
(LP(w)), we can use a frequency dependent cradle term @< P (@)

LP,;(0) = LP(@) — 07> HP(@) - & - LP"" (0) @17

~ crad

In the table 8.2 an example of typical filter LP" (@) used to reshape the low pass filter, is

shown.

| f[Hz] | Q [PorZ |

0.150 | 0.7 P
0.250 | 1.5 Z
0.5 0 Z
1.4 0 P

Table 8.2: Example of typical low pass filter LP"% used to reshape the cradle term. P means
pole and Z means zero.

In Fig. 8.15 the impact of the cradle term L~Pcmd(a)) on the shape of LP is shown. In
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Figure 8.13: Example of the transfer function between accelerometer and LVDT. This tansfer
function, above 20mH?z , is proportional to f2 how we expect; while below 20mHz assume a
constant value oc"*@ related to the cradle.

order to produce simulated data compatible with a real situation in the simulation showed in
Subsection8.3.1 all results have been calculated taking into account the cradle term and for the

two strategies the used low pass is reshaped according to the equation 8.17.

8.4.4 Accelerometer additional contribution: environmental Tilt

At low frequency (f<0.1 Hz) the seismic noise does not affect the locking activity (except in
case of strong earthquake). It is possible to convince our-self of this statement controlling the
suspensions just through the LVDTs: in this case, the contribution of the low frequency to the
locking force rms is negligible. In this frequency region the accelerometers seem to be noisy,
because the cavity elongation measured by those sensors is not coherent with the locking force
(see Subsection 8.4.5), and it would be definitely too large to be compensated acting on the
Mirror.

In Figure 8.16 we see the typical PSD of the accelerometers: the expected level of electronic
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Figure 8.14: Examples of the IP plant modified by the presence of the cradle term, when a
high pass filter with f;, = 32mHz is applied (red curve), and the restored IP plant after cradle
removal (green curve) are reported.

noise is much lower, but according to the reported experience this cannot be considered the true
motion of the IP. Moving to the inertial control, it always happen that the locking force PSD
worsen below 0.1 Hz, and the excess noise is perfectly measurable by the LVDTs. This means
that low frequency accelerometer noise, even if high-passed, unavoidably spoils the control.
The level of noise is not stable: it can change a lot depending on the weather conditions. In
particular, it depends on the wind speed on site. These observation leeds us to guess that the

accelerometer is measuring the angular motion of the ground, or at least of the building floor.

In general, the virtual sensor in loop can be written

HP(0) ~

S,’V(CO) = 5,'((1)) - L~P((D) 'fiLS((D) + o2 . (—g@(a)) +fz,~Ae(a))) (8.18)

As explained above, below 0.1 Hz the ground motion term is negligible and the in-loop

signal is dominated by the accelerometer noise. Considering that the loop gain is high (G > 50),
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Figure 8.15: Impact of the cradle term on the shape of the LP. In particular we see how
change the shape of the LP filter with 32mH?z of blending frequency (blue line) when the a
constant cradle removal is applied (red line), thus getting worse its performance in the region
[0.150, 1] Hz. Its shape and in part its performance are recovered when the frequency depended
cradle removal is applied (green line).

we can conclude that IP displacement can be written as

Si(w) = %(zw)-(—gé(w)%me(w)) (8.19)

As shown in the formula (8.19), in this limited band the high pass filter play a crucial role.
The residual motion of inverted pendulum is subject to the noise sources of the accelerometer
through the high pass filter which, depending of the weather condition, can becomes critical
for the lock. In order to understand this phenomenon in Figure 8.17, two LVDT data sets are
reported. These data have been acquired when the strategy shown in the Fig. 8.4 was running
and when the strong and low wind condition was verified. Looking at this figure (see Fig.8.17
), we see that generally the LVDT signal has an amplitude oscillation of about 1.4 um peak to
peak in low wind condition while in strong wind condition the amplitude of this oscillation

increases reaching the 6.51 um peak to peak.
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Figure 8.16: Comparison between the intrinsic electronic noise and ASD of a diagonalized
accelerometer posed on the Virgo top stage. In this plot the attention is focused in the region
below 100mHz

Now we will manipulate these data sets in order to see how the amplitude of the LVDT
signal changes when we use a different strategy (HP(®) — HP'(®)). The residual motion
expressed by the (8.19) becomes

5wy = 1)

To quantify the noise injected, changing strategy, we compute the ratio of the high passe filters

- (—86/(0) +fijpe () (8.20)

HP (o)

r(w) = o) (8.21)

By using the ratio (@) we can produce a projection of residual motion of the IP s”;(a)) when
we use the filter HP' (o)

5(0) = r(w)-5() (8.22)

The Eq. (8.22) is very interesting, because allows us to monitor the low frequency oscillations
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Figure 8.17: In this figure the impact of two different weather conditions on LVDT data are
shown. In the low wind condition (red curve), the LVDT the rms of the amplitude oscillation is
about 0.24 um while in strong wind condition the rms increasing reaching the value of 0.82 um
(blue curve).

of the inverted pendulum in a specific background condition, given a chosen pre-filter strategy.

We are interested to understand how different strategies, like strategy32 or strategy63,
modify the behavior of our data sets acquired in high wind condition (see blue curve of Fig.8.17
). To this purpose we have produce a simulation in which the impact of the mentioned strategies
is calculated, by using the indicator r. These projections are implemented in MATLAB. In
order to give a qualitative estimation in Fig. 8.18 the impact of these strategies on data set,
acquired in high wind condition, is shown. Concerning the strategy63 (red curve) the rms of
and the amplitude peak-to peak are respectively1.23 um and 9.7 um while for the strategy32
(blue curve) the rms and amplitude peak-to peak are respectively 5.4 um and 34.8 um.

In extreme condition (like the combination between high wind and strategy32) we can be
failing to acquire and stabilize the lock of the interferometer.

8.4.5 Impact of the low frequency oscillations on the locking correction

Now we are interested to quantifier the impact of several strategies on the motion of the

suspended masses. This residual motion is given by

.STi’ml'r((O) = D((D) -S’}(CO) ~ §i(a)) (8.23)
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Figure 8.18: In this figure the impact of two strategy on data set in high wind condition is
shown. In this condition, the strategy63 (red curve) the rms calculated and amplitude peak-to
peak are respectively 1.23 um and 3.5 um. In this condition, the strategy32 (blue curve) the
rms calculated and amplitude peak-to peak are respectively 5.4 um and 14.2 um.

where D(®) is the transfer function between the top stage (input) to the mirror (output) and in
this frequency range is equal to one. To convince us that Eq. (8.23) is true, we calculate the
cavity length (LT9F (@)) using the residual motion §,(®) along the optical axis of the cavity
for the end and input IP and we compare it with the cavity length (L,,,(®)) deduced from the
locking correction signal (§Z7lock(w)). Let start our demonstration calculating the PSD of the

cavity length at level of the top stage LT 97 (w)

arm

LTOP () = \/(fg(m))2+ (§§(w))2 (8.24)
where §() and 5¥ () are, respectively, the residual motion of the input IP and end IP

accommodated along an arm of the interferometer.

In second case, the cavity length can be calculated as

Zarm(w) =cC- gz,lock(w) (8.25)

SZ, lock (@) is the “locking correction signal” and represents the respective tension expressed in
\/LH7 of the necessary force to keep in lock the cavity while c is the calibration factor to convert
the signal from V to um and its value is about 0.75 um x V. In locking condition, in the range

10+ 150mHz, the arm cavity length calculated with Eq. (8.24) and (8.25) are approximately



8.4 Blending strategy: below 100 mHz 151

equals (see 8.19).
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Figure 8.19: In this figure the comparison between the ASD of the North arm (NARM) cavity
length estimated using formula (8.24) (blue curve) and formula (8.25)(red curve) is reported.
The plot is restricted at frequency range below 100 mHz. We see that two curves are matching.

Since below 100 mHz the residual motion of the IP is transmitted one to one at level of the
test mass we can study the impact of several strategies on the locking signal using r(®); in
particular we can produce a projection of the Sz,lock(w) in this way

S, t0ck(©) = () 8- 0ck(©) (8.26)

Considering that for the actuator used in AdV, the range of the actuation dynamic is £10V,
during the commissioning activity we did an analysis to fix a certain tolerable threshold s on
the dynamic actuation. The threshold value (s = 1.8 V') has been fixed analyzing four hours of
locking data acquired when the speed of wind ranging to 20 +-45Km/h (see Fig.8.20)

With the intent to avoid the saturation of locking correction we have studied the impact
of three different strategies on the SzJock(a)). In order to understand if the selected blending
strategy put in the saturation condition the actuator and to deduce the transformed PSD of
the locking correction the Eq. (8.26) has been used. For each transformed PSD also the
related spectral root mean square rf7rms6 has been calculated. In figure 8.12 the impact of three
strategies on the Sz,lock(w)a when the speed of wind is low (10+-25Km/h ), is shown.

%Given a vector T wih component (x;,y;) where i = 1---N . we define the T,,,sthe vector of components
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Figure 8.20: In this figure the trend data for the speed wind (red curve) and locking correction
(blue curve) are reported. The data have been divided in 8 segment segments of 30 minutes
each: for each of these the maximum value (M ) of the signal and the related standard deviation
oy have been calculated. The maximum value of the locking correction is 8.34 +1.80V': this
means that for speed of wind v > 45 Km/h the mirror actuator is very close to the saturation
value (10V) and for this reason we have fixed the threshold value s equal to 1.80V.

Looking at the results (see Fig. 8.12) we see that the amplitude of the ASDs of the locking
correction and their rms increase by moving the blending frequency below 94 mH?z. In particular,
we see that the rms related to the blending frequency equal to 44 mHz (black star), in the range
10+30mHz, is very close to the threshold value while the rms related to the blending frequency
equal to 58 mHz (pink star), in the same range, is lower than a factor 2.

8.4.6 Tuning of the blending frequency

At this point the right question is: how to fix the blending frequency, in order to reduce the
re-injection of seismic noise and to limit the oscillation of low frequency? Based on the results
shown in the Section 8.4.5, we can say:

* In standard microseism conditions and when the speed of wind is low (v < 20Km/h ), to

(xia ri,rms) given by :

Firms = ‘ Xi — Xi—1 ‘ 'y,2 (8.27)
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Figure 8.21: Impact on the locking correction and related rms of NARM cavity of three high
pass filters. The amplitude of the ASDs of the locking correction and their rms increase by
moving the blending frequency below 94mHz. The rms related to the blending frequency
equal to 44 mHz (black star), in the range 10+ 30mHz , is very close to the threshold. The rms
related to the blending frequency equal to 58 mHz (pink star) in the same range, is under the
threshold of a factor 2.

clean the signal from the seismic noise and to avoid the big low frequency oscillations,

we apply a blended strategy with frequency blending f, = 44mHz.

* In very bad weather conditions, like very high wind (speed of wind > 50Km/h) , we
apply a blending strategy with frequency blending f;, = 0.94mHz. In this way, reducing
the bandwidth of the accelerometer we avoid the big oscillation below 100mHz, but we

re-inject a portion of seismic noise.

Considering that the extreme conditions not occur frequently, we prefer not to use the strategy
with f;, = 0.94mH z because the suppression of the seismic noise is not satisfying. The chosen
compromise for O2 run is the strategy63 because stay below the threshold value in a large part

of the environmental conditions.
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8.5 uSeism-Free platform: Global Inverted Pendulum Con-
trol (GIPC)

In the Section 8.4.6, we have seen that the tuning of the blending frequency is a “compromise”,
made to minimize at the same time the re-injection of seismic noise above 100 mHz and the
disturbances due to the use of inertial sensors below 100 mHz. For the stand alone suspension
control, the 63mHz strategy, is an optimal choice. This strategy is effective above 0.5 Hz,
is not too bad for the suppression of the main seismic bump at EGO site (0.3 Hz), but is
ineffective for the suppression of microseism at lower frequency (0.1 — 0.2 Hz). In order
to reduce considerably the seismic disturbances at low frequency, a blending strategy with
crossover below 32 mHz would be needed. This strategy is sustainable if we move to a different
control scheme, named Global Inverted Pendulum Control (GIPC). It consists mainly in a base
change: the translational coordinates of the different suspensions are mixed in order to build
two common coordinates (one for X and one of Z), and many differential coordinates. In other

words, we apply a linear operator to the top stage signals

VRF — VRFHsF
(8.28)
Sirop — S;7T()P = R*FS; rop

where S; ropis a column vector of top stage signals (LVDTs (L; 7op) or accelerometers
(AiTop)), R#5Fis the transformation matrix to recombine the signals and SLTOP is the trans-
formed vector.

The matrix R*" must be satisfy the following properties: the sum of the coefficients
appearing in the row of a common signal is equal to one while the sum of the coefficient
appearing in the row of a differential signal must be equal to zero.

Concerning the suspensions of the central area, only the common position sensor is affected
by the microseism; in the differential position sensors the microseism is subtracted because
it is highly coherent in the whole area. For this reason, the new base can be considered a
uSeism-Free platform. Using this base, the 32 mHz strategy can be applied to the common
coordinates, obtaining the required suppression of 0.1-0.2 Hz microseism. The disturbance due
to the use of inertial sensors at low frequency does not affect the ITF performance, because it
does not imply an increase of correction required to keep the cavities locked.

The technique cannot be applied to the long cavities, because the coherence of microseism
is low. In this case a similar strategy has been developed, in which the differential position

sensor is entirely replaced by a signal derived from the locking correction.
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Figure 8.22: In this figure (Not in scale!) the implementation scheme of the GIPC control
on the Virgo Interferometer is shown: in the central area the position sensor along the i —th
direction, reads coherent seismic contributions and in the GIPC control only common position
sensor is affected by the seismic contribution.Being the end and input IP located at 3 Km
each to other, seismic contributions contaminating the LVDT (along the i —th direction) are
uncorrelated.

8.5.1 GIPC in the central area

In the central area, the diagonalized LVDT sensors read, along the i —th direction, coherent
seismic contributions (see figure 8.23).
Adopting the matrix formalism (8.28), a possible choice for R*F" | satisfying the above

mentioned properties, is given by

02 02 02 02 02
03 03 -02 —02 —02

RF =1 —02 03 03 -02 —02 (8.29)
—02 -02 03 03 -02
—0.2 —-02 —-02 03 0.3

This transformation, applied to the LVDT produce the expected subtraction of the seismic
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Figure 8.23: In this figure the ASDs of the LVDT signals of the suspensions involved in the
implementation of the GIPC control in the central area are reported. We see that when the
GIPC control is switched off the ASD of the all LVDT, ranging 0.150 =1 Hz , are the same.
This occurs because in this range the LVDT signal 51, = s; — 5.1, ~ Sz1,.

contribution (see Fig. 8.24).

The same transformation is applied to the accelerometers and the finally blending signals
are built:

S, =LP-L'irop+HP-A';10p (8.30)

With reference to figure 8.24, to clean the common signal from the seismic component we
can use a blending strategy with f; at 32mHz (without damaging the locking signal of the
interferometer) while we can apply a strategy with f; at 63mHz on the differential signals
because these not introduce seismic contribution.

After the pre-filtering we come back in the VRF using the inverse matrix (R*sF)~1

1 0 =2 0 =2
1 2 2 0 2

REHYT=1 2 0 0 -2 (8.31)
1 2 0 2 2
1 -2 0 -2 0

The application of the inverse transformation is necessary in order to not change the mechanical
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Figure 8.24: In this figure the PSDs of the GIPC LVDT signals in the central area are reported.
We see that when the GIPC control is switched on the PSD of the all differential LVDTs signals

,ranging 0.150 = 1 Hz , are cleaned and the residual motion of the IP is about s; ~ 10_2\‘/‘—1%.
The only one 1 affected by the seismic noise re-injection s,z is the common (blue curve) LVDT.

Below 100 mHz we see an other important difference, the low frequency spectrum for the
common signal is highest than the spectrum of the differential signals. This occurs because we
have applied the strategy63 on differential signal while on strategy32 on the common signal.

plant M; of the system and have a stable loop.

8.5.2 GIPC on the arms

The seismic contributions contaminating the LVDT of end and input suspensions are uncorre-
lated and, consequently, the recombination adopting for the central area is non effective. In this
case, to correctly implement the GIPC we need of an additional differential signal D, ; that can
be deduced from the locking correction of the arm S ;ycx

-1

DZaL = SZ’ZOCk ’ [TF‘ZCUrr%Zmir] ' [TI:ZTOP‘)Zmir]end

(8.32)

where TF,, . . is the mirror mechanical plant along the longitudinal d.o.f of the cavity arm
(calibrated in 57) and TF;,,, ., is the mechanical attenuation of the end suspension.

At the end of this operation we have the differential signals D, ; and its respective differ-
ential acceleration that must be filtered using the blending technique. In figure 8.27 the logical

scheme of the operations implemented to obtain the differential GIPC blended virtual sensor is
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shown.

magnitude

107! 10° 10!
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Figure 8.25: Typical transfer function of a low pass and high pass filters used to implement the
GIPC control on the arm (f;, = 120mH?z).

In table8.3 the typical zeros and poles of a low pass filter used to implement the GIPC
control on the end IP are reported. The blended signal is used to close the loop on the end IP:
being controlled with the differential GIPC signals, the end top stage see and consequently
follows all displacement of related input IP (see Figure 8.26 upper row on the left), but at the
same time the length of the cavity (differential signal) remains unchanged and the locking
correction is reduced (see Figure 8.26 bottom row red curve). In this way we can use, at the
same time, different strategy controls (for example f;, at 32mHz and f;, at 63mH?z ): the length
of the cavity remains unchanged and the request of force to keep in the locking condition the

interferometer is reduced.
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Figure 8.27: Logical scheme of the operation implemented to obtain the differential GIPC blended virtual sensor. Starting from the
locking correction applied on the end test mass, applying the transformation 8.32, we produce an equivalent differential LVDT sensor.
To produce the differential GIPC blended virtual sensor we apply the high pass HP ( figure 8.25(red curve)) at the differential GIPC
accelerometer and we combine it with the signal zTop low passed.
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| f(Hz) | Q [PorZ]

0.120 0.5 p
0.120 0.5 p
0.120 0.5 P
2.5 0.5 P
2.5 0 p
0.0301 | 0.65 4
0.192 30 Z
0.519 30 4
0.766 | 100 Z
0.97 30 Z
0.97 23 P
1.01 23 Z
0.418 2.7 P
0.653 2.7 Z
0.763 11 P
gain=1.5 | =0

Table 8.3: Zeros and poles of Low Pass filter used to implement the GIPC control on the arm.
First six values represent the low pass filter with blending frequency at 100mHz .Others four
zeros, ranging0.192 - 0.97 Hz are some structures of the transfer function [TFZTop%zmir];nld and
last three values are the zeros and the poles of the mechanical plant [TF,, . |






Chapter 9

Kalman estimators and LQG control of
AdV suspensions

The aim of optimal control is to solve the problem of finding a control law for a given system

achieving a certain optimality criterion.

Basically optimal control consists of a set of differential equations describing the paths
of the control variables minimizing a predefined cost function. A special case of this general
problem is the Linear Quadratic Gaussian (LQG) optimal control. It is applied to uncertain
linear systems disturbed by additive white Gaussian noise, having incomplete state information
and undergoing control subject to quadratic costs. Since the system is described by a set of
differential equations, with fixed initial conditions, its solution is unique. The resulting linear
dynamic feedback control law is constituted by the combination of the Kalman filter optimal
response and an optimal vector gain. The superattenuator is included in the broad category of
systems where optimal control can be applied. Indeed we have a linear mechanical system (SA)
and several noise sources (seism and electronic noise of the sensors). Therefore in principle we

can design in an automatic way both a Kalman estimator and its associated LQG controller.

In this chapter we will illustrate the first implementation of this control strategy on AdV
superattenuator. We will illustrate the used approach to design and implement this control
technique on the vertical d.o.f of the SR suspension and we will show the experimental results
and the performance of associated LQG controller we have obtained. This test was performed
during the AdV commissioning for future developments. We will also discuss the LQG control

of the FO accelerometers that is currently used on every AdV suspensions.
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9.1 Kalman filter

Kalman filter [59], also known as Linear Quadratic Estimator (LQE), is a recursive linear filter
based on a predictor-corrector estimator. Basically the Kalman filter algorithms are based on
linear dynamical system continuous or discretized models in the time domain perturbed by
Gaussian noise. This algorithm uses:

1) multiple sequential measurements (such as from sensors);

2) statistical noise model and other inaccuracies provided from the measuring devices or
from the external disturbances ;

3) system’s dynamics model.

Combining all these available information Kalman filter produces an estimate of the state
variables that tends to be more accurate over time.

For discrete linear system perturbed by two disturbance sources (assumed to be Gaussian),
the state of the system and its measurement data can be represented as vectors written in the

recursive form as

X1 = Ppr1 kX, + Wi + Bruy 9.1

z, = Hpx; + Drug + vy, 9.2)

where x; is the state vector of the system at time #y, @11 x = P(f, fx11) is the state transition
matrix between times #; and f;1, Hy is the measurement sensitivity matrix, wy is the process
noise and v, is the measurement noise. While the latter noise is constituted by the sensor
noises, the process noise represents the uncertainties we have in the model of our system. The

initial conditions of the system are

E <xyp>=Xxp 9.3)

cov < xg>=Py 9.4)

where xo and P( are respectively the estimate and the estimation error of xyp. The noise

sequences w; and vy are considered white and Gaussian distributed with zero mean.

In other words, they are uncorrelated and orthogonal

E < Wk,WJT >= Qkékj 9.5)

E <vi,vi >=Ry&y; (9.6)
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E<v,w; >=0 9.7)

where Ry and Qy are the covariance matrices of the measurement and process noise sequences

at time 7.

The Kalman filter estimates a process by using a form of feedback control in two steps:

* prediction step: the Kalman filter produces estimates of the current state variables, with

their uncertainties;

* correction step: once the outcome of the next measurement is acquired, these estimates

are updated using a weighted average.

As such, the equations for the Kalman filter can be divided into two groups: time update
equations and measurement update equations. The time update equations are responsible
for projecting forward the current state and error covariance estimates in order to obtain

a priori estimates for the next time steps

Rik—1 = Prs—1Xp—1k—1 9.8)

Pyt = Dra 1 Protp 1Pl + Qut 9.9)

where the X1, indicates the predicted x at time#, computed using [Zo; - - - zx—1 ] measurement
samples and Py, is the associated algebraic Riccati equation solution.

In order to obtain a posteriori estimates, the measurement update incorporates a new measure-

ment into the a priori estimates :

Ko = Py Hf (Hi Py HY +Ry) ™! (9.10)
Rik = Prk—1%—1 k-1 + K (z—) (9.11)
Py = Prjp—1 — Ke Hi Prpg (9.12)

where @1 = Ppy—1, i (+) = )A(k‘k and R4 ;1 = X (—) A

The algorithm is recursive using only the present input measurements, the previously calculated
state and its uncertainty matrix. The recursive nature of the algorithm makes it easily imple-
mentable in a digital processing system. In the next figure a block diagram of the estimation

process is shown.

'In the notation the symbol (—) and (+) are used to indicate respectively an extrapolation and an update.
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Discrete system measurement Discrete Kalman filter
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. 1
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Copy of :
discrete system :
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D, (= Delay ||
Xe(+) !
I
1

Figure 9.1: Block diagram of a system, its measurement model, and its associated discrete-time
Kalman filter [59].

Kalman filters are commonly used for the development of optimal dynamic regulators through
the LQG design.

9.2 SIMO and MIMO system identification for AdV suspen-
sion

In AdV top stage suspension system we have:

-three horizontal real or virtual actuators;

-three horizontal real or virtual accelerometers;

-three horizontal real or virtual LVDTs;

-two vertical real and one virtual actuators;

- two vertical real and one virtual accelerometer, one real LVDT 2.

By choosing appropriately the reference frame, inputs and outputs, the system can be
considered SISO or MIMO.

Since in the sensor reference frame, the system is MIMO system for all d.o.f in the VRF
we can choose to treat the system with four SISO models (choice adopted to control the system
with the blending strategy) or as a MIMO model. Considering its complexity, in both reference
frames, the modeling of the superattenuator as a MIMO system is very hard.

Since in the VRF the main source of disturbance are longitudinal along VRF and uncorre-
lated to each other, we preferred to generate a mechanical state-space model maintaining the
sensor diagonalization. This choice simplifies the modeling of the seismic noise which is one

of the fundamental requirement to design an effective Kalman estimator.

ZWith real sensor (or real actuator) we refer to the device placed on the top stage ,while with Virtual sensors (or
virtual actuators) we refer to the devices obtained through the diagonalization procedure illustrated in Chapter 7.
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Since in our case, the angular-longitudinal mechanical couplings for the vertical and
longitudinal d.o.f of the superattenuator are very low, we can assume that all d.o.f of the
superattenuator are independent. Therefore in first approximation, and in the frequency range
of interest 0.01 - 10 Hz , we can generate a MIMO model connecting in series or in parallel n
SISO models.

9.2.1 Modeling of the mechanical response of SA

We are going to estimate a Mechanical Plant model for the AdV superattenuattor using the
pole-zero representation and convert it to state-space format [10, 14]. In frequency domain a

zero-pole model transfer function is given by [60][17]

_, [T} (@ —z) - TT} (@* + - 00 + &7
[T} (@~ p)) - TI} (0 + 5 ©;0 + @7)

TF(o) (9.13)
Where ®; and @; are the proper frequencies of the zeros and poles, Q; and Q; are the quality
factors associated to zeros and poles, and p is the gain of the function at a certain frequency
(fp)-

In order to have an identification of the system, we must find: p gain and f, gain
frequency, the zeros: Zy = (21, ,Zn), Zgy = 421+ »qz,)» the poles: Py = [p1,--+, Pm)s
Py, =1[qp,: - ,4p,). To estimate the best fit parameters (zeros, poles and q) using this kind of
modeling for the superattenuator transfer function, we have developed a MATLAB script, based
on the fminsearch command, which outputs a list containing the optimized parameters [S51]. In
this script setting the frequency range to fit the experimental transfer functions for the model
and inserting the list of initial parameters we are able to fit the experimental transfer functions
fit(®) with a 1073 error’. To generate a SISO model in state space (ss) format first we have to
convert the AdV zpg model into ss format. This conversion is made using MATLAB.

To produce a more complex multiple-input and multiple-output system we can connect in
series or in parallel the identified SISO models using Simulink. Using this approach is possible
to generate SIMO or MIMO models in order to reproduce the overall mechanical response of
the system, neglecting the d.o.f cross coupling.

For example an accurate SIMO model with one input and 3 outputs, for the vertical d.o.f
of the superattenuator, is obtainable putting in parallel the vertical LVDT and accelerometers
transfer functions. In the Fig. 9.2, the vertical SIMO model for SR superattenuator, using this
method, is shown and compared with the experimental transfer functions.

In the same way a MIMO model with 2 inputs and 4 outputs, for the horizontal d.o.f of the

_ |TF (o)~ fi(w)|

3We have defined the estimation error err(®) as: err(®) Fr()
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Figure 9.2: In this figure a vertical SIMO model for Adv SR superattenuator, and its comparison
with the experimental transfer functions is reported.

superattenuator, is obtainable connecting in parallel the diagonalized LVDTs and accelerometers
along x and z axis in the VRF.

9.3 Process and measurement noises

To design a Kalman estimator process and measurement noise models are required. As starting
point we made the assumption of having only the process noise as “colored noise” while
measurement noise is assumed to be white. In order to generate a complete system that includes
also the process and measurement noise models, it is enough adding and linking the individual
SISO models (see Fig. 9.3).

In figure 9.3 the Simulink diagram of the SISO model of the FilterO accelerometers including
all the process noises (sys_seism block, sys_alpha block) is reported. This is a simple case
to test and implement this kind of strategy; the dimension of the overall system is 3x1: one
deterministic input (force applied) , two stochastic inputs (the process noises) and one output

(the sensing element displacement). The related number of states is four: one represents the
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Figure 9.3: In this Simulink diagram a simple SISO model of the accelerometers including all
the process noises (sys_seism block, sys_alpha block) is reported.

resonance mode of the sensing element, while other three are the associated states with the
process noises. In Fig. 9.4 the bode diagram of the Simulink model shown in Fig. 9.3 is

reported.
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Figure 9.4: The accelerometer model shown in Fig. 9.3: from left to right the mechanical
transfer functions, the seismic and tilt process noises are shown.

Using this approach we can build more complex systems. A similar procedure has been
used to model the SIMO system, including its associated process noises, of the vertical d.o.f of
the Signal Recycling (SR) suspension.

The used model of seismic disturbance are reported in Fig. 9.6. These models are based on
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Figure 9.5: In this Simulink diagram of the SIMO model for the AdV vertical d.o.f. (vSR)
including also the process noise (seism block) is reported.

the typical spectra of the data measured by the Guralp sensors installed in several locations at
EGO site.

Using this procedure we can also add a non-white model of the measurement noise. This
has been done for the vertical d.o.f. of the SR suspension and in Fig.9.7, the bode diagram of
this complex SIMO model is reported vertical.

9.4 Model reduction: balanced truncation

Since the order of the estimated models is very high (for example the complete model shown in
Fig.9.7, has 112 states), in order to implement the associated Kalman filters in the AdV DSP
architecture a reduction is needed. A common approach for obtaining a reduced order system is
known as Balanced truncation [75]. In this approach, a new state-space description is obtained
so that the controllability and observability gramian matrices are diagonalized. This defines a
new set of invariant parameters known as Hankel singular values.

In order to apply the balanced truncation and to determine if all the state vector components
of our estimated model can be sensed and controlled, we have to calculate the system gramian

matrices of observability and controllability

0= / dteA 1CCT At C= / dteA BBT A (9.14)
0 0

where O and C are symmetric and since the realization is minimal they are also positive

definite. The eigenvalues of the product of the controllability and observability gramians play
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Figure 9.6: We show here two seismic noise models based on typical variation measured by
the Guralp velocimeters installed on EGO site. Model A is shaped with a typical bump around
300mHz , while Model B shows a pronunced peck around 100mHz, related to the Atlantic
ocean , that is more evident in the winter season on the vertical seismic channel.

an important role in control theory, since we have that

O =/ A,i(CO) 9.15)

This set of eigenvalues is called the Hankel singular values and gives us an estimate of the

energy content of each state vector component.

Let’s consider a balanced base in which the exist a matrix X including the Hankel singular

values written as

X 0
y — ! (9.16)
0 2
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Figure 9.7: Example of full SIMO model for vertical d.o.f of AdV SR superattenuator

The related representation of the system in this base can be written as

(A A - (B .
A= 242 ) g P1) Ao ( C G ) 9.17)
Ay Axp B>

In this base X, is a submatrix containing only the small Hankel singular values. Using this

representation, we can reduce the order of the system with a simple truncation

[ An B
Z-( ¢ > (9.18)

This truncation leads to a balanced reduced-order system. The truncated system contains only
the largest singular values A; of the system transfer function.

Once we have identified the low energy components of the system by plotting its Hankel
singular values, we can truncate them using the procedure just described.

Now we would like to obtain coordinate transformation, 7" , that results in a realization for
which the controllability and observability gramians are equal and diagonal. Thus, the diagonal
entries of the transformed controllability and observability gramians will be the Hankel singular
values Q = O = diag(oy,---0,). With the coordinate transformation 7 the new balanced
reduced system is given by

TlAllT_l TB AAI él
SYSred bal = C]T_l = é] ﬁ] (9.19)
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In this way we have reduced the system. By using the transformation 7, the system can be
putted in modal representation: that is a canonical form in which the real eigenvalues of the

Aynoq matrix appear on its diagonal, and the complete conjugate eigenvalues appear in 2x 2

blocks on its diagonal

2,1 0
o1
—W; O]
Apod = (9.20)
At
Oy (O
0 —@®; Oy

After these transformations our system will be: reduced and in modal form. This compu-
tation has been implemented in a MATLAB script and applied to the system shown in figure
9.7. In this way we have reduced the number of states from 112 to 29 not altering the frequency
response of the system. In figure 9.8 an histogram of the Hankel singular values related to the
system full model and the relative comparison between the number of states before and after

the balanced reduction (Fig. 9.9) are shown.

Hankel Singular Yalues {State Contributions)

T T T T
: : : : - Stable modes

State Energy

Figure 9.8: Histogram of the Hankel singular values of the full system of figure 9.7
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Figure 9.9: Plot showing the energy contribution of each state of the system shown in figure
9.7 before (blue stars) and after the balanced truncation (red circles). We see that the truncation
algorithm, in agreement with the Hankel singular values, deletes the redundant states with low
and high energy content and preserves only the observable and controllable states.

9.5 Linear-quadratic-Gaussian control

In control theory, LQG control problem is one of the most fundamental optimal control problems
[49]. An LQG controller is a combination of a Kalman filter with a linear-quadratic regulator
(LQR). The so-called separation principle [60] guarantees that both systems can be designed
and computed independently: this property is a consequence of the fact that the eigenvalues of
the closed loop system are given by the eigenvalues of the state estimator together with those
of the regulator.

Let’s be consider the equations (9.1) and (9.2) . The quadratic cost function J to be
minimized is

[o5)

J=Y (xQfx;+uwR%uy) 9.21)
k=0

where Q€ is the cost matrix for the states of the system and R€is the control effort. The matrix
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Q¢ gives us an estimate of the weight of the final state of the system while R°matrix can be

used to tune the feedback intensity force.
The equations describing a discrete LQG regulator are
K1 = ApsRe + Brg + Kigy [2i41 — Cr (A gy + Bruy) | (9.22)

u; = —Lkﬁk (923)

where K is the Kalman gain matrix defined in the Eq. (9.2) and X;, is the Kalman state estimate.

_ 7l
 — L process

u

state
estimator

]

Figure 9.10: Block diagram of a system controlled with an LQG regulator. The process input
and output signals u and y are the inputs of an estimator (Kalman filter). The estimated states X
are used to close the feedback through the optimal vector gain L.

This problem is a classical variational problem in which the dynamics of the physical system
is determined by a variation of a functional, in this case the cost function J. The condition

0J = 0 impose that the system equations (9.22), (9.23) admit the following solution

L = (B! Si1Bi+RS)"'Bl S 1Ak (9.24)

Sk = Al (i1 — Seq 1 (BE St 1By +RS) ' BES; )AL+ QS (9.25)
where L is the optimal feedback gain matrix and Sy, is the associated algebraic Riccati equation
solution [79].

This kind of approach can be used to control systems with arbitrary dimensions both SISO
or MIMO.



176 Kalman estimators and LQG control of AdV suspensions

9.6 Design of the LQG

The reduced model generated using balanced truncation has been used to design the relative
Kalman filter and LQG controller. This operation can be done using a MATLAB script . Using
the MATLAB command @kalmd we can design a discrete-time Kalman estimator.To use this
command, the required arguments are:

1) reduced system in state space format;

2) the covariance matrix relative to process noise Q;

3) the covariance matrix relative to measurement noise R;

The generated Kalman filter will have n+ 1 inputs and n + N outputs, where 7 is the
number of sensors. *

To generate the LQR control command MATLAB @Igr is used. To design a Linear-
Quadratic Regulator (LQR) with this command ,we need:

1) full system in state space format;

2) the cost matrices Q. and R,;

The output generated is the optimal gain matrix L, and using it we can finally close the
feedback . In Fig. 9.11 the Simulink diagram of the complete control system for vertical
d.o.f. of SR suspension is shown. The reference trajectory in the sensor reference frame
(LVDT,vA1,vA2) is the input of a set of integrators with optimal gain L;, that constitutes the
tracking part of the LQG controller. For our control system the Eq. (9.23) becomes

u; = —Lkﬁk — L,-xi (926)

The outputs of the integrators are summed to the states estimated by the Kalman filter multiplied

by the LQR gain vector L;. The resulting signal is the feedback force sent to the plant.

9.7 SR LQG control: tuning

The main assumption of the Kalman filter is that the process and measurement noises are
Gaussian (white noise). In order to respect this assumption we have to include all disturbance
models in the overall mechanical model. In particular, we have to adapt this procedure in the
VRE, because in this reference frame we are able to distinguish all disturbances and coupling
relevant terms of the AdV suspension [51, 83].

In sec. 9.2 we have seen that starting from mechanical and noise models:

“The inputs are n+1 because to estimate the system states the Kalman filter takes as input also the feedback
force.
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1) we can generate an overall MIMO system containing all the mechanical information and
noise sources that contaminate the sensors and the system;

2) we can reduce the number of system states using balanced truncation;

3) we can design automatically a stable Kalman filter and an optimal LQG regulator.

Kalman filter could be an automatic way to clean the signal provided by all sensors if
we adapt its shape and performance to a change in the noise sources (frequency response,
intensity).

If for example, the change is related to the frequency response of seismic noise, in the
overall model shown in figure 9.7 we just need to replace the block ’seis’ with a new seismic
model. After this we generate a new reduced MIMO model and on this design and tune the
strategy. If instead the change is related to the intensity of seismic noise, we can express this
variation changing the set value of the covariance matrix relative to the process noise Q. In
figure 9.6 two examples of seismic noise models are shown.

With each variation of these noise parameters we change the impact of the noise on the
system and and as a result we expect to change the frequency response of the Kalman filter and
the related LQG regulator.

In any case the output of this variation will be a state space model Kalman filter with n+ 1
inputs and ny+ N, where N is the number of the states overall system (mechanical+disturbances)
and ny is the number of the input sensors cleaned from the noise sources.

In the next subsection we will show how the Kalman filter react on various background

conditions, setting different values of Q and R, and on it we will tune the related LQG controller

To understand and evaluate whether this complete block (Kalman filter +LQG controller) is
robust and efficient we will analyze:

* how the designed Kalman filter clean the signal from the noise sources and consequently
chooses on which sensor to take the best estimate of a given state. This information can
be obtained from the transfer function between input sensor dirtied by the noise and
output sensor cleaned. This measurement is important because gives us an idea which

sensor uses to make its estimate of physical states;

* how the designed Kalman filter separates and monitors all resonance modes of the system.
To select the proper mode of the system within its m outputs, we must compare the A
matrices of the full system and of controllable gramian system. The identification is done
using a MATLAB script that generates the indices of the physical states of the system.

Using this information we look only at the physical states estimated by the Kalman filter;

* We will then design an LQG controller weighting with the appropriate cost matrices, Q.



9.7 SR LQG control: tuning 179

and R, the estimated states of Kalman, and we will evaluate its stability and performance

on the system.

9.7.1 Simulation

We show here the simulated results of a vertical SR suspension SIMO model in which we have
included only the process noise model while the measurement noises are considered Gaussian
(see Fig.9.5). The used SIMO model has 1 force input, 1 disturbance and 3 outputs (1 LVDT
and 2 accelerometers posed on the suspension top stage).

To produce a simulation and analyze the behavior and performance of this strategy, we

need:
1) a reduced order system with 23 output states;
2) the associated gramian matrices of the mechanical system;
3) the set values Q and R to tune an design the Kalman filter;
4) the cost matrices, Q. and R, to tune the LQG controller.

We implement the simulation using MATLAB. The outputs of this simulation are a Kalman
filter and the related LQG controller (see Fig.9.11 ).

According with these three key points mentioned above we plot:
1) the transfer function between input noisy sensors and cleaned output sensors;

2) the transfer function between inputs of the Kalman filter and outputs of the physical

estimated states;
3) the closed loop transfer function of the system.

For this model we have produced three different simulations changing only the the set
values Q and keeping other values constant.

9.7.1.1 Simulation results

We show here 3 sets of the weighting matrices for the Kalman filter (noise covariance and R)

and the related LQG controller for different environmental conditions.
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First simulation To reproduce a simulation compatible with a very low seismic noise

condition we have set these parameters:

(

0=0.1
1072 0 0
R= 0 100% 0

o o0 10 ©:27)

| Q=[5 diag(1,1,1)] s=100 R =1

In Figures 9.12,9.13 and 9.14 the obtained transfer functions for the set parameters (9.27)
are shown.

Looking at these figures we can see that, given the low intensity of the seismic noise,
the Kalman filter below 100mHz , and in the range 300 < 450mHz uses the signal generated
from the LVDT, while in the range 180 +300mHz, and above 500mHz uses the accelerometer
signals. In this way the filter is able to better estimate the physical states of the system, that as
we can see in the figure 9.13 they are little contaminated by the seismic noise. For this reason
the associated regulator uses a low gain to damp the resonances. In the figure 9.14, the closed

loop response is shown.

Second simulation In the second simulation, in order to reproduce a condition with a medium

intensity of the seismic noise, we have set these parameters:

(

0=1
102 0 0
R= 0 100% 0

(9.28)

| 00 =[5+ diag(1,1,1)] s=100 R.=1

In figure 9.15,9.16 and 9.17 the obtained transfer functions for the set parameters (9.28) are
shown.

Switching the parameter values from (9.27) to (9.28), we can see that this Kalman filter uses
the LVDT signal until 700mHz and uses only the accelerometer signals at higher frequencies

(Fig.9.15). In the estimated physical states there is a residual contamination of the seismic
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Figure 9.12: Transfer function between the noisy input sensors and output sensors cleaned for
the set parameter (9.27)

noise (Fig.9.16) and to reduce this contamination the regulator applies more force: it increases

individual gain values related to the most contaminated modes (Fig. 9.17).

Third simulation For the third simulation in order to reproduce a condition with a very

intense seismic noise, we have set these parameters:

4

0=20
102 0 0
R= 0 100% 0

0 0 10-4 (9.29)

Q. = [s-1**? diag(1,1,1)] s=100 R.=1

\

In the figure 9.18,9.19 and 9.20 the obtained transfer functions for the set parameters (9.29)

are shown.

Switching the parameter value from (9.28) to (9.29), we can see that this Kalman filter

uses the LVDT signal until 1 Hz and for higher frequencies uses only the accelerometer signals
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Bode Diagram

Fram: Force Fram: wL From: vAl Fram: vA2

Magnitude (abs)
Ta: Cut(1)

Freguency {Hz)

Figure 9.13: Kalman filter: outputs of the physical estimated states for the set parameters
(9.27). In abscissa is reported the frequency range [0.01-100] Hz and in ordinate is reported the
magnitude [10~15 — 10°].

(Fig.9.18). The estimated physical states are contaminated by the seismic noise (Fig.9.19) and
to reduce this contamination the regulator applies more force (Fig. 9.20).

9.7.1.2 Full model:

simulation results

We show here the last simulation related to the model reported in Fig.9.7.
In this case the Kalman filter will has 4 inputs and 32 outputs where the first 3 outputs are
the cleaned sensors and the remaining 29 are the estimates of the states.

To produce a stable Kalman filter and LQG controller we have set these parameters:

;

\

0=1
1078 0 0
R= 0 108 0
(9.30)
0 0 108

Q. = [s-1*°*? diag(1,1,10)] s =100 R.=1
\

In order to check the goodness of the designed Kalman estimator we have injected into it real
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Bode Diagram
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=

Ta: wa2
=

Figure 9.14: Simulated transfer function of the system put in feedback with the LQG controller
for the set parameters (9.27). In abscissa is reported the frequency range [0.01-100]Hz and in
ordinate is reported the magnitude [10~10 — 10'0] “7'"

the real data acquired through the real sensors of the system and in in Fig. 9.21 the results of
this operation is reported [51].

For completeness, also in this case we show the related closed loop transfer function (see
Fig.9.22).

9.8 SR LQG control: implementation and experimental re-

sults

Last step of the tuning procedure of a control strategy is to test it on a real system[83].

The MATLAB script we developed, generates automatically the estimator state-space and
the optimal gain matrix in the Damping software formats. In this way the DSP implementation
is straightforward. The chosen sampling frequency of the controller is 10 kHz. In Fig. 9.23, the
DSP implementation equivalent to the Simulink diagram 9.11 is reported. We see that the code
is extremely simple.

In this section we will show the experimental results of the performance of the Kalman
filter and LQG controller designed using the set parameters (9.28).

This test was done in the contest of the AdV commissioning on the vertical d.o.f of the SR
top stage. In the next figures the results of this test are shown. In Fig. 9.24 we compare the
closed loop transfer function, measured injecting white noise on the SR vertical actuator, with
the theoretical one.

While currently on SR, the designed Kalman estimator (Fig.9.25) is running in parallel with
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Figure 9.15: Transfer function between the noisy input sensors and output sensors cleaned for
the set parameter (9.28)

the traditional controller for monitoring purposes, after the test the standard blended control

strategy has been used.
The figure 9.26 shows the comparison between the open loop and closed loop spectra
acquired on the three vertical sensors at the level of the top stage: we see that a good damping

of the suspension vertical modes is obtained.
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Eode Diagram
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Figure 9.16: Kalman filter: outputs of the physical estimated states for the set parameters (9.28)

Bode Diagram
From: Force From: Disturbance

Magnitude (abs)
To: Al
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Figure 9.17: Simulated transfer function of the system put in feedback with the LQG controller
for the set parameter (9.28). In abscissa is reported the frequency range [0.01-100]Hz and in
ordinate is reported the magnitude: (1072 —10?] ”7’" (colomn on the left ) and [1072—10!] “7'"
(colomn on the right ) .



186 Kalman estimators and LQG control of AdV suspensions

Eode Diagram
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Figure 9.18: Transfer function between the noisy input sensors and output sensors cleaned for
the set parameter (9.29)
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Figure 9.19: Kalman filter: outputs of the physical estimated states for the set parameters (9.29)
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Figure 9.20: Simulated transfer function of the system put in feedback with the LQG controller
for the set parameters (9.29). In abscissa is reported the frequency range [0.01-100]Hz and in
ordinate is reported the magnitude: [1072 —10%] ”7'" (colomn on the left ), [10~2—10!] “7'"

(colomn on the right, second and third rows), [1073 —10"] “7'" (colomn on the right, first row).



188 Kalman estimators and LQG control of AdV suspensions

FSD (pmdsgriHzn

- u}
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Figure 9.21: Kalman filter state estimation. The data acquired through the real sensors of
the system has been injected into it using a MATLAB script. In this figure the PSDs of the
estimated states are reported. We see that this filter is able to distinguish all modes with a good

level of accuracy [51].
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are implementation

Figure 9.23: Screenshots of the DSP implementation equivalent to the Simulink diagram 9.11
is shown.



9.8 SR LQG control: implementation and experimental results

191

vLVDT (Model)

Magnitude [um/V]
S
T

vLVDT (Data)

" S L
10
107 107 10° 10’
Frequency [Hz]

E 1“0 T T | T T T
o vAcct (Model)
£ vAce1 (Data)
2 10° T

= :
£ :
£ :
2 0 e R | ¥
10' H 1 L PR H L H L3 3§ |
107 107" 10" 10'
Frequency [Hz]
s 10° ; - e
o vAcc2 (Model)
£ vAcc2 (Data)
© an=3 = . N
g 10 \‘t
2 s s
(= .
o s
g -0 | | -
10 i al
107 107 10" 10'
Frequency [Hz]

Figure 9.24: Comparison between the theoretical (blue) and the measured closed-loop trasfer

function (red).
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Chapter 10
Suspension control noise

Given the small amplitude of space-time deformation to be measured, gravitational wave
detectors have been designed so that all noises sources suitably attenuated or intrinsically
low. These noises are generated by many different physical phenomena, and their overall
impact defines effectively the detector’s sensitivity curve. For this reason the monitoring of the
sensitivity curve and the identification of all possible noise sources are required. The dominant
noise source is the seismic noise and a sophisticated attenuation system is adopted in Virgo,
based on the superattenuator. Expectedly, the seismic noise affects even the performance of the
overall system meant to attenuate it, through imperfections present in both the mechanics and
the sensing devices used to control it. Thus, specific control strategies accounting the actual
characteristics of the system have to be consequently designed in order to attain the highest

performance of the overall system.

In Virgo interferometer the signal monitoring the real sensitivity of the interferometer is
available starting from about 10 Hz [35, 64]. Below 10 Hz big fluctuations of the angular and
longitudinal residual motion of the test masses are large and it is hard to define a sensitivity to
gravitational waves. These fluctuations can be caused from seismic noise or a re-injection of it
via sensors (LVDT, optical levers, etc..). The estimation of the contamination level due to these
fluctuations and the impact of the control loops engaged along the suspension system on the
interferometer sensitivity is achievable through a so called noise budget. The aim of the noise
budget estimation is to quantify the impact of overall suspension control system on the detector
sensitivity curve focusing our attention on the residual motion of the test mass due to the active
mode damping control as well as to that due to the angular controls applied on the marionette.
In this chapter a procedure to calculate the suspension control noise in the micro-seismic range

is presented.
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10.1 Virgo detector: sensitivity curve

The effect of the passage of gravitational wave is the variation of the length. For a ground based
interferometer this length variation AL is defined as

AL = Dy ~ X[ — Z7™ (10.1)

Looking at the optical layout of the AdV shown in Fig.10.1, the d.o.f. D, is equal to

Daym(t) ~WE™ (1) = N{™ (1) = [(WI(t) =WE(t)) — (NE(t) — NI())] (10.2)
"_:N; SWEB
WE
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Figure 10.1: AdV optical layout

The signal D,,,,(t) is related to the strain sensed by the detector A(f) as

(10.3)



10.1 Virgo detector: sensitivity curve 197

where L is the Fabry-Perot cavity length and for the Virgo detector is equal to 3 Km. The
signal s(¢) output of the detector is given by the sum of a gravitational wave signal A(¢) and
anoise n(r). Assuming that the noise is Gaussian and stationary, we can write the one-sided
noise spectral density S, (f) as

1

SSu(f) = / I (1)dt (10.4)

where C,(¢) is the auto-correlation noise between between time 0 and 7.

The strain detector sensitivity () is defined in terms of the spectral density of the noise
(10.4)

h(f) =Y V/Su(f) (10.5)

n

One way to quantify the effects of the residual noise is through the use of a noise budget,
that is a listing of the various sources of noise at a receiver and their associated ranking by
importance. In the frequency region 0.1 +-10Hz , the term S, is connected to the isolation
capability from the ground vibrations of the superattenuator and the control filters used to damp
its inner modes. Unfortunately, in the region 0.1 < 10 Hz we do not have the signal monitoring
the real sensitivity of the interferometer because it is available starting from 9.5 Hz, but we can
estimate it using the locking feedback force signal Sz,lock(w)-

The signal Dy, (®) (see Fig.10.2, (magenta line)) can be deduced from the signal §Z,lock( )
filtered with the transfer function M;(®) (actuation-displacement along the optical axis of the
mirror) .

Indeed, when a loop is engaged and its gain is high, the closed loop signal is given by

OLi(w) Si.corr(®)

gi,CL(w) = Mi((O) ~C~,~(a)) ~ é,'((l)) (10.6)

and with a little algebra we can calculate the signal OL;(®)

OLi(®) ~ S; corr(®) - Mi(®) (10.7)

In our case there are two OL;(®) signals (because we have two cavity): indeed the signals
§Z7C(,rr(a)) is send to the North and the West test masses (NE and WE). For this reason, the
OL(w) signal , that give us an estimation of the residual fluctuations of Dy, (®), can be written

as:

OL(®) = \/ (OLyorin())* + (OLiyes (©))? (10.8)
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Figure 10.2: Scheme of the longitudinal and angular loops engaged in DF. [18]

By using the Eq. (10.8) we can define a low frequency strain signal as
_ OL(w)
L

Thus, to calculate the signal OL(®) we need: the two feedback force signals S ;e (@) (NE
and WE) and the transfer function Mi(a)) (calibrated in % for both cavity (see Fig. 10.3)).

i (o) (10.9)

10.2 Active mode damping control: residual motion of the

test mass

In Chapter 8 we have seen that the residual motion of the IP, subject to the active mode damping
control, above 100mH?z is

5i(0) = [A(w)+ B(0)] - §irs (@) (10.10)

Now we are interest to quantify the impact of this residual motion on the mirror. To do this
estimation, it is necessary to know the effective transfer function of the overall mechanics
from ground to the mirror TelrCcL (). Starting from the Eq. (10.10), the effective transfer

ground—mir
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Figure 10.3: Mechanical transfer function M;(®) measured injecting noise with the actuator
accommodated on the back side of the mirror and looking at its displacement along the z d.o.f.

function of the overall mechanics can be written as (see Fig.10.5)

7CL () = [A(0) + B(w)] - D(w) (10.11)

ground—smir

where D(®) is the superattenuator transfer function between top stage (input) to mirror (output)
(see Fig. 10.4).

By using the formula (10.11), the mirror residual motion §; (@) can be written as

Simir(®) = D(@) - 5;(@) (10.12)

where §;(w) is the signal provided from the horizontal diagonalized accelerometers.
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Figure 10.4: Superattenuators attenuation of the AdV interferometer. Experimental displace-
ment transfer function between top stage and test mass (along z d.o.f) for the SA accommodated
along the Fabry-Perot cavities (NLNE,WE, WE).
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Figure 10.5: Block diagram representing the link between top stage controlled with Inertial
damping and low stage (mirror).
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In order to have a working detector, all mirrors are interconnected to produce D, (¢). In
first approximation and in this frequency range the d.o.f D,,,(t) is given by Eq.(10.2): it is
controlled and monitored to have a stable sensitivity. In the following we estimate the impact
on the sensitivity of the longitudinal and vertical inertial damping acting at level of the top

stage for all suspensions involved in the Eq. (10.2).

10.2.1 Impact of the horizontal active mode damping on the sensitivity

The signal Dy, (¢) is defined as the differential of two length arms. Using the signal expressed
by the formula (10.12), the cavity length variation, in this frequency range and for unrelated

signals, is given by

Lam(®) = J (5 (0)) + (22t (@) (10.13)

and at same way D, (1) can be computed as

Dt (@) = \/ (21(0)) + (325, (@) 4 (@) + (V@) (014)

By using the strain signal definition expressed in equation (10.9) , we can compute the strain

hllf (w) related to the horizontal residual motion as

Iy h
~ @
i (w) = %() (10.15)
When the interferometer works in dark fringe condition (DF), in first approximation, the
cavity lengths are fixed through the locking of the four test masses accommodated along the
Fabry-Perot cavities (NI, NE, WI, WE). In this frequency range, we expect that the longitudinal

motion of D,,,(®) calculated with Eq. (10.7) and Eq. (10.14) are equal.

10.2.2 Impact of the vertical active mode damping on the sensitivity

In the Chapter 8 we have discuss about of the blending technique focusing our attention on
the horizontal active mode damping of the top stage. The same procedure is applied also to
control the vertical d.o.f of the top stage. Following the same reasoning and using the Eq.
(10.12), the projection of the vertical residual motion §), 7op(®) (measured by using the vertical
accelerometers) on the test mass is

$ymir(®@) = Dy(®) - 5, 7op(®) (10.16)
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where Dy(®) is the vertical transfer function 7F (@)iiye, o —out:y,; computed by using the
tool adopting the impedance matrix approach discussed in Chapter 6 (see Fig.6.5).

Due to Earth curvature (see Fig.10.6), a coupling between the horizontal and vertical
directions is expected and for this reason we are interested in estimating the impact of the

vertical residual motion of the mirrors of the Fabry-Perot on the Virgo sensitivity curve.

A e N

Laser beam ;j |
L
7
0z
\/\ [ /¢
L >
-—
Ox

Figure 10.6: Effect of the Earth curvature on mirrors of a ground based detector (Not in scale.).

The input and output mirrors of the Fabry-Perot cavities form an angle tgray = L/TEqrh ~
4.3 x 10~*rad (where L = 3km is the cavity length and rg,,, 1s the Earth radius) with the
global vertical direction. Therefore a vertical displacement &, has effect along the beam
direction, producing a variation O, &, of the optical path. Then to calculate the impact of the
vertical residual motion on DARM the estimation of the parameter 0, (for the Fabry-Perot
suspensions) is needed. The @4, estimation has been done injecting noise on the vertical d.o.f
of the Filter7 and looking the behavior of the AdV sensitivity curve. The result of this injection
is the transfer function TF(f) Fr cr—AdV Sen-

Re-scaling the gain of measured transfer function using the calibration factor k ' we obtain
the calibrated transfer function in 1”—\} . To extrapolate the value of 0,4, we must compare the
measurement with the theoretical transfer function ( 7F¢° calibrated in 1"—\} ). Also in this case
the theoretical model can be produced using the Impedance matrix approach described in the
Chapter 6%

"For these actuators is about 1000V /N .

%In this case the transfer function has been calculated connecting in series the matrix impedance of F7 crossbar,
the matrix impedance of the wire connecting the marionette to F7, the wires connecting the test mass and test
mass matrix. To compute this transfer function we assumed that the F7 is connected to the ground.
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Since above 10 Hz the test mass can be considered free falling we can re-scale the model

obtained T F™¢° on the measured transfer function so to deduce the value of Olgray

theo
TFFF7 —AdVsens = Ograv TF

(10.17)

In Fig. 10.7 the comparison between measured and theoretical transfer function after the

re-scaling calculated with the Eq. (10.17) are reported.

TF: Y-MAR vs Hrec

1078

1077

10—10

10—11

10712

magnitude [m/N]

10713

10—15

Frequency [Hz]

Figure 10.7: Measured transfer function between the vertical motion of the marionette and
the AdV sensitivity. In this plot the comparison between measured transfer function (after
the rescaling) computed with the Eq.10.17 and model produced using the Impedance matrix
approach are reported. We can see that for all test masses the structures appearing at 47 =-50Hz
are associated with the blade resonances of the F7. These structures are located in the same

frequency region expected from the model (green and blue lines).

In the table 10.1 the extrapolated values for g, of the four mirrors of Fabry-Perot cavities

are reported.

|

‘ Ogrqy (rad) ‘

NI | 1.5x 1073
NE | 9.2x 107
WI | 92x107°
WE | 1.5%x 1073

Table 10.1: Extrapolated values for o, of all four mirror of the arms
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The coupling between the vertical and the horizontal residual motion (for each mirror) is

given by

521,,mir(w) = Cgrav 'Dy(w) '§§%0P(w) (1018)

Consequently the projection of residual vertical motion, computed with the Eq. (10.18)(for

each test mass), on D, (®) is equal to:

2 2 2 2
~ ~LNI -1 .NE AW L WE
D:?;m(w) = \/(Sz,mir(a)>> + (sz,mir(w)> + (Sx,mir(w)> + (Sx,mir ((D)) (10.19)
and the respective strain signal is

i (@) = Dam(®) (10.20)

Now we are able to estimate the impact of the vertical active mode damping on the

sensitivity.

10.2.3 Impact of the horizontal and vertical active mode damping on the

sensitivity: results

All operations discussed in the Subsections 10.2.1 and 10.2.2 are implemented in a MATLAB
script that produces the ASD of the signal expressed by Eq.(10.14), Eq.(10.7) and Eq.(10.19)
at given time. The output of this script are a plot showing the ASDs before mentioned. In the

following we show an example of this computation.

In Fig. 10.8 the impact of the horizontal and vertical active mode damping on the AdV
sensitivity is reported. In this plot the signals computed with Eq.(10.15) (purple curve),
Eq.(10.9)(red curve), (10.20)(blue curve), and real sensitivity (orange curve) measured at
time of the event GW170814 are reported. Looking at this plot we observe that ranging
from 0.1 =2 Hz we are not ruled by the vertical motion and that purple and red curves are
in agreement in this range (0.1 =-2Hz). Above 2 Hz the effect of the passive mechanical
attenuation, how expected, assure us good seismic isolation: lelf (w) (purple curve) at about
3 Hz, where the thermal noise effects are dominant, cross with the theoretical curves (black
and green) and about 6 Hz is agree with the signal Elzf (w) (blue curve) due to the vertical
attenuation. At about 9 Hz, the signal lelf () agree with the real sensitivity (orange curve) and

at 25 Hz the real sensitivity is close to the theoretical sensitivity (black curve).
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10.3 Impact of the mirror angular controls on the sensitivity

In the previous section we have seen that ranging from 0.1 =2 Hz we are ruled by the residual
motion of the top stage, while above 2 Hz the effect of the passive mechanical attenuation, how
expected, assure us good seismic isolation. Above 2 Hz, the feedback force send through the
coils located on the marionette (see Fig. 10.9) can be re-injected as angular control noise: in
this section we estimate this contamination level on the low frequency strain signal estimated

in Eq. (10.9).

Measured System System autput
Reference + Brror Contraller: Input o | mardonette -
al - X L
Measured output 5EI'I5{:IF v {
OPL_mx
Measured System .
Reference + Brror Controller: Input o | marionete ;|| - ysbem ':'-“-F"-IL
- t‘i-' L n‘ -
Measured output SEI'IS{:IF ' {
OPL_ty
Maasured System .
Reference -.'._ll' BFrOr CCII'ItFEI”EF: input - Il:la.l'il}ﬂe‘tte: Sysbam l:|.||.|:||.||:-
- > - tz »
- Lz
Maasured output SEensor: {
OPL_tz

Figure 10.9: Control scheme used to keep in feedback the angular d.o.f of the marionette for all
AdV suspensions.

The residual angular motion of the mirror, due to the angular control that acts on the

marionette is given by

59,',mir(w) ~ Sei,Marw,.r(w) ’ TFG,-Marwr,.ﬁﬂi,mir(a)) (10.21)

where §9[.7Ma,wrr(a)) is the feedback force signal used to control the angular d.o.f 6; and
TFBiMarcorr%Gi,mir(w) is the mechanical transfer function between the marionette and the mirror
along the 6; d.o.f. (see Fig.10.12a). To project the signal §g, (@) on 7'/ (@) we need to the
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Figure 10.10: Left figure: Experimental mechanical plant along Pitch d.o.f (6,) of the marionette
for the test mass payloads (NILNE,WE, WE). Right figure: Experimental mechanical plant
along Yaw d.o.f (6)) of the marionette for the test mass payloads (NLLNE,WE, WE)

transfer function

Co; - TFO,-Marwrr—>9i,mir(w)
L

where cg, is the parameter that quantifies the decentring of the beam respect to the center of the

T~Fstrain Qi(w) ~ (10.22)

mirror. By using the transfer function (10.22) we obtain the projection &; r.6(®)

illf, 65(w> ~ S(—),',Marw,,(w> : TNFstrain 9[(60) (10.23)

Basically, far from the resonances of the chain marionette-mirror (above 10 Hz) the test
mass can be considered free falling and, since in this configuration we have only two stages of
attenuation we expect that the behavior of transfer function TF g,4in 6, (®) is

4
Co; - Wy g,

T~Fstrain 0; ((D) ~ (1024)

w*
To verify that the assumption make in Eq. (10.24) is correct, we have excited each angular
d.o.f. of the marionettes accommodated along the Fabry-Perot cavities and fitted the ratio >
of the PSDs of the two channels Hrec (the channel of the detector showing in real time the
sensitivity of the interferometer) and angular noise correction injected. In the table 10.2 the
extrapolated model for Yaw and Pitch d.o.f. are reported and how expected these models are in
agreement with the theoretical assumption (Eq. (10.24)).

A way to estimate the decentring is to measure the transfer function r (calibrated in is 77 )

3We use the ratio between the spectra because in this condition we expect low coherence and the transfer
function is not correct.
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’ \ TF model Pitch vs Hrec (strain/Volt) \ \ TF model Yaw vs Hrec (stain/V) ‘

NI TFNI,x,HreL( ) ~ 2200 - QXIO - TFNI,y,HreC(f) ~ 1'81?—4}0712
NE TFENE,, Hrec(f) ~ 13?10 - TENE,, Hrec(@) ~ L81x1077
WI T Fwi, mrec(f) ~ 9fol402 - TFwi,, Hrec(®) ~ %
WE | TFyg, mec(f) ~ 200 TFiyi, pirec(®) ~ 225102

Table 10.2: Extrapolated model of angular transfer function between angular marionette
feedback force and detector sensitivity. We can see that the behavior of model is in agreement
with the Eq.10.24.

between SG,-,Marw,-r(w) and D, (1) at frequency f

r o Darm(27fi) (10.25)

Sei 7Marc0rr (27r~fl )

To extrapolate the value of cg, we must divide the measurement r by the value of theoretical

transfer function ( 7F"° calibrated in % ) computed at the same f;. Also in this case the
theoretical model is obtained by using the Impedance matrix approach described in the Chapter
6.

To reduce the misalignment of the beam with respect to the optical axis and to keep the
beam centering on test masses the local control set point is driven by “drift control” servo-loop
that use sinusoidal dithering angular lines (f;) and demodulation of dark fringe signal [18].
When the optical axis is not perfectly aligned, the tilt of the mirror induces a length change,
that can be seen on the longitudinal error signal.

Looking at Fig. 10.11 we can observe that in case of miscentering, an angular motion in
Pitch induces a displacement along the y direction, while an angular motion in Yaw induce
a displacement along the x direction. The goal of the drift control is to center the beam on
the geometric center of the mirror, in order to minimize the cq, values. The presence of a line
at f; on the spectrum of the transmitted power will be minimized when the beam is perfectly
superimposed to the optical axis of the cavity. In the table 10.3 the frequency lines used to

implement the drift control are reported. For convenience we have chosen to use these lines to

| [ fo.H2) | fo,(Hz) |
NI 11.5 12.5
NE 8.2 9.29
WI 9.5 10.5
WE 8.7 99

Table 10.3: Frequency lines used to implement the drift control on the mirrors of arms
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estimate the parameters cg, .

Yaww —-—’P:::

/—\.l Pitch

Figure 10.11: Schematic representation of (x,y) displacement from the center of the mirror. An
angular motion in Pitch induce a decentring along y direction, while an angular motion in Yaw
induce a decentring along x direction. When the beam is well centered means that the values
(x,y) are smaller.

There calculation are implemented in a MATLAB script that produces, at given time, the
PSD of the signal expressed by Eq.(10.9) and Eq.(10.23) for all Pitch and Yaw d.o.f of the
test mass payloads (NLNE,WE, WE) .The output of this script are a plot showing the PSDs
before mentioned and a vector in which the value of cg, are stored (see Tab. (10.4)). In the

’ \ cg; Pitch (m) \ \ cg, Yaw (m) ‘
NI | 0.7x107% 0.8x107°
NE | 0.3x10°* 0.4x107°
WI | 0.1x10°* 0.7x 107
WE | 02x107% 0.4x107°

Table 10.4: Pitch and Yaw decentring ( cg,) measured at time of the event GW170814.

following we show an example of these calculation.In the following we show an example of this
calculations. In Fig. 10.13 the angular control noise budget in the configuration adopted during
02 has been estimated. In this figure we can see also the nominal displacement sensitivity for

both steel and fused silica suspensions. In the region 6.5 = 7.2 Hz the blue and yellow curve
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are matching: this means that 7'/ is affected by the angular control noise provided by the
NI while other angular contribution are very low: during the the event GW170814 we was not
limited by angular control noise. At about 9 Hz, the i/ computed with the Eq. (10.9) and PSD
of the Hrec signal (red curve) become the same signal.
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Figure 10.12: Upper figure: Experimental transfer function along 6, d.o.f of marionette-
mirror chain accommodated along the Fabry-Perot cavities (N,NE,WE, WE). Bottom figure:
Experimental transfer function along 6, d.o.f of marionette-mirror chain accommodated along
the Fabry-Perot cavities (N[,LNE,WE, WE).
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Figure 10.13: Impact of the angular feedback force on the Virgo detector sensitivity. In this plot
the comparison between differential signal calculated with Eq.(10.9) (blue line) and all angular
contribution calculated with .(10.23) measured at time of the event GW 170814 are reported.









Conclusions

The advanced Virgo (AdV) upgrade of Virgo detector was concluded in November 2016.
Advanced Virgo joined the Advanced LIGO detectors on the scientific data taking O2 the 1/
of August until the 25" of August. Mostly thanks to the high-performance seismic isolation
system, which allowed to keep the continuously the working point with good accuracy, during
02 the duty cycle was 83% and the average sensitivity figure for BNS # events with SNR 8
was 26 Mpc, a factor 2 better than the sensitivity of the first generation Virgo detector. On the
14" of August the Virgo detector contributed to the first triple detection of a coalescing Binary
Black Hole system, made together with LIGO.

Until November 2016 the commissioning activity related to the control of ten superattenu-
ators and payloads was one of the main ones. To bring such a complex system to a level of
performance compatible with the sensitivity demanded by AdV, a significant amount of work
was required. One of the fundamental milestones to reach the working point is the so-called
“alignment” of the seismic isolation system. In this phase, being physically close to the system,
I had the opportunity to directly observe it, checking step by step all the he realization of all
the requirements listed in Chapter 5, and appreciate its majestic beauty even from a purely
aesthetic point of view.

The procedure to model the overall mechanical transfer function, from ground to the test
masses, adopts the impedance matrix method had been systematically used such a method, first
to describe the dynamics of the system then to further develop control strategies. In Chapter 6
the latest version is presented and finalized to estimate suspension control noise budget.

Obviously, the effective measurement of the transfer functions is the next step of the “on-site
calibration” of all position sensors mounted on the apparatus to monitor its behavior. This
work must be done with great precision. After this pre-calibration, we have a good monitor of
the real displacement of the all mechanical components and the second commissioning phase

can start. Then, all the operations performed remotely on the sensors and on the actuators are

4The standard figure of merit for the sensitivity of an interferometer is the binary neutron star (BNS) range:
the volume- and orientation-averaged distance at which a compact binary coalescence consisting of two 1.4 M,
neutron stars gives a matched filter signal-to-noise ratio of 8 in a single detector. [20]
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aimed at making the system suitable to reach its maximum efficiency. Galileo teaches us that in
order to understand a physical phenomenon the obligatory step is observation. Also in our case,
we expect the achievement of our goal goes through the continuous observation of the system.
The monitoring of the local seismic spectra provided by a large number of vibration sensors
disseminated on EGO site and the spectra provided by the sensors set on the suspension stages
suggests us that the most convenient reference frame to implement the “active mode damping
control" is the Virgo Reference Frame (VRF), with respect to which also the micro-seism noise
is referred.

As shown in Chapter 7, all the operations done on the sensors and actuators are finalized
to build up the sets of virtual sensors and actuators in that reference frame. Indeed, the
performance of the controlled suspension is guaranteed in primis by those choices, related to

the mechanics, and then by the meticulous attention adopted in combining the sensors.

Another important point to have a good performance of an active mode damping, is to use a
good inertial sensors. We remind that the accelerometer must monitor very small displacements
and for this reason its intrinsic noise must be very low. This required the implementation of a
robust and stable feedback, that was suitably re-calibrated and shaped. This preliminary work
helps us to acquire confidence with the system and it was essential to achieve the exceptional

performance of the whole seismic isolation system.

Real data, in combination with simulation and modeling results, help us to identify the
suitable active mode control, as explained in Chapter 8. In order to reach a good performance,
the sensor blending filters, the controller filters and the background noise sources must be all
accurately considered. Combining this data we are able to simulate the expected PSD related
to the residual motion and define a projection method. Then, we can compare the efficiency
of different strategies, under specific background seismic conditions. The method developed
has been quite useful during the commissioning work and was finalized to the strategy to be
adopted the scientific run O2.

Some simulations had been done in the past, in order to improve the control strategy for
AdV seismic attenuator using a different approaches, but none of them had been tested on the
real system [8, 29]. In this perspective, for future developments, the resulting test related to
the Kalman filter and LQG control, shown in the Chapter 9, represents a first attempt in that
direction. It should be emphasized that the development of this technique requires a detailed
knowledge of both the system and of all possible sources of disturbance acting on it, as well as
an accurate mathematical modeling. This results can be used as starting point towards more

complex system like AdV suspensions.

This thesis cannot be considered complete without the estimation of the impact of suspen-

sion controls on the AdV sensitivity curve.
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In Chapter 10 a procedure to calculate the suspension control noise budget in the micro-
seismic range is presented and show that the performance of the AdV seismic isolation system

was excellent:

* in the region 0.1 =2 Hz where the active mode damping control acts the rms of the test
mass speed (v), in good background conditions (low microseism), is compatible with the
value v ~ 1077 ~ and, in high microseimic conditions, is still low enough to acquire the
lock (v < 0.5x 10772 );

* above 2 Hz the effect of the passive mechanical attenuation, how expected, assure us
good seismic isolation and at about 3 Hz, where the thermal noise effects are dominant,
the seismic contribution cross with the theoretical sensitivity curves. At about 7Hz

the effective passive attenuation of the system allow us to have a residual motion of

—22 _m_.
3x10 N/

* in the region 2 =- 50 Hz , the angular control noise contributions are very low: this means
the signal 7'/ is not affected by the angular control noise.

The commissioning activity of the suspension system was continued also after the O2 run.
Regarding this period, most simulations and adjustments were done in order further improve the
recombined operation of suspensions, Global Inverted Pendulum Control (GIPC), exploiting
also the interferometer signals.

Actually the overall performance reached by Virgo seismic isolation system, using the
method reported in Chapter 8, has not been overcome and not even equaled by other control
techniques. Indeed, even though the distinctive features of the superattenuator, the effectiveness
of such a complex seismic suspension system strongly rely upon the control strategy design.
However, it should be evident that Virgo suspension design and control strategy are nor merely
a reliable part for the current detector, but also a solid playground for future developments and
seismic isolation architectures for 3G gravitational wave detectors.
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